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EXTENDED ABSTRACT

Marine sediments are identified as an ultimate receptor for many hazardous
pollutants produced by the human activities that pose major concerns for human health
and the environment. As a result, the definition of the remediation strategies of contam-
inated sediments has given rise to great scientific and public concern throughout the
world, since it represents a huge actual challenge from both a technical and technolog-
ical point of view.

In this context, the present thesis aims to the assessment of two sustainable
treatments for the remediation of contaminated marine sediments of the Mar Piccolo
basin, located at north of Taranto, (South ltaly). Taranto is one of the most polluted
towns in Europe and it has been included into the list of polluted Sites of National Inter-
est (SIN), for which the environmental remediation has been identified as a National
priority. The Mar Piccolo is a semi-enclosed shallow coastal basin (total surface of
20.72 km?) with lagoon features, characterized by restricted water circulation and tidal
range and by the presence of submarine springs, which discharge fresh water into the
basin. All these factors contribute to create a rich and unique marine ecosystem, typical
of the transition environments, and make the basin one of the most important area for
mussel farming in Europe.

Experimental laboratory investigation has been carried out on sediments con-
taminated by heavy metals, PAHs and PCBs, to explore the sustainability of two se-
lected remediation technologies: i) in situ reactive capping and ii) ex situ stabilization/



solidification (i.e. S/S). Laboratory-scale experiments with sediment columns have
been carried in order to assess the impact of reactive capping on contaminant migra-
tion. Lastly, geomechanical laboratory tests were carried out on the polluted sediments
improved with absorbent materials, in order to study the effects of in situ mix on sedi-
ment behaviour. The experimental results contribute to both improve the understanding
of chemo-mechanical processes within marine sediments and support the develop-
ment of sustainable remediation technologies.

Concerning the ex situ alternatives, leaching tests of S/S treated sediments with
both traditional binders (i.e. Portland cement and lime) and green additives (i.e. active
carbon and biochar) has been carried out. Most efficient mixtures have undergone a
geotechnical characterization, aimed at investigating the mechanical performances in
the curing time. The results suggest that appropriate mix designs and curing times
could allow us for the reuse of sediments by both improving their geotechnical charac-
teristics and making them environmentally acceptable in accordance to end-of-waste
criteria.

The research benefited from the circumstance that the Mar Piccolo represents
a “natural laboratory” and an emblematic case in the worldwide panorama of polluted
sites. It follows that, although starting from a case history, the study offered the possi-
bility to analyses and tests natural geomaterials altered by the presence of different
sources of contamination (i.e. water salinity, organic matter, organic pollutants and
heavy metals).

key words: contaminated sediments, sustainable remediation, reactive capping, sta-
bilization/solidification, beneficial reuse of sediments.



EXTENDED ABSTRACT

| sedimenti marini sono identificati come il recettore finale per molti inquinanti
pericolosi prodotti dalle attivita antropiche, sostanze che pongono importanti preoccu-
pazioni per la salute umana e per I'ambiente. Di conseguenza, |a bonifica dei sedimenti
contaminati comporta una grande quantita di preoccupazioni scientifiche e pubbliche
in tutto il mondo, rappresentando un’enorme sfida sia sotto il profilo tecnico che tec-
nologico.

In questo contesto, la presente tesi e finalizzata alla valutazione di due tratta-
menti sostenibili per il risanamento dei sedimenti marini contaminati del bacino del Mar
Piccolo di Taranto (Italia meridionale). Taranto € una delle citta piu inquinate dell’Europa
ed é stata inserita nell’elenco dei Siti di Interesse Nazionale (SIN), per i quali 1a bonifica
¢ identificata come una priorita Nazionale. Il Mar Piccolo é un bacino costiero superfi-
ciale semichiuso (superficie totale di 20.72 km?) con caratteristiche lagunari, caratte-
rizzato da una limitata circolazione e dalla presenza di sorgenti sottomarine, che im-
mettono acqua dolce nel bacino. Tutti questi fattori contribuiscono a creare un ecosi-
stema marino ricco e unico, tipico degli ambienti di transizione, rendendo il bacino una
delle aree pit importanti per I'allevamento di mitili in Europa.

Sono state condotte indagini sperimentali, in scala di laboratorio, su sedimenti
contaminati da metalli pesanti, IPA e PCB, al fine di esplorare la sostenibilita delle se-
guenti tecnologie di bonifica: in situ reactive capping reattivo e ex situ stabilizza-
zione/solidificazione (i.e. S/S). Per valutare gli impatti del capping reattivo sulla migra-
zione dei contaminanti, sono stati condotti esperimenti in scala di laboratorio con



colonne di sedimento. Inolire, sono stati effettuati dei test geo-meccanici sui sedimenti
inquinati migliorati con materiali assorbenti, al fine di studiare gli effetti di un mix in situ
sul comportamento dei sedimenti. | risultati migliorano la comprensione dei processi
chimici all'interno dei sedimenti marini e dovrebbero contribuire allo sviluppo di tecno-
logie di capping attive e sostenibili.

Per quanto riguarda la tecnologia ex situ, € stata valutata la lisciviazione dei
sedimenti trattati con tecniche S/S a base di leganti tradizionali (cioé cemento Portland
e calce) e additivi verdi (cioé carbone attivo e biochar). Sulle migliori miscele & stata
condotta una caratterizzazione geotecnica, finalizzata a indagare le prestazioni mecca-
niche nel tempo di maturazione. | risultati suggeriscono che le miscele progettate, per
appropriati tempi di polimerizzazione, potrebbero consentire di riutilizzare i sedimenti
migliorando le loro caratteristiche geotecniche e rendendole accettabili dal punto di vi-
sta ambientale in base ai criteri di fine rifiuti.

La ricerca ha beneficiato della circostanza che il Mar Piccolo rappresenta un
"laboratorio naturale" e un caso emblematico nel panorama mondiale dei siti inquinati.
Ne consegue che, pur partendo da un caso studio, lo studio ha offerto la possibilita di
analizzare e testare geomateriali naturali alterati dalla presenza di diverse fonti di con-
taminazione (ad esempio: salinita dell'acqua, materia organica, inquinanti organici e
metalli pesanti).

key words: contaminated sediments, sustainable remediation, reactive capping, sta-
bilization/solidification, riutilizzo dei sedimenti.
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S6, S8, 510, S12, S13, S16, S17, S18); in land borehole Tes 1. A1, A2, A3
boreholes from ARPA campaign.

3.4 - Swirling seawater in the direction of Galeso Submarine artesian spring in the
Mar Piccolo area, located as in Fig. 3.3.

3.5 - Biocenosis map of the Mar Piccolo of Taranto. Key: grey and dark grey areas
represent seabed without algae and with scarce presence of algae respec-
tively; orange areas represent seabed covered by macroalgae; green areas
represents seabed covered by several species of algae, (e.g. Cymodocea no-
dosa); blue areas are covered by debris of shell fragments; black lines define
the mussel farming areas; blue circles represent the main freshwater springs
‘Citri’ (from Technical Report ARPA 2014).

5.1 - Research plan. Key: RCM, Reactive Core Mat; AC, Active Carbon; OC, Or-
ganoclay; CH4, inhibitor of methane; ZVI, Zero Valent Iron.

5.2 - Experimentation plan for column tests (preliminary phase).

5.3 - Capping design (preliminary phase).

5.4 - Capping design (advanced phase).

6.1 - First Bay of the Mar Piccolo Basin (Taranto), and sampling sites of the inves-
tigation promoted by the Special Commissioner for urgent measures of rec-
lamation, environmental improvements and redevelopment of Taranto.

6.2 - CS_P campaign: PVC tube used to collect samples within the first meter
below sea floor and samples retrieving by means of scuba divers.

6.3 - The drilling machine installed on the elevating platform during the off-shore
campaign in the Mar Piccolo.

6.4 - Picture of one 1.5 m length polycarbonate liners for environmental testing.

6.5 - Reactive permeable mats: a) RCM with organoclay and b) RCM with active
carbon.

6.6 - AquaGate Approach.

6.7 - a) AquaGate + PAC 5%; b) AquaGate + ZVI 5%; c) AquaGate + Provect-
CH4 2.5%.



Fig. 6.8 - Laboratory columns used for simulating the in situ capping.

Fig. 6.9 - Photograph of the sampling of pore-water and schematic diagram of a Rhizon
(length 10 cm, outer diameter 2.5 mm, dead volume 0.5 ml, pore size 0.1
um) and the devices used for porewater extraction: 1) vacuum tubes and II)
syringes.

Fig. 6.10 - a) Photograph of the dynamic conditions simulation; b) stirrer.

Fig. 6.11 - Operation for sediment sample collection: a) 10 cm long plastic core tubes
and 10 core caps; b) insert core tube in sediment until sediment within the
core tube reaches the marked line (5-cm depth), then cap the top of the core
tube; c) pull the core tube from the sediment, retaining a sediment sample.
Cap bottom end of core tube to prevent sample loss as core is pulled out.

Fig. 6.12 - Specimens prepared and placed in a temperature-controlled room with 80%
humidity.

Fig. 6.13 - Rotax 6.8 (Velp Scientifica) used for the leaching tests.

Fig. 6.14 - a) ICP-OES iCAP 7000 Series; b) Digested system, MARS 6 Synthesis.

Fig. 6.15 - GC-MS, Thermo Scientific TRACE 1300.

Fig. 6.16 - Procedure for the determination of liquid limit.

Fig. 6.17 - Procedure for the determination of plastic limit.

Fig. 6.18 - Material retained to sieve No. 10 (1.68 mm).

Fig. 6.19 - a) Sketch of the oedometer cell; b) photographs of the oedometer cell.

Fig. 6.20 - Terzaghi’s model: U%-Tv relationship (after Head, 1986).

Fig. 6.21 - Casagrande’s curve fitting method (after Head 1986).

Fig. 6.22 - Direct shear test apparatus: sketch (a) and photograph (b) of one of the
apparatuses present in the geotechnical laboratories of the Politecnico di Bari.

Fig. 6.23 - a) Schematic section of the environmental consolidometer (the dimensions
are expressed in mm); b) apparatus present in the geotechnical laboratories
of the Politecnico di Bari.

Fig. 6.24 - Phases of preparation of the UC specimens: a) casting phase; b) specimen
before testing phase; c) apparatus present in the geotechnical laboratories of
the Politecnico di Bari.
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Fig. 7.1 - As concentrations in pore-water and seawater, before the placement of the
capping (blue coloured dots) and after (orange coloured dots): a) sample S4P
treated by RCM with OC; b) sample S11P treat-ed by RCM with OC; ¢) sample
S16P treated by RCM with AC; and d) sample S17P treated by RCM with AC.

Fig. 7.2 - PAHs concentrations in seawater.

Fig. 7.3 - PCBs concentrations in seawater.

Fig. 7.4 - Variation of pH with curing time for different sediment samples (MIX A, sedi-
ment with 15% of cement; MIX, sediment with 7.5% of cement and 7.5% of
lime; MIC C, sediment with 15% of lime).

Fig. 7.5 - Variation of As concentrations after different curing time (MIX A, sediment
with 15% of cement; MIX B, sediment with 7.5% of cement and 7.5% of lime;
MIX C, sediment with 15% of lime. (Regulatory stand-ards 0.05 mg/I).

Fig. 7.6 - Variation of Co concentrations after different curing time (MIX A, sediment
with 15% of cement; MIX B, sediment with 7.5% of cement and 7.5% of lime;
MIX C, sediment with 15% of lime). (Regulatory standards 0.25 mg/l).

Fig. 7.7 - Variation of Cr concentrations after different curing time (MIX A, sediment
with 15% of cement; MIX B, sediment with 7.5% of cement and 7.5% of lime;
MIX C, sediment with 15% of lime). (Regulatory standards 0.05 mg/l).

Fig. 7.8 - Variation of Ni concentrations after different curing time (MIX A, sediment with
15% of cement; MIX B, sediment with 7.5% of cement and 7.5% of lime; MIX
C, sediment with 15% of lime). (Regulatory standards 0.01 mg/I).

Fig. 7.9 - Variation of Pb concentrations after different curing time (MIX A, sediment
with 15% of cement; MIX B, sediment with 7.5% of cement and 7.5% of lime;
MIX C, sediment with 15% of lime). (Regulatory standards 0.05 mg/I).

Fig. 7.10 - Variation of V concentrations after different curing time (MIX A, sediment
with 15% of cement; MIX B, sediment with 7.5% of cement and 7.5% of lime;
MIX C, sediment with 15% of lime). (Regulatory standards 0.25 mg/l).

Fig. 7.11 - Variation of Cu concentrations after different curing time (MIX A, sediment
with 15% of cement; MIX B, sediment with 7.5% of cement and 7.5% of lime;
MIC X, sediment with 15% of lime). (Regulatory standards 0.05 mg/l).
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Fig. 7.12 - Variation of Zn concentrations after different curing time (MIX A, sediment
with 15% of cement; MIX B, sediment with 7.5% of cement and 7.5% of lime;
MIX C, sediment with 15% of lime). (Regulatory standards 3 mg/l).

Fig.7.13 - Adsorption of metals in reactive materials after treatment (concentrations
expressed in mg of metal per kg of reactive material).

Fig. 7.14 - Concentrations of PAHs in the seawater: static conditions.

Fig. 7.15 - Assessment of capping efficiency for PAHs: static condition.

Fig. 7.16 - PAHs concentrations in the water: dynamic conditions type 1 (the time scale
starts from the end of the dynamical event, PAHs concentration in water be-
fore the forcing was of 0.074 ug/l).

Fig. 7.17 - PAHs concentrations in the water: dynamic conditions type 2 (the time scale
starts from the end of the dynamical event, PAHs concentration in water be-
fore the forcing was of 0.074 ug/l).

Fig. 7.18 - Assessment of capping efficiency PCBs: static condition.

Fig. 7.19 - Grading curves of the untreated and treated sediments.

Fig. 7.20 - Plasticity chart (a) and Activity (b) of the untreated and treated sediments.

Fig. 7.21 - Loading-unloading oedometer compression curves of the sediment sam-
ples: a) untreated sediment; b) AC treated sediment; c¢) OC treated sediment;
d) BC treated sediment

Fig. 7.22 - Loading-unloading oedometer compression curves of the untreated sedi-
ment samples and the sediment samples treated with the different reagents in
(a) tap water and (b) seawater.

Fig. 7.23 - Compression index versus vertical effective stress: tap water (a) and sea-
water (b).

Fig. 7.24 - Swelling index versus vertical effective stress: tap water (a) and seawater
(b).

Fig. 7.25 - Coefficient of permeability versus vertical effective stress (data in loading
and unloading): tap water (a) and seawater (b).

Fig. 7.26 - Coefficient of permeability versus void ratio (data in loading and unloading):
tap water (a) and seawater (b).
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Fig. 7.27 - Consolidation states during compression in oedometer (OED) and direct
shear tests (DST): of untreated sediment with a) tap water and b) seawater,
and AC treated sediment with c) tap water and d) seawater. Dashed lines are
used for tap water and continuous lines for seawater.

Fig. 7.28 - Consolidation states during compression in oedometer (OED) and direct
shear tests (DST): of OC treated sediment with a) tap water and b) seawater,
and BC treated sediment with c) tap water and d) seawater. Dashed lines are
used for tap water and continuous lines for seawater.

Fig. 7.29 - Direct Shear test results: shear stress, t, vs horizontal displacements, A. a)
untreated prototype sediment; b) AC treated sediment; ¢) OC treated sedi-
ment; d) BC treated sediment. Dashed lines are used for tap water and con-
tinuous lines for seawater.

Fig. 7.30 - Direct Shear test results: vertical displacement, AH - horizontal displace-
ments A. a) untreated prototype sediment; b) AC treated sediment; ¢) OC
treated sediment; d) BC treated sediment. Dashed lines are used for tap water
and continuous lines for seawater.

Fig. 7.31 - Effective strength envelopes of the specimens: a) untreated prototyped sed-
iment; b) AC treated sediment; ¢) OC treated sediment; d) BC treated sedi-
ment. Dashed lines are used for tap water and continuous lines for seawater.

Fig. 7.32 - Effective strength envelopes of the specimens of both untreated and treated
sediments tested with tap water.

Fig. 7.33 - Effective strength envelopes of the specimens of both untreated and treated
sediments tested with seawater.

Fig. 7.34 - pH trend with the curing time: a) MIX 1 treated with cement; b) MIX 1
treated with lime.

Fig. 7.35 - pH trend with curing time: a) MIX_2 treated with cement; b) MIX 2 treated
with lime.
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Fig. 7.36 - Variations of As concentrations after different curing time: a) MIX_1 treated
with cement; b) MIX 1 treated with lime; c¢) MIX_ treated with cement; d)
MIX_2 treated with lime. (Regulatory standards 0.05 mg/I).

Fig.7.37 - Variations of Cr concentrations after different curing time: a) MIX_1 treated
with cement; b) MIX 1 treated with lime; c¢) MIX_ treated with cement; d)
MIX 2 treated with lime. (Regulatory standards 0.05 mg/l).

Fig. 7.38 - Variations of Ni concentrations after different curing time: a) MIX_1 treated
with cement; b) MIX 1 treated with lime; ¢) MIX_treated with cement; d)
MIX 2 treated with lime. (Regulatory standards 0.01 mg/l).

Fig. 7.39 - Variations of V concentrations after different curing time: a) MIX_1 treated
with cement; b) MIX 1 treated with lime; ¢) MIX_ treated with cement; d)
MIX 2 treated with lime. (Regulatory standards 0.25 mg/l).

Fig. 7.40 - Variations of Cu concentrations after different curing time: a) MIX_1 treated
with cement; b) MIX 1 treated with lime; c¢) MIX_ treated with cement; d)
MIX_2 treated with lime. (Regulatory standards 0.05 mg/l).

Fig. 7.41 - Treatments with cement and effect of reagents (i.e. active carbon, AC, and
biochar, BC) on the grain size distributions (curing time: 28 days) of the sub-
marine sediments.

Fig. 7.42 - Treatments with lime and effect of reagents (i.e. active carbon, AC, and
biochar, BC) on the grain size distributions (curing time: 28 days) of the sub-
marine sediments

Fig. 7.43 - Plasticity paths of cement (a) and lime (b) treated sediments. The Figures
also show the effect of the use of AC and BC on the soil plasticity. Symbol
sizes are proportional to curing time (i.e. small symbols: 0 days, medium
symbols: 14 days, large symbols: 28 days).

Fig. 7.44 - Treatments with a) cement and b) lime and effect of reagents on 1D com-
pression behaviour (curing time: 28 days) of the submarine sediments. The
arrows are for the yield stress.
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Fig. 7.45 - Compression index versus vertical effective stress for a) cement and b) lime
treated specimens of sediments. Data in presence of are also reported (curing
time: 28 days).

Fig. 7.46 - Swelling index versus vertical effective stress for a) cement or b) lime-treated
specimens of sediments. Data in presence of reagents are also reported (cur-
ing time: 28 days).

Fig. 7.47 - Coefficient of permeability versus vertical effective stress for a) cement or
b) lime-treated specimens of sediments. Data in presence of reagents are also
reported (curing time: 28 days). Continuous lines are used for loading paths
and dashed lines for unloading paths. The arrows are for the yield stress.

Fig. 7.48 - Coefficient of permeability versus void ratio for a) cement or b) lime-treated
specimens of sediments. Data in presence of reagents are also reported (cur-
ing time: 28 days). Continuous lines are used for loading paths and dashed
lines for unloading paths. The arrows are for the yield state.

Fig. 7.49 - Unconfined compressive strength of specimens of sediments treated with
cement (MIX 3), cement and AC (MIX 4), cement, AC and OC (MIX 5), cement
and BC (MIX 10).

Fig. 7.50 - Unconfined compressive strength of specimens of sediments treated with
lime (MIX 6), lime and AC (MIX 7), lime, AC and OC (MIX 8), lime and BC (MIX
11).
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INTRODUCTION

Anthropogenic factors associated with industrial, urban, agriculture, and recre-
ational activities have led to increasing the emissions of many hazardous chemicals to
the aquatic environment. Since many of these pollutants do not naturally exist in marine
ecosystems or represent persistent recalcitrant compounds, the natural processes oc-
curring in the environments are neither able to degrade the chemicals effectively nor
are quickly enough to prevent accumulation in the system. Several decades of such
releases have led to accumulation of pollutants in sediments as well as organisms and
biota. In particular, sediment-bound pollutants pose major concerns for human health
and the environment, because these contaminants can be re-entering the overlying wa-
ter and become available to benthic organisms and subsequently enter aquatic food
chains. Thus, sediment acts as both carriers and long-term secondary sources of con-
taminants. The management of these sediments is difficult due to their areal extent,
volume and cost and consequences of removal. This has encouraged the development
of green and sustainable management approaches.

Among the in situ remediation options, capping turns out to be one of the most
sustainable options, i.e. in terms of efficacy, durability and economy. This treatment is
the process of placing a layer of clean materials over sediments to isolate the contam-
inant from the overlying water column and biota, to reduce contaminant flux into the
biologically active portion of the sediment, and to create new habitats for aquatic or-
ganisms. For the purpose of this dissertation, only the Amended Capping (also some-
times termed active or reactive capping) will be considered, a recent development of
traditional (or passive) capping which consist of the use of adsorbent and reactive
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materials that, interact with contaminants, enhance cap performance. This technology
has the advantage of being able to potentially meet remedial goals faster and also ex-
hibits greater public acceptance than passive containment solutions such as sand cap-
ping. However, for the heavily polluted sediments, like the hotspots, or for the case in
which dredging is compulsory to reach a desired bathymetric level, ex situ sediment
remediation becomes the first choice. In these cases, the beneficial use of dredged
materials is highly encouraged. Among the ex situ remediation options, the solidifica-
tion/stabilization technique is the commonly adopted immobilization option to convert
the contaminated sediments to non-hazardous mass, in accordance with the legitimate
waste provisions. Treatments allow not only the immobilization of contaminants but
also the improvement of the mechanical characteristics, which makes the treated sed-
iments suitable for being recycled as aggregate for road construction, cemented mor-
tars, fill material and blocks or raw material in brick production. The simplest form of
treatment is with Portland cement or lime. Nevertheless, the effect of the treatment
depends on several factors, such as the quantity of additive, the curing time, composi-
tion and physical properties of the sediments, water chemistry. Also, if the sediments
are polluted, the contaminants can interfere with the binders’ chemistry, compromising
the effectiveness of the stabilization. It follows that, for the optimisation of the sedi-
ments’ reuse, other additives can be used (e.g. carbonaceous adsorbents) depending
on the type of contaminants, soil physical properties, composition and the required
performance. The described remediation technologies have been successfully applied
in several real cases, but their efficacy strictly depends on the sediment and the con-
tamination being treated (specific site conditions). Moreover, theoretical models cap-
turing the chemo-mechanical behaviour of contaminated marine sediments are very
limited and are always necessary treatability test in laboratory.

In this context, the research field of the thesis is the Technology for Environ-
mental Protection, involving investigation of sediments sampled down a natural marine
deposit, highly polluted by organic (i.e. PAHs and PCBs) and inorganic contaminants
(i.e. As, Cd, Cu, Hg, Ni and Pb). This research aims to explore both the efficacy of
different types of amended capping for in situ sediments remediation and the efficacy
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of different S/S treatments for the reuse of contaminated sediments, in a vision of green
and sustainable reclamation.

The scientific issues dealt with involved the understanding contaminant behav-
iour both in the sediments and in pore fluid, their fate in the environment, the selection
of a remedy(s) to remove or isolate the contamination with limited potentially deleteri-
ous environmental effects (e.g. waste production or release of contaminants to other
compartments). Furthermore, the present study aimed to the assessment of the chemo-
hydro-mechanical interactions which develop in a natural marine sediment, with con-
tamination of both natural and anthropogenic origin, treated with traditional binders (i.e.
cement or lime) and green additives (i.e. active carbon and biochar).

The experimental data demonstrate the effectiveness of the two remediation
technologies investigated. In particular, the present study focuses on: (1) investigating
the basic characterization of contaminated marine sediments, (2) studying the effect of
reactive capping on the contaminant migration, (3) researching chemical and mechan-
ical properties of treated sediments with different binders and reagents contents, and
(4) evaluating the feasibility of treated sediments for beneficial use.

The present study is part of the multidisciplinary investigation carried out on the
heavily polluted marine system of the Mar Piccolo basin (Taranto, South Italy), with the
aim of identifying the most sustainable strategies for the remediation and management
of the environmental contamination. The research was carried out in the field of the
activities promoted by the Special Commissioner for urgent measures of reclamation,
environmental improvements and redevelopment of Taranto. The research benefited
from the circumstance that the Mar Piccolo represents a “natural laboratory” and an
emblematic case in the worldwide panorama of polluted sites. It follows that, the study
offered the possibility to analyse natural geomaterials spatially altered by the presence
of different sources of contamination (i.e. water salinity, organic matter, heavy metals,
PAHs and PCBs).
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CHAPTER 1. CONTAMINATED MARINE SEDIMENTS

1.1 Introduction

Contaminated marine sediments are a widespread environmental concern in
the word, and remediation of these sites has proven to be a significant challenge. Con-
taminants present in sediments are toxic to aquatic life and biomagnification through
the food web can cause detrimental health effects of humans who consume aquatic
organisms. Elevated contaminant concentrations in sediments can also limit recrea-
tional and economic uses of surface waters.

Common sediment contaminants include PCBs, PAHs, pesticides, nutrients,
and metals. Metals of concern typically found in aquatic sediments include arsenic,
copper, zinc, lead, cadmium, chromium, nickel and mercury. Once introduced into
aquatic sediments, hydrophobic organic contaminants (HOCs) are subject to long-term
retention within the sediments. Metals are also stored in the sediment and are typically
bound to iron and manganese oxyhydroxides in the oxic layer and to iron/sulphide pre-
cipitates in anaerobic regions. Sediments can also serve as contaminant sources.

This chapter will start with a short discussion of sediments and contaminant
characteristics and then turn to sediment processes that influence contaminant fate and
behaviour.

1.2 Sediment characteristics

Sediments represent the accumulation of soil that has eroded from the terres-
trial surface. However, the sediment environment develops much differently than the

28



terrestrial environment because eroded soils that run off into bodies of water are sub-
jected to a grading process associated with the energy environment. Solids suspended
in the water environment may contain significant quantities of sand (particle diameters
>0.06 mm), silt (2-60 um) and clays (<2 um). Much fine-grained material may re-
main suspended in a high energy environment but may settle and accumulate in a low
energy environment. Fine-grained deposits are also typically enriched in organic matter.
Many contaminants of concern are hydrophobic organics and inorganics that will pref-
erentially associate with these fine-grained sediments and with the organic matter.
Thus, many of the most seriously contaminated sediment sites are in low flow, depo-
sitional environments that accumulate these fine-grained sediments. Less contamina-
tion is typically associated with more dynamic environments in which the sediments
are dominated by coarser, faster settling sands (Reible, 2014).

A fine-grained depositional sediment dominated by silts and clays tends to be
strongly cohesive, which may limit its tendency to erode under higher flow conditions.
A fine-grained depositional environment will also typically be enriched in organic matter
relative to terrestrial soils. Surficial sediments may be considerably higher than this
range with 10-20% organic carbon not being uncommon. The combination of low per-
meability (and therefore low exchange with the overlying water) and high organic car-
bon means that diagenetic processes have a strong influence on the surficial sediment
characteristics. Early diagenetic processes lead to the formation of humic and fulvic
acids from the degradation of natural organic matter. These are soluble and lead to
substantial quantities of dissolved and colloidal organic carbon (10-50 mg/l) in the
pore space of the sediments. Diagenetic processes consume a variety of electron ac-
ceptors, which dramatically influence the redox environment of the surficial sediments.

Oxygen is typically rapidly consumed by microbial processes and then less
desirable electron acceptors are consumed in turn, leading to strongly reduced sedi-
ment environments just a few centimeters below the sediment-water interface (Reible,
2014). This may affect the rate of fate processes, such as biological degradation of
contaminants in the sediments and the chemical state of metals influencing mobility.
The more reduced conditions associated with the elimination of oxygen and the
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initiation of iron and sulfate reduction typically slows microbial degradation processes
and effectively eliminates degradation of hydrocarbons, which generally proceed rap-
idly under oxidizing conditions. Iron reduction and sulfate reduction has also been as-
sociated with the simultaneous methylation of mercury (Hg) (Compeau and Bartha,
1985; Warner et al., 2003) and carbon dioxide reduction leads to methane formation
and gas ebullition. The methane then migrates toward the surface affecting sediment
void fraction, strength and, through oxidation of the methane, the oxygen demand of
the sediments (Chapra, 1999). Boudreau et al. (2005) describes the growth and mi-
gration of gas as a result of methanogenesis. In addition, the reduced nature of fine-
grained sediments within a few centimeters of the surface typically limits the vertical
extent of macrobenthic activity. The organisms that live at the sediment-water interface
are largely limited to the aerobic sediments, although they might extend a portion of
their bodies deeper into the sediments or encourage deeper penetration of oxic condi-
tions through burrowing and sediment reworking activities (Reible et al., 1996).

1.3 Contaminant characteristics

Contaminants generally include any constituent that can accumulate in the sed-
iments, release of which may dramatically change the biological characteristics of the
overlying water. Sediment contaminants are typically strongly hydrophobic and
strongly associated with sediment solids. More mobile and soluble contaminants rarely
accumulate in sediments. Among the hydrophobic and/or strongly solid associated
contaminants of interest are polycyclic aromatic hydrocarbons (PAHS), chlorinated ar-
omatics (such as multiple chlorinated benzenes), polychlorinated biphenyls (PCBs),
and heavy metals.

The dominant characteristic of contaminant-solid interactions is physical ab-
sorption, characterized by a sediment-water partition coefficient, k. The sediment-wa-
ter partition coefficient is defined by:

Ws 21
C

kd:
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where Ws is the solid phase concentration and C is the adjacent water phase concen-
tration. Hydrophobic organic contaminants predominantly sorb into the organic carbon
fraction of sediments and thus the sediment-water partition coefficient is often defined
as:

kq = kocfoc 2.2

where Ko is the organic carbon-based partition coefficient, a measure of the hydropho-
bicity of the compound, and f.. is the fraction organic carbon, a single indicator of the
sorption capacity of the sediment for hydrophobic organic compounds. This relation-
ship is a good approximation for the sorption of organic contaminants when sorption
is dominated by natural organic matter. Natural organic matter is dominated by amor-
phous carbon, also referred to as soft organic matter. In such cases, the organic car-
bon-based partition coefficient is related to a measure of the hydrophobicity of the
compound. The organic carbon-based partition coefficient is commonly correlated with
the octanol-water partition coefficient of the compounds. For example (Baker et al.,
1997),

Logk,. = 0.903Logk,,, + 0.094 2.3

Common PAHs exhibit octanol-water partition coefficients (Logkow) between
3.37 (naphthalene) and 6 or more (e.g., benzo[a]pyrene). Pyrene has a Logkow 0of 5.18
and therefore Equation 2.3 suggests a Logkoc of 4.77.

Metals do not absorb into the organic fraction of the sediment phase. Instead,
metals interact with sediments in a much more complicated manner. Metals can absorb
directly onto sediment mineral surfaces, specific species can precipitate onto the sol-
ids, and metal cations can be electrostatically attracted to charged sediment surfaces
(which are typically negatively charged). These metals can be released by cation ex-
change with other cations or by acidification of the sediment, which will offset the net
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negative charge at the surface. Metal sorption can be described as an irreversibly
sorbed fraction (the metal precipitates), coupled with a reversibly sorbed fraction (the
exchangeable and adsorbed portion). The most important of the metal precipitates are
metal sulfides that are effectively insoluble and form under strongly reducing condi-
tions. Under the reducing conditions in most sediments, that is a few centimeters below
the surface and below, these metal sulphides are quite stable. At the surface, however,
oxic conditions can lead to sulphide oxidation and release of the metal ions (Hong et
al., 2011a). Under static conditions, only the exchangeable and adsorbed portion can
partition between the sediments and adjacent porewater. This is generally modelled
with an effective partition coefficient, Ksw, but this is not easily modelled and changes
in pH and oxygen conditions can affect the partition coefficient (Hong et al., 2011b).

1.4 Sediment and contaminant transport processes

1.4.1 Sediment erosion and deposition

Any migration of the sediment, through erosion and resuspension, have a sig-
nificant impact on contaminant transport. Also, bioturbation, the sediment processing
activities of benthic organisms, can also cause sediment migration.

Under high-energy conditions in a stream, significant sediment transport oc-
curs, and individual sediment particles can be carried downstream either by bed load
or suspended load transport. During this overturning and migration process, sediment
particles are exposed and either scoured and suspended in the stream or reburied by
other sediment particles.

Water passing over seabed sediment may reach a high enough velocity to
cause the erosion of the topmost layer. In normally consolidated muddy sediment
strength increases with depth and therefore, the sediment will be eroded down to a level
at which point the strength in the sediment is sufficient to resist the shear. That is to
say that continual erosion will only occur when the shear stress is considerably higher
than the critical erosion shear strength of the mud (Dyer, 1986).
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The contaminant concentration in the overlying water, assuming local equilib-
rium, is given by:

_ PssWs 25
1+ pSSksw

pss IS the suspended sediment density (or concentration), W is the concentration of
contaminant on the solids and ks, is the effective partition coefficient between sediment
and water. At high suspended concentrations, the overlying water approaches equilib-
rium with the contaminated sediment bed while at low suspended solids density, the
overlying water concentration is directly proportional to the suspended solids density.
As shown by Equation 2.5, the concentration and exposure in the overlying water is a
function of the concentration of sediment resuspended. The concentration of resus-
pended sediment is a function of the rate and depth of erosion. The ability to predict the
rate of erosion based solely upon physical characteristics of the sediment such as grain
size and density remains largely limited to cohesionless, coarse-grained particles. Site-
specific measurements of sediment response to shear flows are needed to characterize
erosion of cohesive, fine grained sediment.

1.4.2 Porewater diffusion and advection

In a stable sediment bed, the transport processes within the mobile phase in
the pore space of the sediments become important. In particular, diffusion, dispersion
and advective processes dominate.

Molecular diffusion produces a net flux Fg in the x-direction from a region of
higher concentration to one of lower concentration that is often described by Fick’s first
law:

ac
Fdiff = _Dwa 26
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where D, is the molecular diffusion coefficient of the compound in water. Molecular
diffusion in a porous medium such as sediments must be corrected for tortuosity and
porosity of the diffusion pathways. Millington and Quirk (1961) suggest a combined
correction factor of the porosity to the four-thirds power to account for these effects:

Fdiff = —84/3D -— 27

A variety of techniques are available for estimating D, (Schwarzenbach et al., 2003;
Lyman et al., 1990). Values of D,, are typically 105-10° cm?/s for sediment contami-
nants.

Advection can be a far more rapid mechanism of contaminant transport. The
flow of water in sediments may be upward or downward depending upon local ground-
water gradients or both in the case of tidal systems. The advective flux, F.q, is related
to the upwelling velocity times the porewater concentration:

Fogp = VC 2.8

Because of natural heterogeneity, the flow of porewater through sediments is non-uni-
form, resulting in hydrodynamic dispersion. This results in spreading characterized by
an effective diffusion coefficient, Dqsp, Similar to molecular diffusion although related to
the flow velocity:

Ddisp =aV 2.9

The value of o is related to the spatial scale of the heterogeneities in a porous medium.
Because the probability of encountering larger heterogeneities increases with travel dis-
tance, the value of a is often assumed to be a function of travel distance. A reasonable
estimate is 5—10% of travel distance although the sensitivity to this parameter is often
not significant for the small travel distances of interest in surficial sediments.
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Gas ebullition or nonaqueous phase liquid (NAPL) migration can also influence
contaminant migration and retardation by sorption. This is primarily important for or-
ganic contaminants. Gas ebullition can carry volatile organic contaminants according
to:

Fyas = VgasHyC 2.10

where H is the Henry’s Law constant for the compound and V is the volume of gas
per unit area exiting the sediment. This assumes that the gas is in local equilibrium with
the water and neglects other mechanisms for gaseous transport due to sorption of
hydrophabics at the gas-water interface of bubbles (Yuan et al., 2009), or mechanical
disruption of the surface by gas (Johnson et al., 2002). Values of Vs typically range
from 0 to the order of 1 |/m? per days. The Henry’s Law constant for nonpolar volatile
organics can generally be estimated by the relationship:

kM.,

= 2.11
RTS

Hy

where P, and M,, are the compound vapor pressure and molecular weight, respectively,
R is the ideal gas constant, T is the absolute temperature in Kelvin, and S is the solubility
of the compound in mass per volume. Due to the relatively small value of H for most
hydrophobic compounds of interest, the gas-induced flux is relatively small. A poten-
tially more important concern is the movement of NAPL with gas if the gas moves
through a NAPL-contaminated layer.

If a continuing source of NAPL is present, source control efforts are an early
and important remedy response. In the absence of gas moving through a NAPL-con-
taminated layer, however, a NAPL layer is often relatively immobile. Often, the sediment
NAPL is often heavily weathered and viscous and the mobile fractions have long since
left the sediments. The capacity of the immobile NAPL phase for the organic can also
aid in retardation of any chemical migration. Erten et al. (2011) provide a consolidation
testing method to evaluate NAPL mobility and expression in soft sediments. This
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method could also be used to assess gas release and NAPL release with the gas alt-
hough the gas release by this test is likely more rapid than in the sediment environment.

1.4.3 Bioturbation

Bioturbation is the normal life cycle activity of benthic organisms that lead to
mixing of sediment and porewater in the near surface layer of sediments. These activ-
ities influence the fate and behaviour of contaminants and are often the dominant mixing
process in stable sediment environments. This is due to the fact that bioturbation typi-
cally involves reworking of the surface layer of sediments through particle mixing and
is thus not subject to retardation of processes such as diffusion and advection that limit
by retardation in the porewater.

The organisms responsible for the most sediment and contaminant reworking
are the macrobenthos. Included in this category are deposit feeders that ingest and
process sediment for food and are often referred to as conveyor belt feeders in that
they ingest sediment at depth (typically 5-10 centimeters [cm] into the sediment) and
defecate at the surface building fecal mounds. Burrowing filter feeders similarly move
sediment but for the primary purpose of building a protective burrow from which they
can actively pump water that they filter for food. The final category of organisms are
surface feeders that tend to forage at the surface consuming organic matter or sit on
the surface filtering water and have a relatively limited impact on the sediment. Urechis
caupo is an example of a marine burrowing filter feeder and has been observed to pump
an average of 266 ml/min of water through their burrows (Osovitz and Julian, 2002).

The high density of the organisms and their effectively random behaviour sug-
gest that it might be appropriate to model their effect on contaminants as an effective
diffusion process in the biologically active zone. The contaminant flux associated with
bioturbation in the actively mixed zone is given by:

Fy = —Dy, d[eC + ps(1 —)W] b OR:C 219

bio a7z — T Pbio a7z
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Ws is the concentration of contaminant on the solids in the z direction, ps is sediment
density and ¢ is the porosity. The arithmetic means and standard deviation for the bio-
diffusion coefficients are 1.23x107 and 4.31x107 cm?s for freshwater and 3.95x10°
and 5.20x10° cm?s for estuarine systems, respectively.

1.5  Risk reduction processes

1.5.1  Sorption/Immobilization

The sequestration of contaminants onto solid-phase particles within aquatic
sediments is an important attenuation mechanism which removes toxic chemical spe-
cies from the bioavailable aqueous phase.

Allen (1994) reviewed how metal toxicity to aquatic organisms is proportional
to the concentration of free metal ions, emphasizing the significance of sorption/immo-
bilization processes. Metal contaminants exhibit different affinities for each solid-phase
sequestering fraction within sediments (Tab. 1.1). In oxic sediments regions, metal
sequestration is generally dominated by Fe and Mn oxides and organic matter; whereas
dominant sequestration processes in anoxic sediment regions are the formation of
metal sulfides and partitioning onto organic matter (Tessier et al., 1994). The seques-
tration of metals by microbial activity is also possible and has been reviewed in the
literature (Gadd, 2004).

The predominant sorbent for HOCs in aquatic sediments is organic matter (Lu-
thy et al., 1997), which includes detritus, lignin, and humic substances (Carlton et al.,
1990). Kile et al. (1995) demonstrated a positive relationship between HOC soil-water
distribution coefficients for soils and sediments and organic matter content. The ability
of organic carbon to indefinitely sequester HOCs has stimulated the idea of organic
sorbent addition to sediments to reduce contaminant bioavailability (Zimmerman et al.,
2004; Tang et al., 2007). The more suitable models of HOC sorption are the linear and
Freundlich isotherms. Substantial time periods may be required to reach equilibrium
conditions, however (Pignatello and Xing, 1996), and slow sorption kinetics within sed-
iments can lead to nonideal behaviour and requires more sophisticated process
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modelling. Physicochemical nonequilibrium models incorporate rate-limited conditions
between the contaminants and sorbents (Brusseau and Rao, 1989), demonstrated to
be more representative of natural systems than assumed equilibrium conditions (Weber
et al., 1996; Piatt and Brusseau, 1998). Causes for nonequilibrium sorption have been
discussed and reviewed extensively (Pignatello and Xing, 1996; Brusseau et al., 1991)
and include retarded intraparticle diffusion, intra organic matter diffusion, and slow
chemical kinetics.

A contaminant sinks and source, and desorption represents a long-term source
(McGroddy and Gschwend, Schneider et al., 2007; You et al., 2006) and a route of
contaminant exposure to benthic organisms (Landrum et al., 2007; Shor et al., 2004),
despite slow desorption rates (Ghosh et al., 2000 and 2001) and observed hysteresis
(Braida et al., 2003).

CONTAMINANT SEQUESTERING AGENT IN SEDIMENT

Sulphides
Organic matter

Cu

Fe/Mn oxides

P Sulphides

Fe/Mn oxides
Cd Sulphides
Organic matter

n Sulphides
Cr Fe/Mn oxides
Ni Iron Sulphides
Organic matter
PCBs Mlnergl solids
Organic matter
PAHs Organic carbon

Tab. 1.1 - Contaminant sequestering agents found in aquatic sediments (Eggleton and Thomas, 2004).
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1.5.2 Transformations

Sediment contaminants can be transformed both abiotically and microbially
within sediment beds with some pathways leading to non-toxic end products. Contam-
inant transformations will be defined here as a change in chemical composition of the
contaminant in order to make a distinction from trace metals changing redox state.

Abiotic Transformations

Contaminant transformations at mineral surfaces occur are tied to specific re-
dox conditions. The reduction of nitroaromatic contaminants by iron minerals has been
demonstrated and subsequently studied extensively (Elsner et al., 2004; Zwank et al.,
2005). The reduction of chlorinated organics has also been documented by zero-valent
metals such as zinc (Arnold and Roberts, 1998) and iron (Armold and Roberts, 2000).
These reductions demonstrate how numerous iron minerals, found both in oxic (goe-
thite) and anoxic (pyrite) environments, can abiotically mediate dehalogenation and ni-
troaryl reduction, two important and environmentally-relevant mechanisms of contam-
inant transformations.

Mercury methylation has been observed during sulphate reduction (Benoit et
al., 2003), which is a detrimental transformation due to the toxicity of methylmercury.

PCBs and PAHSs, two classes of HOCs which are traditional sediment contam-
inants, are observed to be generally recalcitrant to abiotic reactions.

Microbially-Mediated Transformations

Aquatic sediments tend to have active microbial communities due to their ample
sources of organic matter, carbon, and electron donor. Bacterial abundance and activity
generally decrease with sediment depth due to the prevalence of more recalcitrant car-
bon sources below the surface (Van Cappellen et al., 1996).

The high levels of bacterial abundance and activity in the aerobic layer promote
oxidative contaminant bio-transformations in this region. Hydrophobic organic contam-
inant classes vulnerable to aerobic biotransformation, and documented within sedi-
ments, include petroleum hydrocarbons, PAHs, PCBs, and certain chloroethenes. PAHs
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are not degraded as quickly as monoaromatic species but are still susceptible to ring
fission via dioxygenase attack (Atlas and Unterman, 1999), carried out by multiple mi-
crobial populations (Samanta et al., 2002). Certain PCB congeners are degraded aero-
bically (Bedard et al., 1987; Maltseva et al., 1999) following initial, anaerobic biotrans-
formations, which increase their aerobic biodegradability and metabolism. The anaer-
obic, reductive dechlorination of PCBs has been reviewed (Bedard and Quensen, 1995)
and recent evidence links PCB dechlorination with bacteria belonging the Dehalococ-
coides group (Bedard et al., 2007). Dehalococcoides are also capable of complete re-
ductive dechlorination of chlorinated solvents (e.g., PCE and TCE), which may be in-
troduced into the sedimentary environment via contaminated groundwater plumes. PCE
is sequentially dechlorinated by multiple bacterial strains under anaerobic conditions to
TCE and dichloroethenes (DCEs), but only Dehalococcoides reduce DGEs to vinyl chlo-
ride (VC), and finally nontoxic ethene (Cupples et al., 2003). During this process, dis-
solved-phase chloroethenes serve as electron acceptors for Dehalococcoides while the
source of electrons is hydrogen (Yang and McCarty, 1998), supplied from the oxidation
of organic substrates by fermenting microbial communities (Carr et al., 1998; Fannel
etal., 1997).
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CHAPTER 2. REMEDIATION TECHNOLOGIES

2.1 Introduction

The management and remediation of contaminated marine sediments is inher-
ently more complex than managing contaminated soil and groundwater sites. Because
of the multiple uses and demands placed upon surface waters, it is often difficult to
identify the primary goals for contaminated sediments. The primary goal most likely
would be elimination of the risks to human health and the environment. However, con-
taminated sediment remediation could involve societal, cultural, and economic impacts
commensurate with human health and ecological risks.

Hence, the choice of approach(es) is generally broad and complex, frequently
conflicting, and often controversial. As a result, management and remediation of con-
taminated sediments is a major issue facing environment policy-makers, scientists,
and engineers today.

Sediment remediation techniques are commonly classified as in situ (i.e. treat-
ments operating where the contamination is present with no sediment dredging) and
ex situ (i.e. treatments including sediment dredging or resuspension phenomena to
some extent). Nevertheless, dredging still remains an important issue; like for hotspots,
dredging activities can heavily remobilize sediment like as the associated pollution via
washing out events (Arizzi Novelli et al., 2006; Libralato et al., 2008; Krull et al., 2014;
Chakraborty et al., 2014). From 26 dredging projects carried out by the National Re-
search Council (NRC, National Research Council 2007), systematic difficulties were

41



observed in achieving target clean-up thresholds in addition to the impairment of sedi-
ment-associated benthic ecosystem.

The development of cost-effective sediment management strategy requires a
multi-approach assessment including in situ treatment alternatives, unless dredging is
compulsory to reach a desired bathymetric level. Since they allow sediment remedia-
tion avoiding excavation and transport, remediation footprint and cost savings could be
significantly optimized. The main disadvantages are related to long-lasting procedures
(months or years), uncertainty about the treatment uniformity due to the variability of
sediment and aquifer characteristics, and the overall efficiency of the process is more
difficult to verify.

According to EPA’s “Contaminated Sediment Remediation Guidance for Haz-
ardous Waste Sites” (U.S.EPA, 2005), the current mature and available management
strategies are monitored natural recovery (MNR), in-situ management through active
capping or active amendment treatment and dredging followed by stabilization/solidifi-
cation treatments. At some sites, one of the three remediation approaches may serve
as the primary approach for remediation, while at other sites, they may be combined
together to enhance the remediation performance. Descriptions of each sediment re-
mediation method are provided in these chapter, with emphasis placed on in situ cap-
ping and ex situ stabilization/solidification.

2.2 In situ technologies

2.2.1 QOverview on in Situ technologies

The main advantage of in-situ treatment is that it allows soil and sediment to be
treated without being excavated and transported, resulting in potentially significant cost
savings. However, in-situ treatment generally requires longer time period, and there is
less certainty about the uniformity of treatment because of the variability in soil and
aquifer characteristics and because the efficiency of the process is more difficult to
verify. The in-situ treatment methods presented involve applying chemical, biological
or physical processes to the subsurface to remove or immobilize contaminants without
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removing the bulk soil/sediment. Additionally, several of these methods have references
to soil and to @ much more limit extent to sediment.

Treatment methods can be categorized into three major groups: a) physi-
cal/chemical treatment (i.e. in situ stabilisation/solidification, chemical oxidation, elec-
trokinetic separation, soil flushing and sediment capping); b) biological treatment (i.e.
phytoremediation, monitored natural attenuation, enhanced natural attenuation); c)
thermal treatment (i.e. electrical resistance heating, steam injection and extraction, con-
ductive heating, radio-frequency heating, vitrification).

Physical/chemical treatment uses the physical properties of the contaminants
or the contaminated medium to destroy (i.e., chemically convert), separate, or contain
the contamination. Physical/chemical treatment is typically cost effective and can be
completed in short time periods (in comparison with biological treatment). Equipment
is readily available and is not engineering or energy-intensive.

Biological treatment involves the use of microorganisms or vegetation (phy-
toremediation). Many naturally occurring microorganisms (typically, bacteria and fungi)
can transform hazardous chemicals to substances that may be less hazardous than the
original compounds. Microorganisms also have been used to alter the valence of some
hazardous metals, thereby making them less hazardous and/or less mobile. Several
plant species have the ability to bioaccumulate heavy metals found in the soil, and
some tree species can sequester, destroy (usually in cooperation with degradative mi-
croorganisms in the root zone), and/or evaporate/transpire various organic com-
pounds.

Thermal treatment technologies rely on the addition of heat to the soil to in-
crease the removal efficiency of volatile and semi-volatile contaminants. Vapour extrac-
tion is an integral part of these remediation systems to ensure the removal and treat-
ment of mobilized contaminants. In case focusing at areas below groundwater table,
the heating cost for all thermal heating technologies rapidly increases and may result
in low competitiveness. This is hypothetically one of several reasons behind why it is
very sparsely reported on using this group of methods in situ in sediments (besides
that part of sediment after electrical treatment usually needs to be dredged and potential
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issues using electrical currents under groundwater table only where the remediation
shall take place). In situ vitrification is unique among the thermal technologies in that
the temperatures used will vitrify soil. The stable glass that is formed by vitrification will
immobilize any non-volatile contaminants that are present, including metals and radio-
active materials.

2.2.2 In situ amendment: active mixing and active capping

Two main approaches could be used to remediate contaminated sediment: (i)
active mixing and (ii) thin capping. Active mixing consists of mixing contaminated sed-
iments with natural substrates or other inert materials. In both cases, the bioactive sur-
face layer of sediment is able to transfer contaminants from sediment to strongly bind-
ing sorbent particles, reducing their bioavailability to benthic organisms and contami-
nant flux into the water column and thus the potential general accumulation in the
aquatic food web (Ghosh et al. 2011). Thin capping consists of one or more layers of
amendment (e.g., sand and NOMSs) actively reducing the overall cap thickness required,
for example when compared to conventional sand cap (Wessels Perelo, 2010).

In the last two decades, several authors evaluated in situ amendment introduc-
ing various sorbents such as activated carbon (AC), organoclay, apatite, biochar, coke,
zeolites, and zerovalent iron (ZVI) into contaminated sediments (USEPA, 2013a).
Amendments tend to modify sediment geochemistry increasing contaminant binding
and stability in order to reduce its risk to human health and the environment. Among
all, AC, organoclay, and apatite were identified as particularly promising sorptive
amendments for in situ sediment remediation (USEPA, 2013b). But several data about
their potential side effects are still missing. Except for AC and ZVI, (eco-)toxicity data
are scarce or still unavailable.

As shown in Tab. 2.1 and 2.2, most studies are referred to AC administration.
Several laboratory experiments and recent field studies demonstrated that AC showed
significant reductions in chemical concentration and biological availability of polychlo-
rinated biphenyls (PCBs) (Zimmerman et al., 2004; Werner et al., 2005; Cho et al.,
2009; Beckingham and Ghosh, 2011; Cho et al., 2012), polyaromatic hydrocarbons
(PAHs) (Hale et al., 2010; Cornelissen et al., 2011; Hale et al., 2012; Meynet et al.,
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2012), and dichlorodiphenyltrichloroethane (DDT) (Tomaszewski et al., 2007) by active
mixing and thin capping. Several laboratory studies in column reactors with amendment
show the potential for significant reductions in equilibrium pore-water concentration,
bioaccumulation in benthic organisms, and contaminant flux into water for polychlorin-
ated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs). For example,
Zimmerman et al. (2004) conducted a 6-month continuously mixed, laboratory study
wherein the aqueous PCB concentration was reduced by 92% after contacting 3.4 wt
% AC with sediment collected from Hunters Point Shipyard, San Francisco Bay. A la-
boratory study by Choi et al. (2013) with petroleum-impacted sediment demonstrated
the effectiveness of AC amendment to sequester PAHs. Slurry phase experiments with
an AC dose of 5 wt % for 1, 2, 8, and 12 months showed up to 99.5% reduction in PAH
uptake in polyethylene (PE) samplers. Considering a series of differentially polluted
sediment samples, Hale et al. (2010) and Hale and Werner (2010) highlighted that 1-
5% AC can reduce the pore water concentration of PCBs, PAHs, DDT, dioxins, and
furans from 70 up to 99%. Organoclay effectively removed soluble organics and non-
aqueous phase liquids (NAPLs) such as oils, chlorinated solvents, and PAHs (Alther,
2002a, 2002b). Apatite facilitated the immobilization of metals including Cu, Pb, and
Zn (Knox et al. 2008). Laboratory results demonstrated that the effectiveness of
sorbents in lowering contaminant bioavailability increased with decreasing amendment
particle size, growing dose, greater mixing, and contact time (Zimmerman et al. 2005;
Ghosh et al. 2011), but it could vary for various amendments with similar surface areas
(Tomaszewski et al., 2007).

Considering the Hunters Point Shipyard case study (Tab. 2.1), Choi et al.
(2016) focused on the importance of developing and applying decision-making frame-
works for in situ sediment AC remediation, including a modelling approach supporting
long-term prediction and engineering design. The modelling framework compared var-
ious design alternatives for treatment optimization and estimation of long-term effec-
tiveness over 10-20 years under slow mass transfer condition in order to identify the
best efficient and cost-effective solution for HOC-contaminated sediment treatment.
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In order to predict or evaluate the effect of remediation efforts, involving capping
of subaqueous contaminated sediments, it is crucial to assess the transport of con-
taminants from the capped sediment and how it will be affected by the cap (Palermo et
al., 1998). Transport of contaminants through the cap can be caused by mechanisms
like molecular diffusion, advection of pore water, and bioturbation. Advection of pore
water from capped sediment can be driven by two mechanisms: (1) submarine ground-
water discharge, and (2) consolidation of contaminated sediment. Advection due to
groundwater discharge and tidal pumping is not uncommon and has been reviewed
elsewhere (Burnet et al., 2003; McCoy et al., 2009). This mechanism is important when
hydrogeological conditions cause release of groundwater through the seabed. How-
ever, in many fine-grained contaminated sediments, low permeability suggest that this
mechanism will be of limited importance.

A few earlier studies have addressed contaminant transport from consolidating
sediments. Moo-Young et al. (2002) studied the effect of consolidation on the migration
of pore water and tetrachloro dibenzo-p-dioxin (TCDD) in the cap. They found that pore
water from consolidation in a geotechnical centrifuge carried small but significant
amounts of TCDD through the cap. Alshawabkeh et al. (2005) developed a model for
contaminant mass flux in capped sediments under consolidation. Eek et al. (2007) de-
veloped a method to evaluate efficiency of different materials for capping of soft and
silty clay sediments collected from Bjarvika (Oslo Harbour) contaminated by heavy
metals and organic contaminants. In particular, the efficiency of two different capping
material (i.e. crushed limestone and crushed gneiss) and the pore water chemistry dur-
ing consolidation of capped contaminated material was studied with a modified con-
solidation cell. The design was based on a modification of the oedometer test, com-
monly used in geotechnical testing (ASTM D2435). A piston was placed on top of the
sample and was loaded with weights in four steps to cover a vertical stress range from
0.7 kPa (weight of piston alone) to 5.0 kPa (the vertical stress of 0.6 m thick layer of
capping materials submerged in water). During sediment consolidation, pore water was
drained from the surface of the cap and collected in a glass bottle attached to the con-
solidation cell and inside the N2-atmosphere (Fig. 2.1a); concentrations of heavy
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metals (i.e. Ca, Cd, Co, Cu, Fe, Mn, Ni, P, Pb, and Zn) in the collected pore water
samples were determined. The capping of sediments with crushed gneiss increased
the release of Ca, Mn, Co, Ni, Cd, and Cu, resulting in negative capping efficiency. Cu
and Co were also leaching out from the limestone cap, resulting in negative capping
efficiency for these metals. The study shows that the efficiency of capping materials
varies significantly and that leaching from natural and uncontaminated materials under
certain conditions exceeds leaching from anoxic but heavily contaminated sediments.
Exposure to seawater, with high ionic strength and high content of divalent ions, can
release a considerable amount of metals from the cap material into solution. For this
reason, testing of the leaching properties of a proposed capping material should be an
important part of the design work of remediation involving capping of contaminated
sediments. Increased leaching of metals from capped sediments has also been re-
ported earlier by Liu et al. (2001). The experimentation was conducted with 17-cm-
diameter polycarbonate columns at room temperature to simulate metal transport
through sediment and sand capping in the presence and absence of submarine ground-
water discharge. However, they presented no data to determine whether this was a
direct release from the cap material or if capping increased metal mobility in the sedi-
ment. Lenhart et al. (2009) studied the influence of consolidation rate on contaminants
migration using a bench-scale consolidation apparatus (Fig, 2.1b) and sediments con-
taminated with PCBs that were previously dredged from the Grand Calumet River (Chi-
cago). In this study, the influence of capping on contaminant release was studied using
three capping materials: quartz sand, activated carbon and organoclay. All of the cap-
ping materials produced a decrease in PCB release during consolidation primarily by
hindering particle release. The carbon-based materials (organoclay, RCM with or-
ganoclay and activated carbon) outperformed the sand. This likely reflects the existence
of more attractive particle-particle interactions between the organoclay or activated car-
bon and the organic content of the sediment. In both studies the loading schedule im-
pacted particle release, with particle release increasing as the consolidation rate in-
creased due to larger load application.
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Fig. 2.1 - Schematic diagrams of the consolidation test apparatus (Eek et al. 2007; Lenhart et al., 2009;
Lee and Fox, 2009).

Moreover, Lee and Fox (2009) and Lee et al. (2009) conducted consolidation
tests to investigate the effect of consolidation on solute transport. They concluded that
consolidation can make the solute transport faster. In these tests, they used a miscible
tracer to detect the pore fluid mobilization. Contaminants may exist in the pore spaces
at different saturation ratios and they may be miscible or immiscible with the pore wa-
ter. Variation in the pore fluid may influence the physicochemical structure of the soil
and affects its consolidation and strength properties. The influence of pore fluid on the
characteristics of soils was investigated in several studies. Acar and Olivieri (1989)
conducted hydraulic conductivity tests on compacted kaolinite specimens. In this
study, it was observed that when organic fluids were permeated through the specimen,
the hydraulic conductivity of soils changed. Anandarajah and Zhao (2000) investigated
the effect of different pore fluids on the strength of kaolinite. Olson and Mesri (1970)
conducted one dimensional consolidation tests on kaolinite slurries as well as illite and
smectite slurries. The specimens included one-phase pore fluids, which were water,
carbon tetrachloride, and ethyl alcohol. The results showed that the consolidation be-
havior of kaolinite was governed mainly by the mechanical factors rather than physico-
chemical effects. The mechanical factors were defined as the strength, flexibility, and
surface friction of the soil particles. In addition, the compressibility of kaolinite with
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carbon tetrachloride and ethyl alcohol was different than the compressibility of water
saturated samples.

Consolidation testing of NAPL contaminated sediments is challenging since
they usually are fine grained low strength media with very high water contents. Steward
(2007) introduced a new method for specimen preparation of undisturbed NAPL con-
taminated sediments and conducted consolidation tests using a triaxial setup (initial
NAPL saturation of the test samples changed between 0 %—-38 %). Moretti (2008) con-
ducted similar tests on NAPL contaminated sediments. The results indicated that con-
solidation may mobilize the NAPL in sediments. Steward (2007) and Moretti (2008)
worked on field samples which varied significantly in terms of the soil type and pore
fluid constituents. This heterogeneity made it difficult to derive general conclusions on
the consolidation behaviour. Erten et al. (2011, 2012) developed a testing system to
evaluate the consolidation potential of contaminated sediments at various oil saturation
ratios. Several modifications were made to the standard triaxial setup, specimen prep-
aration and testing procedures so that the testing worked efficiently under low effective
stresses and the expelled fluid could be collected for further testing. Six consolidation
tests were conducted on a model soft sediment (kaolinite) at different oil saturation
ratios (0%-100%). When the NAPL content was higher, generally the soil was stiffer.
The oil-wetted and water wetted specimens showed similar consolidation behaviour.
The results of tests showed that approximately 0.1 g of NAPL per 1 g of soil solids is
unlikely to be mobilized by consolidation. Design of a capping system should be done
only for the amount of the NAPL expected to be expelled. This will result in a thinner
cap, and lesser amount of work will be required to place the cap material.

Ma et al. (2010) conducted a series of experiments on lagoon and surge pond
sediments from a site in south Louisiana contaminated with varying degrees of NAPL
to predict the ability to cap the sediments without sediment failure and with containment
of the NAPL. 100 mm and 150 mm diameter columns were used to allow the testing
on intact core sediments. The results indicated that placement of a cap would result in
intermixing in cap sediment interface, and penetration of NAPL and dissolved contam-
inants into the cap layer due to consolidation. Column diameter did not cause a
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significant difference in consolidation rates despite the varying proportion of wall area
to column cross-sectional area. Sediments with higher NAPL content (up to 30% NAPL)
exhibited a greater degree of intermixing of sediment and cap materials and greater
penetration of contaminants. High NAPL content sediments were also more likely to be
resuspended by the act of capping leading to contamination of the cap layer. The study
demonstrated that traditional sand capping technology is feasible to cap NAPL contam-
inated sediment but identified the nature and extent of problems to be expected when
substantial NAPL is present. Further laboratory column experiments were performed by
Gidley et al. (2012) using contaminated sediments and capping materials from a creo-
sote contaminated USEPA Superfund site. Experiments were conducted in 5 cm diam-
eter glass columns with 6 equally spaced 1.5 cm diameter Teflon sampling ports (15
cm apart). Column experiments with a peat amendment delayed PAH breakthrough.
The most dramatic result was observed for caps amended with activated carbon at a
dose of 2% by dry weight. PAH concentrations in the pore water of the activated carbon
amended caps were 3—4 orders of magnitude lower (0.04 + 0.02 ug/L for pyrene)
than concentrations in the pore water of the source sediments (26.2 + 5.6 pg/L for
pyrene) even after several hundred pore volumes of flow. Enhancing the sorption ca-
pacity of caps with activated carbon amendment even at a lower dose of 0.2% demon-
strated a significant impact on contaminant retardation suggesting consideration of ac-
tive capping for field sites prone to groundwater upwelling or where thin caps are de-
sired to minimize change in bathymetry and impacts to aquatic habitats.

As shown in Tab. 2.3, some patented commercial products are available yet
and some of them were applied at full-scale remediation projects like for capping (Tab.
2.2), but every technological approach must be considered on a case-by-case basis.
In fact, organoclay® MRM (Tab. 2.3) can enhance the production of methyl mercury
in presence of sulphate-reducing bacteria. Short-, medium-, and long-term monitoring
surveys should be carried out after remediation activities to verify the amendment sta-
bility in sediment within real exposure scenarios
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