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This article summarizes the project and risk management of a remediation/reclamation project in Lavri-
on, Greece. In Thoricos the disposal of mining and metallurgical wastes in the past resulted in the con-
tamination with heavy metals and acid mine drainage. The objective of this reclamation project was to
transform this coastal zone from a contaminated site to an area suitable for recreation purposes. A sep-
arate risk assessment study was performed to provide the basis of determining the relevant environmen-
tal contamination and to rate the alternative remedial schemes involved. The study used both existing
data available from comprehensive studies, as well as newly collected field data. For considering environ-
mental risk, the isolation and minimization of risk option was selected, and a reclamation scheme, based
on environmental criteria, was applied which was comprised of in situ neutralization, stabilization and
cover of the potentially acid generating wastes and contaminated soils with a low permeability geochem-
ical barrier. Additional measures were specifically applied in the areas where highly sulphidic wastes
existed constituting active acid generation sources, which included the encapsulation of wastes in HDPE
liners installed on clay layers.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

This study was performed for the Prefecture of Athens, Greece;
its objective was the application of risk management techniques
for the remediation of an acid sulfate soil site in the vicinity of Ath-
ens. The risk management technique applied is relatively simple
and the remediation scheme is characterized by simplicity and
reliability and does not require extensive technical knowledge
and expertise. Therefore, the applied risk management technique
can be used to assist councils, industry, community groups and
landowners to develop effective mining site remediation programs
in Greece and southeast Europe.

The Thoricos is located in Lavrion, southeast of Athens, see
Fig. 1. Centuries of intensive mining exploitation and metallurgical
treatment of lead-silver deposits in the Lavrion area, starting in the
classical era and continuing in intervals until the 1980s, resulted in
ll rights reserved.
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the production of significant waste stockpiles deposited in the area
(CEC LIFE Programme, 1999). The abovementioned mine and pro-
cessing wastes present high concentrations of heavy metals, toxic
elements and in certain areas (such as the Thoricos) they contain
acid generating sulphidic materials that constitute active sources
of contamination for water resources and soils (CEC Environment
Programme, 1996). Acid mine drainage (AMD) is the name given
to the process whereby the pH of water draining from mine work-
ings or mine waste stockpiles becomes depressed (Alarcon Leon,
2005). The process of oxidation of sulfide minerals is the subject
of many research programs. Oxygen concentration is the most con-
trolling factor in AMD kinetics. This is not just due to the fact that
oxygen is required to initiate the oxidation of pyrite, but more
importantly it is an essential requirement for the oxidation of fer-
rous ions (Fe2+) to ferric ions (Fe3+). Ferric ions are responsible for
the rapid and self- propagating reactions that break down pyrite
and cause the majority of the acidity produced. The oxidation of
ferrous ions to ferric ions is the rate controlling step in AMD gen-
eration (Morrin and Hutt, 1994, 1997a, 1997b). This reaction is
dependent on the oxygen concentration of the reacting environ-
ment. The potential effects of acid drainage vary depending on
the physical and geochemical properties of the waste material pro-
duced, how the waste is managed, and the nature of the receiving
environment. Once acid is generated, it may contaminate receiving
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Fig. 1. Thoricos project area.
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water, lowering the pH and increasing the concentration of dis-
solved elements (particularly metals) of environmental concern.
If unchecked, acid drainage can result in acute and chronic impacts
on aquatic ecosystems, as well as community health risks (Stewart,
2005). To improve the environmental status of the Thoricos, the
Prefecture of Attica within the EPPER Program awarded to a team
of Greek consulting companies and both Greek and international
experts, in April 2005, a contract to design an integrated full-scale
project for the reclamation of acid generating wastes and contam-
inated soils in a 10-ha area in the Thoricos.

The risk management process used in this effort is based on
the AS/NZS 4360:2004 standard and is depicted at the picture in
Fig. 2.

The objective of the remediation/reclamation project (estab-
lished within the context of risk management) was, within budget
constraints, to transform this coastal zone from a contaminated
site to an area suitable for recreational purposes, as dictated from
the prevailing land planning regulations for the Lavrio area. From
the beginning there was involvement of the decision makers for
risk management and analysis, on defining the purpose of the
assessment, scope of analysis and products needed, participants-
Fig. 2. AS/NZS 4360:2004 risk management process.
roles-responsibilities, depth of the approach and resources-
schedule.

At a first stage, and for the development of the reclamation
strategy and the identification of environmental risks, the environ-
mental characteristics of the wastes and contaminated soils
encountered in Thoricos were examined and the level of human
and environmental risk was assessed. For the development of a
remediation/reclamation strategy, the available state-of-the-art
techniques for the stabilization and control of potentially acid gen-
erating mine wastes, containing increased levels of heavy metals,
such as Pb, Zn, Cd, As and other toxic elements, were evaluated un-
der actual field conditions. Since the area to be reclaimed extends
to over the coastal zone, the reclamation scheme also included
measures for the protection of the rehabilitated area against sea
waves and surface runoff erosion, including the design of a rock fill
coastal embankment and delineated drainage channels.

2. Planning stage of the project

The Planning stage of the Thoricos Bay reclamation project, pre-
sented in Fig. 3, was required and approved by the Prefecture of At-
tica, and included the following series of deliverables:
1. Site recognition
� Geotechnical study
� Topographical survey
� Coastal and seashore engi-

neering study
� Evaluation of the environ-

mental status
� Risk assessment
3. Permitting stage
� Preliminary environmental

evaluation
� Environmental impact assess-

ment study
2. Design of reclamation
scheme (Initial and detailed)
4. Invitation to tenders
� Preparation of the invitation

to tenders for the project
implementation

� Health and safety study
For the implementation of the above project, tasks were assigned to
the different members of the Project team, which comprised of a
multidisciplinary group of experts, as presented in Fig. 4.



Fig. 3. Time schedule of Thorikos project (design and permitting phase).

Fig. 4. Organization chart of Thorikos scientific team.
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Fig. 5. Thorikos project area. individual sub-areas are also indicated.
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At the present stage and following the completion of the design
stage of the reclamation scheme, the environmental permitting of
the project is in progress.

3. Assessment of existing status

3.1. Site description

The site under study is a coastal zone, 1 km long with an aver-
age width of 100 m, thus covering a total area of 10 ha. The site is
physically divided into three sub-areas by three existing creeks:
the ‘‘Bodosakis” creek at the SE, which represents a physical
boundary of the overall pProject area, a creek at the central area
and a creek at the NW of the area (see Fig. 5).

3.2. Identification of environmental risks and waste types

The site under study was used during the last decades for the
uncontrolled disposal of mining wastes. To determine waste distri-
bution across the area, the results of previous studies and research
projects conducted in the area were initially assessed (CEC LIFE
Programme, 1999).

To further specify waste types and quantities, as well as the
contamination in the study area, an additional sampling campaign
was implemented within the current project including drilling and
soil sampling (Panagopoulos and Malliaros, 2005). Geotechnical
drilling results indicated that the average depth of waste deposits
was extended to 6–7 m (of which only 1.0–1.5 m was above sea le-
vel) (Panagopoulos et al., 2005). Environmental characterization
tests were conducted on the geotechnical drill core and soil sam-
ples were collected, as summarized in Table 1.

Based both on previously published data (CEC LIFE Programme,
1999), as well as on newly collected field data (Gaidajis et al., 2001;
TVX Hellas, 2001), it was confirmed that the following types of
wastes had been disposed of in the project area:



Table 1
Environmental characterization tests.

Sample Analyses

Drill core samples Geotechnical analyses
� Particle size analysis
� Permeability (in situ, laboratory)
� Bulk density/specific gravity
� Moisture content
� Geochemical analyses
� Paste pH

Geochemical analyses
� S%
� Neutralisation potential
� Chemical analysis, Ca, Fe, Mg, Mn, As, Cd, Cu, Cr, Mo, Ni,

Pb, Se, Zn

Surface soil samples Geochemical analyses as above + Leachability tests
EN 12457

Table 2
Measurements of NNP, AP, and NP of sulfidic tailings, at surface sampling positions.

Sampling position Stotal (%) AP NP NNP NPRa pH

kg CaCO3/t

H02 17.34 541.9 �19.4 �561.2 �0.036 1.255
H04 16.53 516.6 151.2 �365.4 0.293 7.392
H08 4.55 142.2 224.7 82.6 1.581 7.170
H15 0.921 28.8 132.1 103.3 4.589 8.047
H16 0.535 16.7 141.2 124.5 8.446 8.117
H17 0.517 16.2 235.0 218.8 14.543 7.638

a NPR = NP/AP.
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� Sulphidic tailings in the Bodosakis area in the SE section of the
project. They are characterized by high sulfur content (14–22%
S) and they constitute active sources of acid drainage generation,
as documented by soils, surface waters and seawater analyses
(TVX Hellas, 2001). The characteristic sub-yellow color jarositic
sediments found on these wastes were due to the accumulation
of sulfide oxidation products.

� Sulphidic tailings of the former French Company, containing 4–
10% S covering the NW and the central part of the area. Their
color is dark grey to black and they locally present an increased
neutralizing potential. No active acid generation was recorded at
these wastes.

� Metallurgical slags. These wastes are black and appear on the
surface, between the central and the southern part of the study
area, or below the sulphidic tailings. They have similar charac-
teristics with the fine slags disposed in various locations in the
wider Lavrion area.

� Construction and backfilling wastes were identified in the cen-
tral study area, close to the surface, as determined from the drill
holes.

Static acid base accounting (ABA) techniques were used in order
to measure the net neutralization potential (NNP), defined as sub-
tracting the measured acid production potential (AP) of a sample
from the estimated total neutralization potential (NP) of the sample.
Fig. 6. Thorikos project area. Sampling positions are indicated.
Modified Sobec method techniques were used. Due to lack of space,
only indicative measurements of NNP, AP and NP, expressed as kg
CaCO3/t sulfidic waste, at surface sampling positions as depicted
in Fig. 6, are presented in Table 2. In addition, measurements of
chemical composition of the sulphidic tailings, at surface sampling
positions are presented in Table 3.

A digital terrain model, along with drill hole and surface sam-
pling results (presented in Table 4 and Fig. 7), were used to quan-
tify the wastes disposed above sea level. Based on the additional
soil sampling campaign conducted within this project, the identifi-
cation of hazards in the study area led to two main waste catego-
ries: those actively producing acid mine drainage (Bodosakis
pyrites, located in an area of 0.8 ha) and those that present a lower
potential for acid generation.

3.3. Analysis of environmental risk and contamination assessment

For the analysis of environmental risks the main sources of risks
were identified, the exposure pathways were determined, the
receptors were set up, and a corresponding risk analysis of every
pathway was carried out. The source-pathways-receptors scheme
is depicted in Fig. 8.

Based on this analysis, the potentially important sources-path-
ways-receptors are assessed and presented in Table 5. The wastes
to be reclaimed consist of quantities of all types of wastes above
sea level, since they are the only deposits that might constitute fu-
ture sources of acid generation and environmental contamination.
Based on risk analysis, the highest contamination risk was identi-
fied in the Bodosakis area where the active sources of acid gener-
ation were located.

4. Treating risks and reclamation schemes

4.1. Treating risks. alternatives examined

To ensure that risk controls are implemented in a systematic
way, the two main options for treating risks and for the reclama-
tion of the Thoricos were examined:

� Isolation and minimization of risk option. In situ reclamation,
neutralization, stabilization and cover of the disposed mining
wastes and contaminated soils with the application of a low per-
meability geochemical barrier. Additional sealing measures to
be employed in the high-risk Bodosakis area. This scheme also
included the construction of a rock fill embankment along the
coastal line and drainage channels for the protection of the
reclaimed area from the sea waves and surface runoff erosion.

� Elimination (removing the hazard) of risk option. Excavation of
the mining wastes and contaminated soils, transfer and disposal
in a specially constructed landfill, taking into account the envi-
ronmental properties of the disposed wastes.

The evaluation and comparison of the above options was exclu-
sively based on environmental criteria, including reclamation pro-



Table 3
Measurements of chemical composition of the sulphidic tailings, at surface sampling positions H02 and H04.

Element Sampling position H02 Sampling position H04

Sample H02a Sample H02b Average diff* (%) Sample H04a Sample H04b Average diff* (%)

Ca % 3.176 3.064 3.120 3.59 8.999 8.423 8.711 6.61
Fe % 18.220 18.361 18.290 0.77 22.095 21.929 22.012 0.76
S % 17.34 17.34 16.53 16.53
Mg % 0.308 0.298 0.303 3.32 0.926 0.922 0.924 0.41
Mn % 0.284 0.280 0.282 1.42 1.376 1.382 1.379 0.39
As mg/kg 11302 10719 11010 5.3 11998 11974 11986 0.21
Ni mg/kg <2 <2 <2 – 51.844 47.346 49.595 9.07
Cd mg/kg 9.849 9.925 9.887 0.77 29.625 29.903 29.764 0.93
Cu mg/kg 105.88 106.69 106.28 0.77 299.96 295.29 297.62 1.57
Mo mg/kg <8 <8 <8 – <8 <8 <8 –
Pb mg/kg 2602.6 2615.25 2608.8 0.48 4345.0 4286.1 4315.6 1.37
Cr mg/kg <3 <3 <3 – <3 <3 <3 –
Se mg/kg <0.05 <0.05 <0.05 – <0.05 <0.05 <0.05 –
Zn mg/kg 2400.7 2295.1 2347.9 4.50 9998.5 9843.0 9920.8 1.57

Diff = 100(sample a�sample b)average.

Fig. 7. Spatial analysis of the % Stot (% w/w total sulfur content) in the project area at Thorikos.

Table 4
Quantities of wastes disposed in the study area.

Sub-Area 1 Sub-Area 2 Sub-Area 3 Total

Area (m2) 39.904 42.711 7.706 79.609
Area of wastes of the Bodosakis area (m2) 7.283 7.283
Sulfidic wastes of the Bodosakis area (m3) 8.568 8.568
Wastes in other areas (m3) 56.143a 133.793 15.548 205.484
Total volume of wastes above sea level (m3) 64.711 133.793 15.548 214.052

a Remaining Sub-Area 1.
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ject land use, time requirements for the implementation of the rec-
lamation scheme, potential impacts on water resources, on acous-
tic and atmospheric environment, soils, flora and fauna, the
cultural environment and visual impacts.

Based on this multi-criteria analysis, it was clearly deduced that
the first option of the in situ neutralization, stabilization and cover
of the contaminated wastes and soils is the preferable option for
the reclamation of the Thoricos. This option results in reduced land
use, shorter reclamation period, less potential impacts on water re-
sources, atmospheric and acoustic environment and thus reducing
the environmental risk.
4.2. Treating risks. Reclamation scheme design

For the efficient prevention of the acid generation and stabiliza-
tion of the mining wastes disposed at Thoricos, the development
and application of the low permeability geochemical barrier at the
sulphidic tailings surface was selected as the reclamation technique.
This type of barrier, where the sulphidic wastes mixed with alka-
line and other clay and/or pozolanic materials are used in the con-
struction of a low permeability, dry cover, has been evaluated in a
number of research projects and pilot-plant studies recently con-
ducted during the reclamation of sulphidic mining wastes (Mylona
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Fig. 8. Sources, pathways and receptors for the environmental risk analysis.

Table 5
Potentially important sources-pathways-receptors.

Pollution source Receptors Way of exposure

Sulfidic tailings bodosakis area Human Direct contact
Human Feolean erosion ? increased dust levels in atmosphere ? inhalation
Groundwater- Surface waters Infiltration?ground water quality
Marine ecosystem Infiltration ? ground water qualityThoricos water quality
Human Infiltration ? ground water quality ? Thoricos water quality ? swimming
Human Infiltration ? ground water quality ? Thoricos water quality ? sea food chain

accumulation
Marine ecosystem Surface flow ? surface water quality ? Thoricos water quality
Human Surface flow ? surface water quality ? Thoricos water quality swimming
Human Surface flow ? surface water quality ? Thoricos water quality sea food chain

accumulation

Sulfidic Tailings former French company
(S > 6%)

Human Direct contact
Groundwater- Surface waters Infiltration ? ground water quality
Marine ecosystem Infiltration ? ground water qualityThoricos water quality
Human Infiltration ? ground water quality ? Thoricos water quality swimming
Human Infiltration ground water quality ? Thoricos water quality sea food chain accumulation
Marine ecosystem Surface flow ? surface water quality ? Thoricos water quality
Human Surface flow ? surface water quality ? Thoricos water quality ? swimming
Human Surface flow ? surface water quality ? Thoricos water quality ? Sea food chain

accumulation

Sulfidic Tailings former French Company
(S < 6%)

Human Direct contact
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et al., 1996; Adam, 2003; Gaidajis et al., 2001; US EPA, 1989). A
similar technique was also successfully employed in the 1990s
by NTUA for the reclamation of an old flotation sulphidic tailings
pond in the Technological Park of Lavrion near the Thoricos site
(Kontopoulos et al., 1996a; Kontopoulos et al., 1996b).

The geochemical barrier proposed in the current project for the
Thoricos site consists of the sulphidic tailings mixed with limestone
to ensure the neutralization of sulphidic wastes and at the same
time, to develop a 0.5-m layer of low permeability. For the overall
reclamation of the project area, the design of the above barrier
was combined with the required drainage layers (inert material of
proper grain size) and soil material covers suitable for the protec-
tion of the low permeability layer and the support of the area reveg-
etation, where required. This scheme was enhanced with additional
measures in the Bodosakis area, given the highly acidic properties
of the wastes disposed there and the recorded on-going, self-cata-
lytic acid generation reactions. The measures included the encapsu-
lation of the acid generating wastes in an HDPE liner placed on a
compacted clay layer. Experience from the implementation of a
similar technique (without the HDPE liner) employed in the
1990s by NTUA for the reclamation of a similar sulphidic waste site
in the Technological Park of Lavrion (Komnitsas et al., 2000;
Kontopoulos et al., 1996a, Kontopoulos et al., 1996b) documents
that pH increased dramatically (from 2 to 7.1) and solubilities of
Pb, Zn, Cd, Fe and SO4 were reduced by 87%, 76%, 95%, 77% and
88%, respectively, about 8 years after the implementation of the
similar reclamation approach.

For the engineering design of the reclamation scheme, the
topography of the project area was surveyed, as well as the hydro-
logical and coastal features of the Thoricos. Parameters considered
included: (a) area and morphology of both the intervention and the
adjacent areas; (b) volumes of the mining wastes to be reclaimed;
(c) quantities and specifications of the materials in the reclamation
works, such as limestone, clay, geomembrane, geotextile, top soil
etc.; (d) specifications of the rock fill dam; and (e) drainage chan-
nels for the protection of the reclaimed area.

Based on the above, the reclamation scheme of the project area
is to be implemented in the following sequence:
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Fig. 11. Project area after

Table 6
Breakdown of Cost and Expected Time for Project Works completion.

Works Estimated
cost

Expected time for
work completion (months)

Environmental restoration works €549,800 4
Hydraulic engineering works €295,600 2
Coastal engineering works €397,700 3.5
Other works €30,600 6

Total €1,293,700 15.5
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1. Remediation of sulphidic wastes of the Bodosakis area, of 5.277
m2. In situ neutralization of the sulphidic wastes with 20% w/w
of limestone, their excavation and transfer to the adjacent area,
lining of their disposal area with 1.5 mm HDPE geomembrane,
placed over compacted low permeability clay layer. The HDPE
liner, fully encapsulating this highly acid generating sulphidic
material will be covered by geotextile, a drainage layer of
30 cm and then by soil and topsoil cover. The percentage of
limestone addition was calculated based on the measured
NNP, AP and NP (see Table 2) to obtain stoichiometric neutral-
ization, plus a safety margin.

2. Construction of cement channels for a flood event with a 1:50-
year return period, for the drainage of the surface runoff from
the upstream and project areas. Thus, the whole area will be
unified, allowing also the safe movement of earthwork vehicles.

3. Construction of rock fill embankment of a height of 2.70 m
above sea level. The embankment will be constructed 11 m
from the shoreline and will be extended 1 m below sea level.
For that, detailed analysis of wave heights and local currents
was carried out.

4. Leveling of the area to be reclaimed through wastes movements
from Areas 2 and 3 to Area 1.

5. Preparation of low permeability geochemical barrier of 50 cm
on the surface of wastes mixed with limestone (20% w/w) and
clay (10% w/w). This barrier will be applied in the intervention
area, after the completion of the remediation works at the Bod-
osakis area.
reclamation works.
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6. Construction of a 30-cm gravel drainage layer.
7. Coverage of the whole intervention area with a 30-cm soil cover

and a 20-cm topsoil layer.
8. Fitting works among intervention areas.
9. Environmental monitoring program for the environmental per-

formance, and geotechnical and geochemical stability monitor-
ing.

Figs. 9–11 present the layout and typical sections of the pPro-
ject area after reclamation work. Table 6 presents the cost break-
down and expected time for completion of the reclamation project.

5. Conclusion

The basic principles of risk management and project design
were implemented for the sustainable reclamation of an old min-
ing waste disposal area, covering an area of 10 ha at the Thoricos,
in Lavrion.

For the identification of hazards (risk characterization), data
available from the comprehensive studies and research programs
conducted in the Lavrion area in the past, as well as field surveys
and analyses completed within the current project, all provided
the basis to determine the waste types deposited in the study area,
their quantities, their spatial distribution and the relevant risk they
present for environmental contamination.

An isolation and minimization of risk alternative was selected
for treating environmental risk. The corresponding reclamation
scheme was selected based strictly on environmental criteria. Rec-
lamation comprised of the in situ neutralization, stabilization and
cover of the potentially acid generating wastes and contaminated
soils with a low permeability geochemical barrier. Additional mea-
sures were specifically applied in the areas where highly sulphidic
wastes showed continued active acid generation, including the
encapsulation of wastes in HDPE liners installed on clay layers.
This integrated reclamation scheme also included the construction
of a rock fill embankment along the coastal line and drainage chan-
nels for the protection of the reclaimed area from the sea waves
and surface runoff erosion.

Expertise of a multidisciplinary team comprised of geologists,
hydrologists, mining, chemical, civil, survey, marine and environ-
mental engineers, acid mine drainage experts and ecologists was
constructively employed to design this risk management scheme.
The different stages of the project were carefully designed to allow
its timely implementation within the scope of the environmental
risk management and the determined time and budget.

It is concluded that complex remediation/reclamation problems
can be addressed, designed and realized using practicable financial
and manpower resources.
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