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Abstract Purpose: Dredging of sediments, a requirement for
harbor maintenance, removes millions of tons of mineral
wastes, contaminated at varying degrees with trace metals,
from the water. In previous investigations, Cu and Zn have
been identified as highly concentrated trace metals associated
to sulfides, mineral phases sensitive to oxidation. In order to
ensure their sustainable management, the solidification/
stabilization (S/S) and/or the valorization of contaminated
sediments as secondary raw materials is a way to be promoted.
Indeed, their reuse as a substitute of sand in cemented mortar
formulation would allow combining both treatment and valo-
rization of such wastes. Methods: In the present study, the
environmental assessment of mortars formulated with raw
and weathered marine sediments (in particular contaminated
with Cu, Pb and Zn), compared to sand reference mortars, was
conducted through two kinetic leaching tests: weathering cell
tests (WCTs), in which mortars were crushed and leached
twice a week, and a tank monolith leaching test (MLT), in
which leaching was performed on monolithic mortars with
increasing leachate renewal time. Results: In both leaching
tests, calcium and sulfur were released continuously from sed-
iment mortars, showing the oxidation-neutralization processes
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of sulfides and carbonates. In the MLT, Cu was released by
sediment mortars through diffusion, particularly by weathered
mortars, at low concentrations during 60 days of the test du-
ration. With the more aggressive WCT, Cu concentrations
were higher at the beginning but became negligible after
7 days of testing. Pb was released through diffusion mecha-
nisms until depletion in both tests, whereas Zn was particular-
ly well immobilized in the cemented matrices. Conclusions:
The S/S process applied using hydraulic binders proved to be
efficient in the stabilization of Cu, Pb, and Zn highly presents
in studied sediments, and further valorization in civilian engi-
neering applications could be considered.

Keywords Dredged marine sediment - Sulfides - S/S
process - Trace metals - Environmental evaluation - Tank
leaching test - Weathering cells - Cemented mortars

Introduction

Harbor administration requires the regular dredging of
sediments that accumulate by constant silting up as a re-
sult of erosion and anthropogenic effects. Dredging
removes large quantities of mineral materials from the
water, classified as wastes in the European List of Waste
by the Commission Decision 2000/532/EC. Up to 18.6
million tons of sediment (expressed as dry matter) were
dredged in France (metropolitan and overseas) in 2010,
and 33.56 million tons in 2009 (Le Guyader 2013).
These marine sediments are mainly composed of mineral
particles (quartz, various silicates, carbonates, iron and
manganese oxyhydroxides, and sulfides), together with
some organic matter. Harmful inorganic contaminants
such as copper, lead, or zinc tend to accumulate in marine
sediments (Caplat et al. 2005; Casado-Martinez et al.
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2009; Chatain et al. 2013a; Couvidat et al. 2015; Lions
et al. 2010; Mamindy-Pajany et al. 2012). Once dredged,
these contaminated sediments need to be adequately managed,
in accordance with existing regulations, otherwise contami-
nants may be mobilized during natural weathering events
when land is stored without protection (Caplat et al. 2005;
Chatain et al. 2013b; Lions et al. 2007). Since local and inter-
national regulations are moving toward stricter conditions for
land disposal and dumping at sea (see the 1996 international
protocol of the London convention and the OSPAR conven-
tion (OSPAR 2009)), alternative management consisting of
treatment and reuse is therefore encouraged by European
and national guidelines, but applications still remain very
limited (Akecil et al. 2015).

For sustainable management, turning a waste, literally
“unwanted or unusable material, substances,” into a reus-
able material is an effective way of reducing the amount
of useless wastes and the storage costs. Successful valo-
rization of dredged sediments has been conducted in
Portland cement production (Dalton et al. 2004), as well
as in brick production (Cappuyns et al. 2015; Hamer and
Karius 2002; Samara et al. 2009; Xu et al. 2014).
However, these are highly specific cases of valorization
that depend on local requirements and the specificities of
the sediment sources. Among popular treatments, the pat-
ented Novosol® process (combining combustion and
phosphatation) have been successfully applied to polluted
dredged sediments (Agostini et al. 2007; Zoubeir et al.
2007), and treated sediments were used as raw material
for brick-making or incorporated into cement-based mate-
rials (Lafhaj et al. 2008; Rozi¢re et al. 2015; Samara et al.
2009). Furthermore, the Novosol® process is an expen-
sive treatment, limiting its application in low-cost man-
agement schemes.

A common treatment for hazardous wastes is the
stabilization/solidification (S/S) process (Shi 2004). S/S
with hydraulic binders has been widely used for contam-
inated sediments as an effective and low-cost process,
when compared to long-term storage in hazardous waste
facilities (Gardner et al. 2007; Mulligan et al. 2001;
Zentar et al. 2012). Furthermore, this process is an oper-
ational technique to treat inorganic pollution, combined to
a potential reuse of contaminated sediments in construc-
tion as non-structural sediment-based mortars. In this
case, sediments are used as substitute of sand, either by
fully replacing sand aggregates (Ben Allal et al. 2011;
Yan et al. 2014) or partially as in covalorization process
with other wastes (Wang et al. 2015). Another opportunity
is to employ sediments as a fine granular corrector, for
concrete preparation which uses coarser aggregates
(Limeira et al. 2010, 2011).

The reuse of sediments in cemented mortars may lead
to an immobilization of trace metals via chemical and

physical fixation processes, which allow metal trapping
and diminishing porosity and permeability thanks to the
formation of nanometer-level gels as calcium silicate hy-
drate (CSH) phases. The formation of hydroxides during
the formulation allows controlling the mobility of some
metal ions, which can also be adsorbed on Ca silicate
minerals such as Pb or Zn, or physically encapsulated
such as Ni or Pb (Chen et al. 2009; Paria and Yuet
2006). The mobility of Cu is pH dependent through pre-
cipitation and dissolution phenomena.

Prior to reusing contaminated materials, a treatment
can be applied to enhance the mechanical strength, de-
pending on the intended use (Couvidat 2015). After re-
ducing their water content, dredged sediments are likely
suitable for some geotechnical applications (Rekik and
Boutouil 2009). The addition of cement reduces the sed-
iment plasticity and may contribute to an economical op-
timization depending on its proportion. However, insuffi-
cient research has focused on sediments as a substitute of
the sands within mortars for civil engineering
applications.

To reuse sediments in civilian engineering application,
there is a first necessity to assess the environmental be-
havior of these formulated cemented materials. Several
leaching tests used for the environmental assessment of
S/S matrices and for mine wastes have been described in
numerous studies (Barna et al. 1997; Ben Allal et al.
2011; Coussy et al. 2012; Kundu and Gupta 2008; Li
et al. 2001; Malviya and Chaudhary 2006), as well as
for other materials such as mine tailings and soils
(Aubertin et al. 2002; Benzaazoua et al. 2001; Bisone
et al. 2016; Chatain et al. 2005; Othmani et al. 2013).
These tests contribute to improve the knowledge of mor-
tar evolution toward leaching, as well as monitoring re-
leases of inorganic contaminants. For this purpose, testing
may be achieved by preserving the structural integrity of
mortars, as monolith leaching test, or by crushing the
specimen for more aggressive conditions, as weathering
cells.

The present study aimed to assess the environmental
behavior of mortars formulated with dredged sediments.
Natural sand material, used as reference aggregate, was
fully substituted by raw and weathered contaminated
dredged sediments in sustainable management schema.
For this purpose, a detailed characterization of the sedi-
ments and mortars was firstly conducted, specifically to
investigate the presence of metal-bearing phases. Then,
environmental behavior was assessed by the use of two
dynamic kinetic leaching tests. The weathering cell test
assesses the risk of release of hazardous metals through
a worst-case scenario, whereas the standard monolith
leaching test (MLT) allows leaching rate determination
of contaminants from studied mortars.
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Material and methods
Aggregates and hydraulic binders

The two sediments analyzed in this study (raw and weathered)
were dredged with a mechanical shovel from the same sam-
pling site, a harbor located in the south of France that experi-
ences significant industrial and marine activities. Previously
identified as highly contaminated materials (Couvidat 2015),
these dredged sediments need appropriate management with
respect to environmental regulation. The raw sediment was
directly stored in barrels after dredging with a marine water
layer above to avoid oxidation and kept in a thermostatic room
at 4 °C in darkness. The weathered sediment (labeled as
‘Weath.” in the tables) was sieved at 20 mm and stocked out-
side for 5 years to simulate natural weathering after a short
aeration pretreatment (bioremediation process consisting of
regular mechanical turning to improve bacterial degradation
of organic pollutants). These sediments denoted as raw and
weathered were labeled respectively ‘R’ and ‘W’ once includ-
ed in mortars. Prior to characterization, samples of sediments
were homogenized by mechanical quartering and kept at 4 °C
in darkness. Prior to cement formulation, sediments were
dried in a furnace at 45 °C. Two hydraulic binders were
employed to prepare the mortars, blast furnace slag (Slag)
and ordinary Portland cement (PC). Slag was added in the
mortar formulations in order to increase the long-term dura-
bility toward sulfate attack (Benzaazoua et al. 2004b;
Rajasekaran 2005). Reference mortars were prepared with
technical sand for comparison purposes.

Mortar preparation and conditioning

Mortar ingredients were mixed and homogenized in a con-
crete mixer for about 10 min to ensure homogeneity of the
final paste (Table 1). Water was added to reach the targeted
consistency, and mixtures were continuously mixed. After
mixing, samples were immediately cast in cylindrical hermet-
ically sealed molds (2-in diameter and 4-in height), in three
layers. Between each addition, mixture was tamped with an
iron rod 25 times to ensure removing of most air pockets.
After sealing of molds, samples were placed in a humidity
chamber controlled at 25 °C and more than 90 % of relative
humidity to be cured for 14, 28, and 90 days. More details can
be found in Couvidat (2015).

Sediment and mortar characterization
Aggregate and hydraulic binder characterization
Dredged sediments and mortar ingredients (sand, Portland

cement, and slag) were characterized for specific gravity
(Gs) and chemical content. Dredged sediments were also
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characterized for total carbon (TC), total organic carbon
(TOC), and particle-size distribution (PSD).

The Gs of each sample was measured with a helium
gas pycnometer (Micromeritics Accupyc 1330). Analysis
of major and trace metals in the sediments was performed
by inductively coupled plasma-atomic emission spectros-
copy (ICP-AES, model Perkin Elmer Optima 3100 RL)
after HNO3/Br,/HF/HCI digestion carried out on a hot
plate and in mortar components by X-ray fluorescence
(XRF) spectroscopy (Niton XL3t 900SHE). Certified ma-
terials from the Canadian Certified Reference Materials
Project (CCRMP) were used to verify sample digestion
and its recoveries. Before chemical elemental analysis,
solid samples were prepared by drying at 105 °C and
grinding to a fine powder. Additionally, the detection
limits of the ICP-AES technique used for routine analyses
in this study (for metals of interest) were the following:
0.003 mg/L for Cu, 0.02 mg/L for Pb, and 0.005 mg/L for
Zn.

Total carbon was evaluated by an induction furnace
analyzer (ELTRA CS-2000). TOC was determined
through sample combustion in a furnace heated to
680 °C. The released gas was then analyzed with a non-
dispersive infrared gas apparatus. The PSD analysis was
carried out by laser diffraction (Malvern Mastersizer
2000G) after sieving the sediment at 1 mm. During the
PSD analysis, ultrasound was applied for 1 min to allow
breakdown of the aggregates.

The mineralogy of samples was determined by X-ray
diffraction (XRD) on a Bruker AXS D8 advance diffrac-
tometer equipped with a copper anticathode, scanning
over a diffraction angle (20) range from 5 to 70°. Scan
settings were 0.02° 20 step size and 4-s counting time per
step. The DiffracPlus EVA software (v.3.0 rel.214) was
used to identify mineral species and the TOPAS software
(v. 4) implementing the Rietveld refinement was used to
quantify the abundance of all the identified mineral spe-
cies (Young 1993). The absolute precision of this quanti-
fication method is of the order of £0.5-1 % (Bouzahzah
et al. 2008; Raudsepp and Pani 2003). Mineralogical iden-
tification of the samples was completed by optical micros-
copy observations. Polished sections prepared with bulk
samples according to Bouzahzah et al.’s (2015) procedure
avoiding internal particle settlement (sediment impregnat-
ed in densified Epoxy resin) were observed by reflected
light microscopy (Zeiss Axio Imager.M2m). The chemical
composition of the individual minerals (stoichiometry)
was determined using a scanning electron microscope
(SEM, Hitachi S-3500 N) equipped with an energy dis-
persive spectrometer (EDS, Silicon Drift Detector X-Max
20 mm?, Oxford) operated under the INCA software (450
Energy). The operating conditions were 20 keV, ~100 pA,
and 15 mm of working distance.
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Table 1 Summary of mortar

recipes and preparation Aggregate Portland cement Slag Cement proportion w/C Slump

characteristics (%) (%) (%) (mm)
R-PC Raw 100 0 25.00 2.50 62
R-PCS Raw 20 80 25.01 2.34 60
W-PC Weath. 100 0 25.00 2.11 61
W-PCS Weath. 20 80 25.00 2.14 59
S-PC Sand 100 0 25.00 0.87 62
S-PCS Sand 20 80 25.00 0.96 60

Mortar characterization

At each curing time, formulated mortars were sampled for
characterization immediately after each mechanical test
(Couvidat et al. 2016). Mortar pore waters were immediately
characterized for pH, soluble sulfates, and chemical content
after each mechanical test (at 14, 28, and 90 days of curing).
Twenty-five grams of fresh broken mortar was sampled and
crushed with a metallic rolling-pin, and then poured into an
Erlenmeyer with 50 mL of deionized water (1:2 solid to liquid
ratio). The content was magnetically stirred for 5 min to ex-
tract the pore water. The suspension was then suctioned using
a 0.15-pm filter on a vacuum flask, previously rinsed with a
1 M HCI solution and deionized water. pH was measured on
the filtrate using a portable multimeter (VWR SympHony
SB90MS) equipped with a pH Ag/AgCl electrode (Fischer
AccupHast 13-620-114). Soluble sulfates were determined
by automated spectrophotometry (Thermo Fisher Scientific
Aquakem Photometric Analyzer) following a method adapted
from NF T 90-040 (AFNOR 1986). Chemical dissolved con-
tent was assessed by ICP-AES.

Infrared spectroscopy was used for the identification of
cementitious mineral phases and aggregate components (Sha
et al. 1999). Infrared spectroscopy diffuse reflectance infrared
Fourier transform (DRIFT) spectroscopy can be used to iden-
tify some functional groups within materials. DRIFT spectra
were collected on broken mortars after dry grinding to identify
the presence of organic matter, carbonates, and sulfates.
DRIFT spectra were collected on a Bruker Optics Tensor 27
Fourier transform infrared spectrometer. The spectra were ac-
quired with 128 scans at a resolution of 2 cm™ ' from 400 to
4000 cm', with an aperture set to 4 mm. The spectra were
obtained on samples diluted to 15 % in spectrograde KBr
powder purchased from Harrick Scientific Products.

The pore structure network of the dried mortar samples was
then characterized using a mercury intrusion porosimeter
(MIP) (Micromeritics Autopore III 9420). Pressures ranging
from 0 to 414 MPa (60,000 psi) were applied to measure the
throat pore diameter to 0.003 um. MIP was analyzed accord-
ing to the ASTM D 4404 standard (ASTM 2010). After com-
pression testing, representative mortar samples weighing

between 1.6 and 3.2 g (D x H=12 %24 mm) were taken from
locations as far as possible from the shear plane to avoid stress
concentration effects that could affect material properties.
Mortar specimens were oven-dried at 50 °C for at least 24 h
and then stored in a desiccator over silica gel to minimize pore
alteration due to hydration, product destruction, and moisture
ingress.

Kinetic tests
Weathering cells

The weathering cells test is particularly used as an environ-
mental assessment tool for mine tailings (Bouzahzah et al.
2014; Cruz et al. 2001; Villeneuve et al. 2009). This test ac-
celerates the alteration processes within mortars in order to
evaluate their reactivity. One of the main advantages of the
test is its applicability to sulfide-rich materials. By enhancing
the evaporation of leached samples, oxygen diffusion is not
limited by water solubility, and inhibition is avoided.

Prior to testing, cemented mortars were roughly
crushed into coarser pieces. Samples of sediments and
mortars of approximately 70 g were put on a 0.45-um
paper filter placed in a Biichner-type funnel and humidi-
fied twice a week. Each leaching was separated by alter-
nately 2 and 3 days of drying. Fifty milliliters of deion-
ized water was used, and leaching was conducted for 3 to
4 h before recovering the leachates with the help of a
vacuum. The pH, Eh, and conductivity of the leachates
were immediately measured, and the leachates were ana-
lyzed by ICP-AES after filtration and acidification. The
pH was measured using a portable multimeter (VWR
SympHony SB90MS5) equipped with a pH Ag/AgCl elec-
trode (Fischer AccupHast 13-620-114); the Eh was mea-
sured with an Ag/AgCl electrode (Cole Palmer EW-
05990-55), and the stability of the measures was con-
trolled with an ORP standard solution (Orion 967901,
Thermo Scientific). R-PC, W-PC and S-PCS were dupli-
cated to verify the accuracy of results during the whole
test for physicochemical parameters, and for the first 3 cy-
cles for elemental analyses. The statistical dispersion of
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pH, Eh, and conductivity results was low and considered
satisfactory for element releases (Ca, Cu, Pb, S, Si, Zn),
except Pb for W-PC. Physicochemical parameters and
chemical content were analyzed over 18 cycles, until
reaching a pseudo steady state in the geochemical evolu-
tion of the leachate.

Monolith leaching test

The MLT protocol, also called tank test, was adapted from
the Netherlands standard test NEN 7375:2004. The prin-
ciple is to leach a monolithic block of cemented mortar
with deionized water in a closed reactor with sequential
total renewal of the leachate. The blocks of mortar were
rectified at the top and bottom to obtain a diameter of 5
and 8-cm high cylinders. Mortar cylinders were weighted,
and, to ensure proper leaching on all faces, were disposed
on a 2-cm plastic support at the bottom of HDP bottles.
Liquid/solid (L/S) ratio was set for all samples at 10 cm®
of solution/cm? of exposed solid. Each mortar was real-
ized in duplicate, for a total of 12 cylinders. During the
test, the leaching solution was magnetically stirred in each
bottle. The leachates were renewed after 6 h, 1, 2.25,4, 9,
16, 36, and 64 days from the beginning of the test. The
pH, Eh, and conductivity of the leachates were followed,
and target elements were measured by ICP-AES analysis
after filtration and acidification of the leachates.

Results and discussion
Sediment and mortars ingredients characterization

The physical, chemical, and mineralogical characteristics
of raw and weathered sediments are presented in Table 2,
as well as the Portland cement, slag, and sand character-
istics. As shown in Table 2, both raw and weathered sed-
iments had a predominant fine fraction, revealed by com-
parable Dsq (19.2 vs. 22.1 um) at PSD analysis, but the
coarse fraction was higher in raw sediment, with higher
Dog (152.7 vs. 80.0 um). Both raw and weathered sedi-
ments had a classical composition for marine materials.
Specific gravity was close to that of quartz and carbonate
minerals which are usually the predominant constituents
of sediments (2.5 vs. 2.7 g/em® for raw and weathered
sediment respectively).

XRD mineralogy confirmed the massive presence of
quartz (15.7 vs. 15.3 wt.%) and carbonates with calcite
CaCO;5 (31.1 vs. 38.9 wt.%) and dolomite CaMg(CO3),
(6.8 vs. 13.6 wt.%) as major well-crystallized minerals
(Table 3). Carbon was present in great proportions in both
sediments (9.3 vs. 9.9 wt.%), mainly as organic matter
since TOC represented about 60 % of the carbon (5.8
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Table 2 Physical, chemical, and mineralogical characteristics of
reference sand, sediments, and binder used for mortar preparation

Raw  Weath. Portland Slag Sand

Physical Gs glem® 25 26 3.1 2.9 2.7
Dgy um 152.7 80.0 - — -

Dsyp um 22.1 192 - - -
Chemical C wt% 9.3 9.9 - - -

COT wt% 5.8 6.3 - - -

Al wt% 406 3.22 1.68 3.52 3.68
Ca wt% 139 197 443 28.1 191
Fe wt% 372 338 2.07 0.46 4.17
Mg wt% 1.64 207 0.92 3.85 0.29
Na wt% 148 030 - -

S wt% 1.89  2.02 2.85 1.44

<LOD
Cu  mgkg 1445 835 67 <LOD <LOD
Pb  mgkg 760 1260 <LOD <LOD <LOD

Zn  mgkg 2085 2550 527 17 43

vs. 6.3 wt.%), whereas other forms were principally car-
bonates as indicated by XRD. Calcium was the major
element in these sediments (13.9 vs. 19.7 wt.%) related
to dolomite and calcite and to gypsum mineral CaSOy-
2H,0 in the weathered sediment (5.0 wt.%). Sulfur con-
tent was likewise high with about 2 wt.% in both sedi-
ments, occurring generally as sulfides and sulfates.
According to the mineralogy, sulfur was present as sul-
fides with pyrite FeS, in both sediments (3.5 vs.
2.0 wt.%), chalcopyrite FeCuS, (0.3 wt.%) in raw, and
gypsum (sulfates form) in weathered sediment.

Three trace metals, namely Cu, Pb, and Zn, have been
assessed in terms of their environmental behaviors be-
cause they are highly concentrated in the sediments,
above the N2 threshold levels according to French legis-
lation (French Official Journal 2006). Copper was more
concentrated in raw sediment (1445 vs. 835 mg/kg),
whereas lead (760 vs. 1260 mg/kg) and zinc (2085 vs.
2550 mg/kg) were detected at higher concentrations in
weathered sediment. A previous study on the weathered
sediment reactivity demonstrated the particular associa-
tion of copper with sulfides and organic matter and zinc
with organo-clay complexes (Couvidat et al. 2015). The
reactivity of the sediment was not reduced with the years
of aging as oxidation still occurred despite the years of
weathering; even if in circumneutral conditions, the
leaching of trace metals remained limited. However, pre-
vious studies on trace metal leachability showed the high
sensitivity of such dredged sediments to pH variations
(Chatain et al. 2013b). Regarding the raw sediment, cop-
per and zinc were found to occur mainly within sulfides
and other minerals in the size range of 40 to 200-300 um
at optical microscopy (Fig. 1). Smaller particles were also
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Table 3 XRD mineralogical

analyses of raw and weathered Mineral Chemical formula Composition (wt.%)
sediments -
Raw Weath.
Silicates Quartz SiO, 15.65 153
Muscovite KAI(Si3Al)O,¢(OH, F), <LDM 9.24
Chamosite (Fe, Mg)sAl(SizA)O,4(OH,0) 6.5 4.47
Mllite (K, H;0)(Al, Mg, Fe),(Si, Al)4010[(OH),, (H0)]  13.2 1.55
Kaolinite Al,Si,05(0H), 9.8 4
Carbonates Dolomite CaMg(COs), 6.8 13.6
Calcite CaCO; 31.05 389
Sulfides Pyrite FeS, 345 1.98
Chalcopyrite ~ CuFeS, 0.33 <LDM
Other minerals ~ Halite NaCl 3.75 0.76
Gypsum CaS0,42H,0 <LDM 5
Magnetite Fe;04 0.2 1.1

partly aggregated in organo-clay matrices. More details
could be found in Couvidat (2015).

Mortar samples characterization
Mortars microstructure investigation

The microstructure and mineralogical composition of the for-
mulated mortars were thoroughly characterized before
conducting environmental experiments. Microstructure was
assessed qualitatively by SEM-EDS observations (Fig. 2).
Visually, no major differences in the cementation process were
observed between the samples and mortars appeared to be
noticeably formed of minerals deriving from the initial aggre-
gates, cemented by probable CSH mineral phases. Some air
bubbles of about 50-200 um were observed, partly filled by
portlandite (cement products) (Fig. 2b).

Fig. 1 Optical microscopy image of raw sediment sample, showing
chalcopyrite (ChPy), zinc-iron sulfides (ZnFeS), and pyrite (Py) within
a zinc-rich complex aggregate (4ggr)

However, reference mortars are likely to have a finer mi-
croporosity than are mortars formulated with sediments. This
visual hypothesis was supported by a quantitative assessment
of microstructures by MIP analysis (Table 4). The most po-
rous matrices were the mortars formulated with sediments,
which reached about 41-44 % of total cumulative porosity,
whereas reference mortars had only 22-23 %. This fact was
previously associated to the high water demand during initial
formulation of mortars with marine sediments, leading to high
porosity after curing and drying and subsequent poor mechan-
ical strength (Couvidat et al. 2016).

Mineralogical characterization of mortars

Mineralogical properties may strongly influence the environ-
mental behavior of mortar formulation, in particular through
the formation of typical cementitious mineral phases able to
interfere with metal bearing phases. Metal immobilization in
cementitious matrices can result from three mechanisms
(Chen et al. 2009): physical and chemical sorption on cement
hydration products, physical encapsulation, and chemical in-
corporation which is the predominant fixation mechanism.
XRD analyses were conducted on mixtures at 28 days of
curing for both reference and sediment mortars to determine
cementitious phases, except amorphous CSH (Table 5). All
diffractograms displayed baseline deformation, indicating
the probable presence of organic matter and amorphous min-
erals probably coming from cementation as CSH. Partial sub-
stitution of Portland cement with slag does not display any
visible difference in XRD mineralogical composition.
Moreover, the major minerals initially present in aggregates
(Table 3), such as quartz, calcite, dolomite, muscovite, pyrite,
and chlorite, were well identified in mixtures. High quantities
of calcite were quantified in sediment-based mortars with
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800um

Fig. 2 SEM with back-scattered electron pictures of mortar samples at
28 days of curing time; R-PCS sample with massive aluminosilicate
mineral well coated by cement hydrates such as CSH (a), S-PC sample

about 52-55 wt.%, whereas smaller concentrations of 3—
4 wt.% were measured in reference mortars. Except CSH,
products of the hydration reaction of Portland cement
portlandite and ettringite were noticeably present, but not in
all mortars. The presence of portlandite can be favored only
when high pH occurs due to buffering effect of the cement.

In raw mortars, XRD analyses have shown of neither
portlandite nor sulfoaluminates such as ettringite or AFm min-
erals, due to the lack of sulfates unless they precipitated as
ferrinatrite. Conversely, portlandite was identified by XRD
in reference mortars to about 5.1-5.3 wt.% and in weathered
sediment-based mortars to 1.2—1.8 wt.%. Ettringite was only
detected in weathered sediment-based mortars to 2.2—
3.7 wt.%.

Additional sulfate phases not previously identified in
the original sediments were detected within mortars for-
mulated with raw sediments. Between 3.2 and 4 wt.% of
ferrinatrite was quantified in both R-PC and R-PCS mor-
tars, while traces of mallardite were also detected. These
sulfate minerals were probably formed during the curing
processes through precipitation. No crystallized metal-
bearing phases were identified with copper and zinc, ex-
cept few traces of chalcopyrite.

DRIFT analyses were conducted on the mortars after
28 days of curing time. A graph comparing raw sediment
and R-PC mortars is for that matter presented (Fig. 3).
This investigation confirms the occurrence of the sulfate
phases detected by XRD in sediments or mortars, with a
strong shouldering peak at 1105 cm™' and a weaker peak
at 1166 cm ™' present in all spectra (Chatain et al. 2013a;

300um

with thin layer of portlandite partly filling air bubble coated by cement
hydrates such as CSH (b)

Fernandez-Carrasco et al. 2012). As expected, silicates are
also noticeable in all DRIFT spectra with two strong
peaks at 490 and 1045 cm ™' and a peak typical of quartz
at 1799 cm™' (Mermillod-Blondin et al. 2005). CSH are
the main silicate minerals deriving from the hydration of
Portland cement, in addition to the quartz and aluminosil-
icates initially present in aggregates. The important pres-
ence of carbonates is confirmed by a strong peak at
1468 cm™ ! and a shouldering of the silicate peak around
1060 cm™', as well as the typical absorption band ob-
served at 1998 ¢cm ' (Mermillod-Blondin et al. 2005).
According to XRD, the main crystallized carbonates are
calcite and dolomite (Tables 3 and 5). Furthermore, some
characteristic absorption bands of organic matter function-
al groups are detected in the DRIFT spectra. The large
band around 3400 cm' and the thin coupled peak at
3625 cm ! correspond to hydroxyl group (O-H) of alco-
hol or acid function. Vibration of alkyl functions (C—H)
leads to the multiple peaks observed at 2870 and
2935 cm ', while the average band around 1660 cm '
corresponds to the stretching of alkene functions (C=C),
probably due to the presence of aromatic ring as in PAH’s
or PCB’s (Durand et al. 2005).

Complementary analyses were carried out to explore the
mineralogy of the formulated mortars (Couvidat et al. 2016).
Observation with SEM-EDS techniques and DTA-DSC anal-
yses confirmed the presence in all mortars of CSH gels. This
cement amorphous phase is known to limit the mobility of
trace metals by physical encapsulation, for Pb for example,
by adsorption on the negative surface for Zn, and through the

Table4 Cumulative MIP of mortars with raw and weathered sediments and reference mortars at 28 days of curing time

R-PC R-PCS

W-PC

W-PCS S-PC S-PCS

Total porosity (%) 45.6 % 46.1 %

432 %

43.4 % 239 % 22.8 %
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Table 5 XRD quantitative analyses of mortars with raw and weathered sediment and reference sand at 28 days of curing time

Family Mineral Formula R-PC R-PCS W-PC W-PCS S-PC S-PCS
Silicate Quartz SiO, 23.52 23.74 14.98 13.88 49.57 4747
Biotite K(Mg,Fe);(OH,F),(Si3AlO14) 691 8.3 8.68 8.73
Albite NaAlSi;Og - - - - 21.75 23
Orthoclase KAISi;04 - - - - 14.84 16.58
Actinolite Cay(Mg,Fe)sSigO,,(OH), - - - - 2.25 2.57
Phlogopite KMg;AlSi304 - - - - 0.69 0.61
Carbonate Calcite CaCO; 55.86 51.94 53.47 53.53 3.36 427
Dolomite CaMg(COs), 3.42 4.03 15.29 13.25 - -
Siderite FeCO, — 2.11 - 2.44 - -
Rhodochrosite MnCO; - - - - 0.58 -
Sulfide Pyrite FeS, 0.9 1.22 0.27 Traces - -
Chalcopyrite CuFeS, Traces - - Traces - -
Sulfate Gypsum CaSO, - 2H,0 - - - - - Traces
Ferrinatrite Na3Fe*(S04)3(OH),.3(H,0) 3.99 3.18 - - - -
Ettringite CagAly(SO4)3(OH);,.26H,0 - - 2.19 3.69 - -
Mallardite MnSO,- 7 H,O Traces Traces - - - -
Oxide / hydroxide Magnetite Fe;04 2.54 1.92 1.93 2.15 1.71 Traces
Hematite Fe, 05 1.08 1.48 1.39 1.11
Portlandite Ca(OH), - - 1.81 1.17 5.14 53
Evaporite Halite NaCl 1.79 2.09 - - - -

formation of mixed AI-Si metal phases (Chen et al. 2009;
Paria and Yuet 2006). Furthermore, mineralogy also highlight-
ed the presence of minerals formed during curing, as other
cement phases (portlandite, ettringite, and

monosulfoaluminates), and sulfate phases probably coming

from the oxidation of sulfides or dissolution and precipitation.
Thermal analysis confirmed the abundance of organic matter,
previously linked to the behavior of Cu or Zn, and also the
presence of portlandite, predominantly in reference mortars
(Couvidat et al. 2016).
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Fig. 3 DRIFT spectra of raw sediment and raw total mortars at 28 days with focus on alkyl C—H, alkene C=C, hydroxyl O-H, carbonyl C=0, sulfate
S=O0 and silicate Si-O bonding
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Environmental behavior of the mortars

Environmental assessment of formulated mortars was realized
after an extensive characterization. Two different leaching
tests were used, together with the analyses of pore water, to
understand the behavior of cemented mortars to leaching so-
lution and evaluate the releasing of inorganic contaminants

(Fig. 4).
Evolution of pore water chemistry during mortar curing

Pore waters extracted from cured mortars were analyzed im-
mediately after mechanical compression test. For all mortars,
the pH of pore water solutions was between 12.2 and 12.7.
Soluble sulfates were particularly observed in mortars formu-
lated with the weathered sediments W-PC and W-PCS, with
up to 7000 mg/L at 14 days of curing decreasing to 2500—
2800 mg/L at 28 days and falling below 1000 mg/L after
90 days of curing (Fig. 5a). These substantial amounts of
solubilized sulfates observed at the beginning of the curing
process most probably came from the high preexisting soluble
sulfate reservoir formed during sediment weathering and from
the gypsum sulfates brought by Portland cement and slag (to
control the setting time). Then, they slowly precipitated as
ettringite and other sulfate minerals during curing. Soluble
sulfates in the pore water from raw sediment mortars remained
under 1000 mg/L, and as it was observed in XRD analysis,
sulfates were mostly found as complex sulfate minerals but
not as ettringite probably due to the lack of sulfates and alu-
minates. An increase in soluble sulfates was observed at

90 days of curing, with probable dissolution of sulfate min-
erals and/or by contribution of the oxidation processes of sul-
fide minerals composing the reactive background of the raw
sediment.

Major and trace metals were also monitored in the extract-
ed pore waters of mortar. Only calcium, copper, and lead re-
leases are presented here (Fig. 5b, ¢, d). For raw and weath-
ered sediments, calcium solubilization followed the order of
calcium concentrations in sediment, with the weathered mor-
tars W-PC and W-PCS having higher soluble calcium content
than R-PC and R-PCS (Fig. 5b). High solubilization of copper
was also observed with concentrations between 10 and 50 mg/
L in raw and weathered mortars, respectively (Fig. 5c). These
observations are consistent with the batch experiment per-
formed by Chatain et al. (2013b), who found that copper sol-
ubility increased to at least 10 mg/L at alkaline pH >12.
Nevertheless, despite higher concentrations in raw sediment
(1445 vs. 835 mg/kg) (Table 2), concentrations in weathered
mortar pore waters were two to four times higher than those in
raw mortars. This might be the consequence of a change of
speciation during the aging process. Copper, which is mainly
associated to sulfide phases and as a native metal in raw sed-
iment, is linked to sulfides and organic matter in weathered
sediment (Couvidat 2015). Lead was solubilized in pore wa-
ters at very low concentrations at 14 and 28 days of curing,
near the quantification limit of the method (0.07 mg/L)
(Fig. 5d). High amounts of lead were detected in both sedi-
ments, although the solubility of lead at alkaline pH is as-
sumed to be very low. Finally, zinc was barely detectable in
raw mortar pore waters at 28 days, its stability depending
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mostly on association with organo-clay complexes (Couvidat
et al. 2015).

Weathering cell tests

The environmental behavior of the formulated mortars was
assessed with an aggressive weathering cell test. Mortars were
subjected to an alternation of wet-dry cycles during a period of
2 months. Raw and weathered sediments were assessed in
parallel.

The main parameters were monitored to understand the
dynamic leaching of major and trace metals. For raw and
weathered sediments, pH started at 7.6—7.8, and then oscillat-
ed between 7.5 and 8, as observed for weathered sediments in
areactivity test (Couvidat et al. 2015). The pH of all mortars at
the beginning of the test was between 12.5 and 13, in accor-
dance with the leaching of the most soluble alkaline products
coming from the dissolution of cementation products
(Fig. 6a). For all mortars, pH decreased during leaching.
However, after 10 days of leaching, two distinct groups were
observed: the pH of reference mortars slowly decreased to 10
units after 35 days, whereas the pH of mortars formulated with
raw and weathered sediments stabilized between 7.6 and
8.2 at the same time. The pH of reference mortars also

appeared to stabilize after 50 days around 8 units. Finally,
the discrepancy in the pH decrease may be due to different
buffering mechanisms. Indeed, in the reference mortars, the
subsequent dissolution of portlandite, which is highly concen-
trated, gradually buffers the pH. Moreover, sediments were
consistently in an oxidized state at the beginning of the test,
with 384 and 497 mV/SHE for raw and weathered sediments
(Fig. 6b). After oscillating around 500 mV/SHE until day 31,
the Eh of both sediments increased to 620-680 mV/SHE.
Mortars were less oxidized and started between 125 and
230 mV/SHE. Then, they continuously increased to 450—
520 mV/SHE.

At the beginning of the test, raw sediment conductivity was
fivefold higher than that of weathered sediments (54 vs. 9 mS/
cm). This discrepancy was reflected in the initial conductivity
measurements in the mortars formulated with the same sedi-
ments, but it was reduced in the course of the testing. For all
the samples, the mobile species wash-off led to the decrease in
conductivity which stabilized at 1.5-3 mS/cm around day 20,
except for reference mortars which oscillated between 0.4 and
1 mS/cm from day 31.

Figure 7 shows the leaching behavior of calcium, silicon,
and sulfur during the weathering cell kinetic test. Calcium was
the most released element during this assay, reaching a
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cumulative amount of about 6000 mg/kg for the raw and
weathered mortar samples R-PC, R-PCS, W-PC, and W-
PCS (Fig. 7a). For these four samples, the trend was nearly
linear and showed no inflection that could indicate a reduction
in Ca leaching. Cumulative calcium releases were rather lower
for sediments, reaching 2100 and 3600 mg/kg for raw and
weathered sediments respectively.

Major releases of sulfur were also observed in mortar
leachates, except for the reference mortars S-PC and S-PCS
in which cumulative releases were under 500 mg/kg (Fig. 7b).
The cumulative S release of other samples, including sedi-
ments, reached almost 5000 mg/kg except for W-PC
(3700 mg/kg), after a nearly constant increase. Only raw sed-
iment had a different trend with a first phase of high rate of S
generation until day 14, which then decreased. Sulfide oxida-
tion probably occurred and then decreased by surface coating
as observed previously (Couvidat et al. 2015).

Silicon was less released than the other two major elements
were (Fig. 7c). At the beginning of the test for weathered and
raw sediments and mortars formulated with sediment, practi-
cally no silicon was generated (around 100 mg/kg cumulative
release), whereas for the reference mortars S-PC and S-PCS,
Si releases were fast until day 20, about 600 mg/kg cumulative
release, and then decreased (Fig. 7c). A low leaching rate of

@ Springer

aluminum and iron was also detected (respectively <4 and
<1.8 mg/kg of cumulative releases in all mortars).

For trace metals, Cu releases were the highest, reaching
cumulative amount of 28-30 mg/kg for W-PC and W-PCS,
21-23 mg/kg for R-PC and R-PCS, 2.5 mg/kg for weathered
sediment, and 0.6 mg/kg for raw sediment (Fig. 6¢). The dis-
crepancy between weathered and raw sediments was also ob-
served after formulation in mortar pore water analysis
(Fig. 5¢). The bioremediation and further weathering of the
sediment probably shifted trace metals from less to more mo-
bile mineral phases. Indeed, microbial activity is known to
induce a change in the speciation of metals during bioremedi-
ation and weathering (Gadd 2004; Van Hullebusch et al.
2005). However, after 30 days of kinetic testing, Cu leaching
rate reached a plateau for all mortars. As well as in mortar pore
water, Pb was surprisingly detected in all mortars, including
reference mortars, but cumulative releases did not reach
2 mg/kg for the highest W-PC and reached a plateau at the
end of the test in all samples (Fig. 6d). For raw and weathered
sediments and reference mortars, concentrations in leachates
were close to the limit of ICP-AES detection (0.07 mg/L). Zn
was barely detected in mortar and sediment leachates, with
concentrations also close to the limit of detection (0.005 mg/
L).
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For the reference mortars S-PC and S-PCL, the first 20 days
of kinetic test were characterized by a slight decrease in pH
from 13 to 12 units and a quick decrease in conductivity as-
sociated to a fast increase in calcium and silicon releases. For
these mortars, wash-off of mobile species as unreacted cement
components (C,S, C5S) and dissolution of cementitious prod-
ucts such as portlandite and AFm probably occurred during
early leachings (Peyronnard et al. 2009). Then, pH decreased
faster while conductivity reached a pseudo-steady state, calci-
um and silicon releases decreased, and sulfur started leaching.
At this point under pH 12, CSH should start dissolving as well
as ettringite, but since ettringite was not found in the mineral-
ogical investigation, gypsum may be the contributor to sulfur
leaching.

In sediment mortars, the pH continuously decreased until
the 35th day of the kinetic test, and calcium and sulfur contin-
uously increased until the end of the test almost at the same
rates. It is difficult in these conditions to ascertain whether it
was the cementitious phases or the aggregate minerals which
contributed to the observed releases, but according to previous
studies, the order of dissolution might be the following:
portlandite, ferrites, and aluminates (if present), then CSH
and ettringite, and finally carbonates (Chatain et al. 2013a).
However, as cumulative silicon releases for sediment mortars

were rather low (<200 mg/kg), much lower than for reference
mortars, CSH dissolution probably contributed sparsely to
calcium releases. A contribution to sulfur releases might come
from gypsum and unidentified sulfate minerals in raw mortars
(Table 4) but mostly from the oxidation of sulfides whose H"
ion products were neutralized by calcite and dolomite, as pre-
viously observed in a column-leaching test involving weath-
ered sediment (Couvidat et al. 2015). This hypothesis is sup-
ported by the oxidation-neutralization curves observed for
both sediments and sediment mortars (Fig. 7d) (Benzaazoua
et al. 2004a). Furthermore, chalcopyrite and other copper sul-
fides might contribute to copper releases, but the further de-
crease to a pseudo-steady state indicates that a probable coat-
ing may have considerably lowered the oxidation. The very
low releases of lead and zinc indicate that these metals were
not mobile, even in aggressive leaching conditions. However,
lead releases at the beginning can be explained by the increas-
ing solubility of lead hydroxide complexes at pH 12 (Paria and
Yuet 2006).

Monolith leaching tests

Tank monolith leaching tests (MLTs) were also conducted to
assess the environmental behavior of the formulated mortars.
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The main physicochemical parameters (pH, redox potential,
and conductivity) were monitored as in the weathering cell
test and showed the same trend for all mortars (Fig. 8a—c).
For all mortars, pH started at 11.8 and had slight increasing
variations, between 11.9 and 12.7 units (Fig. 8a), whereas the
redox potential was stable around 550 mV/SHE until day 16
and then decreased strongly to 250 mV/SHE for raw mortars
and 330 mV/SHE for weathered and reference mortars
(Fig. 8b). This decrease might come from the reduction in
dissolved oxygen, possibly consumed by reactive minerals

such as sulfides or consumed by bacterial fermentation. The
conductivity of weathered and reference mortars increased
from about 1.5 to 3.5 mS/cm, whereas the conductivity of
raw mortars varied around 3 mS/cm (not shown).
Furthermore, MLT results for the major elements calcium
and sulfur, as well as for copper, show a good reproducibility
for all mortars. The releases of lead, however, were close to
the quantification limit (0.02 mg/L), in particular for reference
mortars. In the experimental conditions used here, sulfur was
considered to be mostly in the form of sulfates. For all mortars,
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calcium and sulfur were continuously released (Fig. 8c, d).
The lowest sulfur releases were for reference mortars, with
cumulative releases of 2300 mg/m? in, then for weathered
mortars with about 12,300 mg/m?, and the highest releases
were for raw mortars with about 23,000 mg/m”.

Cumulative copper releases for sediment mortars reached
300 mg/m* (Fig. 8¢). For calcium, sulfur, and copper, no pla-
teau was reached, which means that these elements likely
continued to be released after 64 days by diffusion until de-
pletion of the soluble phases. Conversely, lead reached 47 mg/
m? for sediment mortars and even 20 mg/m? in reference
mortars but the beginning of a plateau appeared to be reached
for raw and weathered mortars (Fig. 8f). Releases of lead in
reference mortars can come from Portland cement or slag.
Lead may have not been detected by XRF in these mortar
ingredients because of the low sensibility of this technique.
For zinc, cumulative quantities were below 5 mg/m? for all
mortars, and zinc in leachates was mostly under the quantifi-
cation limits (0.005 mg/L).

Comparison of copper and lead releases

As mortars are crushed and repeatedly leached in the
weathering cell test, it is a much more aggressive test than
MLT is, in which mortars are tested as monoliths with increas-
ing time between renewals of leaching solution. In these con-
ditions, comparing the cumulative quantities of copper and
lead in each test is just a clue to interpretation (Table 6). The
aggressiveness of the weathering cell test was clearly observ-
able as a total cumulative copper content released in sediment
mortars were about one order of magnitude than that in MLT,
despite nearly the same period of testing (58 days for
weathering cells and 64 days for MLT). In MLT, the mono-
lithic structure of the mortars limits the diffusion of copper,
and probably the diffusion of oxygen into the mortars, con-
trolling the oxidation of sulfides, but clearly does not prevent
it. Thus, copper releases for sediment mortars in MLT did not
reach a plateau because accessible phases were far from being
depleted, unlike in the weathering cell test. However, even in
the case of weathering cells, the quantities of copper leached
from mortars formulated with sediments were low, especially
compared to the initial concentrations in aggregates. For lead,
the discrepancy between weathering cells and MLT releases
was lower, by a factor of two to three, except for the W-PC
sample in which lead releases in the weathering cell test were
substantially higher than for other sediment mortars (2.8 ver-
sus 0.9-1.2 mg/L). In both tests, lead seemed to reach a pla-
teau for all mortars, and the leached quantities were quite low.

In view for future valorization applications, it may be in-
teresting to compare qualitatively MLT results to guidelines
for drinking-water set up by the World Health Organization
(WHO 2011). The guideline value for copper was set up at
2 mg/L and at 0.01 mg/L for lead. Even in the worst case of
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Table 6 Cumulative
releases of copper and Cu (mg/L) Pb (mg/L)
lead in weathering cells
(WC) and in tank WwC MLT WC MLT

monolith leaching test
(MLT) leachates for
sediments and reference
mortars

R-PC 285 24 1.0 0.5
R-PCS 253 23 1.2 0.4
W-PC 356 33 2.8 0.4
W-PCS 385 3.0 0.9 0.5
S-PC <DL <DL 05 0.2
S-PCS <DL <DL 0.7 0.2

leaching, 28 days of contact, copper releases remained inferior
to the WHO guideline value in all mortars for all leaching
times (Table 7). In contrast, the concentration of lead is tenfold
higher than the guideline value at 36 days (Table 7). It is on the
other hand interesting to notice, particularly for short periods
of contact, that there are no noteworthy differences in lead
releases between reference and sediment mortars.

Conclusion

This work aimed at assessing the environmental behavior of
cemented mortars in which sand was fully substituted by con-
taminated dredged marine sediments for stabilization and/or
reuse in non-structural applications, such as pavement base,
wall rendering. Cu, Pb, and Zn contamination were mainly
related to sulfide dissolution (chalcopyrite, covellite, and other
unidentified amorphous sulfides). After cementation, most ce-
mentitious phases were detected in the mortars, particularly
CSH. The analysis of pore water revealed that sulfates were
released from weathered mortars, in decreasing concentrations
when curing time increased. Copper was also detected in sed-
iment mortar pore water, particularly in weathered mortars
(about 40 mg/L). Two environmental assessments were con-
ducted, a weathering cell test and a tank leaching test. Both
tests indicated a continuous release of calcium and sulfates in
sediment mortars, as well as the observation of oxidation-
neutralization curves. Copper was released during half of the
weathering cell experiments for sediment mortars, but reached
a plateau at 30 days of leaching, at a maximum of 30 mg/kg
for W-PCS mortars. In MLT, copper was continuously re-
leased by diffusion mechanisms and did not reach a plateau.
Lead was released in very low quantities in weathering cells,
under 2 mg/kg maximum, whereas in MLT, it diffused before
almost reaching a plateau under 50 mg/m?. However, in both
cases copper and lead were released in low quantities, espe-
cially when compared to the aggregate reservoir and can be
considered as well stabilized. Zinc was particularly well sta-
bilized in all mortars as it was almost undetectable in both the
weathering cell test and the MLT test. Moreover, the compar-
isons to guidelines such as the WHO guidelines for drinking
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Table 7 Incremental copper and lead releases in tank MLT leachates for sediments and reference mortars expressed as mass per volume of leachate
Time (d.)  Incremental Cu releases (mg/L) Incremental Pb releases (mg/L)
025 1 225 4 9 16 36 64 025 1 225 4 9 16 36 64

R-PC 006 009 013 017 029 035 063 067 004 004 001 0.08 0.06 008 0.14 0.04
R-PCS 006 008 012 016 029 033 059 064 005 004 001 004 0.06 008 0.13 0.03
W-PC 0.16 020 020 026 042 049 081 079 001 002 <DL 005 0.04 007 012 0.06
W-PCS 0.15 016 017 022 037 043 070 077 0.0l <DL 0.06 003 0.08 0.11 013 0.06
S-PC <DL <DL <DL <DL <DL <DL <DL <DL 0.03 <DL 0.03 004 0.04 006 004 <DL
S-PCS <DL <DL <DL <DL <DL <DL <DL <DL <DL 0.03 0.03 0.07 <DL 0.05 004 <DL

water indicate for short-term leaching that leachates may not
be considered as harmful.
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