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Abstract

We investigate the use of hydrated lime and calsidéste marble powder as remediation
treatments of contaminated jarosite-rich sediméota Portman Bay (SE, Spain), one of the
most contaminated points in the Mediterranean cowshining-metallurgical activities. We
tested two commercial hydrated limes with differ@a{OH)} percentages (28 and 60 % for
Lime-1 and Lime-2 respectively) and two differenaste marble powder, WMP, from the
marble industry (60 and 96% of calcite for WMP-HaNMP-2 respectively). Mixture and
column experiments and modelling of geochemicalctreas using PHREEQC were
performed. Lime caused the precipitation of heraatitypsum and calcite, whereas WMP
treatments formed iron carbonates and hematite. fidwtion of amorphous phases was
mainly composed of iron oxides, hydroxides and gxlybxides that was notably higher in
the lime treatment in comparison to the WMP treatim&he reactive surface area showed a
positive trend with the amorphous phase conceantratResults highlighted the effectiveness
of lime treatments, where Lime-2 showed a complgimination of jarosite. Column
experiments revealed a clear reduction of heavyalngemncentration in the lixiviate for the
treated sediments compared to the original sedsndparticularly, Lime-2 showed the
highest reduction in the peak concentration of Me, Zn and Cd. The studied treatments
limited the stabilisation of Cr and Ni, whereas ttanly As increases in the treated sediment.
PHREEQC calculations showed that the most condedtdaeavy metals (Zn and Mn) are
stabilized mainly by precipitation whereas Cu, iRd &d by a combination of precipitation
and sorption processes. This chemical environmesadd to the precipitation of stable iron
phases, which sorb and co-precipitate considerafleunts of potentially toxic elements.
Lime is significantly more effective than WMP, atigh it is recommended that the pH
value of the mixture should remain below 9 dueheodamphoteric behaviour of heavy metals.

Keywords
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53

54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

77
78
79
80
81
82

83
84
85

1. Introduction

Portman Bay (SE, Spain) is one of the most contarathpoints in the Mediterranean coast
by mining-metallurgical activities and conforms alewant example of jarosite-rich
contaminated site. Portman Bay has been widelyexdud different topics related to mobility
of potentially toxic elements and their influenca ecotoxicological and human health
(Alorda-Kleinglass et al., 2019; Ben Hamed et 2017; Cesar et al., 2009; Conesa and
Schulin, 2010; Garcia-Lorenzo et al., 2014; Ma#iBanchez et al., 2008; Orozco et al.,
1993; Pérez-Sirvent et al., 2018; Pérez-Sirveal.eR011; Pérez-Sirvent et al., 2007; Pérez-
Sirvent et al., 2016; Perez-Sirvent et al., 20B4)vall as a potential beach placer iron deposit
(Manteca et al., 2014). Portman Bay area was niiroed the time of the Roman Empire to
1991 when the activity ceased. During most of itwking life, the waste materials were
discharged directly into the sea, originally in theer part of the bay, but later on, the wastes
were discharged farther offshore (Garcia-Lorenzalet 2014; Martinez-Sanchez et al.,
2008). The intensive mining activity discharged endhan 57 million tonnes of waste
materials which caused the filling up of the bayafithez-Sanchez et al., 2008). In 2015, the
Spanish ministry and local governments startedstoration project where 2 Mhof tailings
are planned to be removed (Alorda-Kleinglass et 2019) (Fig. S1 of Supplementary
Materials section displays the filling up area loé bbay). As a consequence of this extended
activity, waste materials have a complex spatiatrittiution along the bay, with graded
bedding in some areas. The mineralogical compasibbthe landfills includes sulphides
(galena, pyrite, and sphalerite), phyllosilicatelslgrite and muscovite), siderite, iron oxides,
and alteration products such as jarosite, oxohydesx hexahydrite group minerals and
copiapite. Besides, chemical residues from reagéxasthates, cyanures) used in ore
floatation, were also discharged with the miningtea (Martinez-Sanchez et al., 2008).

Among those minerals, Jarosite (K®JFe(SOy)2(OH)s is one of the most abundant in
Portman Bay. Jarosite is a member of the isostralkjarosite-alunite group of minerals that
occurs commonly in acidic (pH < 3) and oxic envimants, which include sulphide ore
deposits, fluvial environments contaminated by acidks or acid mine drainages, wastes
from the metallurgical extractive industry, acidlphate soils and clay seams and beds
(Dutrizac and Jambor, 2000; Hudson-Edwards e1889; Smith et al., 2006).

Jarosite is of considerable geological, environmlerdand metallurgical interest because it
incorporates in its structure, sorbs and co-preatigs considerable amounts of potentially
toxic elements such as As, Cr, Cd and Pb (Domeéeedtd., 2002; Dutrizac et al., 1980;
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Dutrizac et al., 1996; Dutrizac et al., 1987; Gdezdbarra et al., 2016; Gunneriusson et al.,
2009; Smith et al., 2006). Specifically, severald#s focused on the decomposition process
of jarosite-type compounds in alkaline conditioravén shown the metallurgical interest for

the recovery of the contained metallic values (&s, Cr, among others) (Mireles et al., 2016;

Patifio et al., 2003; Patifio et al., 1998; Rocal.e2806; Roca et al., 1993; Salinas et al.,

2001).

Jarosite is relatively soluble and consequentlgviianetals incorporated in its structure can
easily leak to the surrounding waters, which waulth into a major environmental problem
affecting the aquatic related systems (Durdes.eR@l7; Tang et al., 2018). These heavy
metals may adversely affect soil ecology, agricaltproduction and water quality (Wang et
al., 2001). Dissolved metals in waters may be Bsgloi when removed from acid conditions
to alkaline environments (pH>7) by presumably coting them into oxide or oxyhydroxide
phases. Most metals oxides or oxyhydroxides exhimiphoteric behaviour. In other words,
they are less soluble around pH 6 to 9 and theprhecmore soluble at lower and higher
pH's (Langmuir, 1997). The main alteration prodattthe jarosite is goethite when the
alteration occurs in alkaline environments (Gastwaret al., 2005; Qian et al., 2019;
Stoffregen, 1993; Stoffregen et al., 2000), althoother phases are also expected such as
oxides (hematite and magnetite), hydroxides (fgditte and amorphous Fe(O)or
oxyhydroxide (lepidocrocite and amorphous FeOOH)wE\er, very few studies are related
to the behaviour and stability of toxic speciesthe structure of these compounds under

alkaline environments (Patifio et al., 2013).

In situ chemical immobilisation is a remediationhrique that decreases the concentration of
dissolved contaminants by sorption on the solidsphand/or precipitation. A number of
natural or synthetic materials, such as carbongbe®sphate rocks, cement, zeolites,
municipal biosolids, and red mud have been receested in order to evaluate their ability to
immobilise toxic trace metals (Patifio et al., 20¥8)hong them, mostly calcite (CaGand
hydrated lime (Ca(OH) have been widely used for environmental studigsiamentally in
acid mine drainage waters (Acero et al., 2007; Bargt al., 2017; Macias et al., 2012; Rose
and Elliott, 2000; Simon et al., 2005; Soler et 2008). The neutralising reactions of acidic
waters are fast and efficient and increase pH galyeto 7. Hydrated lime is some orders of
magnitude more soluble compared to CgQ®sulting final pH values higher than 11 when
lime is dissolved (Bangira et al., 2017). Howe\aaicite is less costly and abundant either as

geologic material or as industrial by-product. artgrular, waste marble powder, WMP, is an
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industrial by-product resulting from mining, sawjrghaping and polishing of commercial
marbles. WMP disposals constitute one of the magbortant concerns of the stone
industries, consequently using WMP in soil remedratlso offers a sustainable solution to
the environmental problems of the natural stonestrial waste deposition.

Perez-Sirvent et al., (2007 and 2011) investigated chemical immobilisation of
contaminated sediments of the Portman Bay by addiMP generated in a nearby natural
stone industry, which was composed of dolomite (B0€alcite (38%), quartz (1%) and
feldspar (1%). Results concluded that the stalitisaand immobilisation of the heavy
metals using the dolomite WMP was effective for #tedied sediments. Although these
results were promising, the use of this dolomite W&buld be enhanced using a more calcite
WMP, which is common in the most of the commeramdrble industry, as well as using
lime, a worldwide construction material and everren@active than calcite. Moreover, most
investigations in jarosite-rich sediments focusveater remediation or industrial recovery,
and, however, very few studies are related to mirreaction in the treated sediment in terms

of the behaviour and stability of toxic specieshivitthe formed minerals.

In this paper, we evaluated and compare the usalcite waste marble powder and hydrated
lime as remediation treatment of contaminated sedimby heavy metals in jarosite-rich
sediments from Portman Bay. We also investigatedgdochemical reactions between the
jarosite rich-sediments and added solid basesicRlarly, we characterised the precipitation
of iron phases and geochemically simulated theipitaton and sorption processes, with an
emphasis on the amorphous phases and its role imtmobilisation and stabilisation of the

heavy metals released from the mining sedimentsa@xisting water.

2. Material and methods
2.1. Sitedescription

Contaminated sediments were collected in Portmay, Béurcia, Spain, (37°35'09.3"N,
0°50'53.5"W). Sampling took place on July 2017 &wbruary 2018. Ten samples were
obtained at 60-100 cm depth, in the unsaturate@ Zabove sea level). The samples were
taken in the same area of the coastline where Al&ldinglass et al. (2019) installed
piezometers for water table characterisation. Redubm those piezometers indicate that
groundwater table was always below the samplinghdefit sampling depth, the studied
yellow sediment has a major concentration of jaeognd it is abundant and representative of



151 Portman bay. Later, the studied sediment was cdvevigth a dark brown sandy and
152 permeable sediment, with a variable depth alongRbgman Bay. In the Supplementary
153 Materials section, Figure S1 shows the sampling &Fég. S1b), the covered and studied
154 sediments (Fig. S1c). In the Portman Bay border,stiudied sediment can be found a few
155 centimetres depth (Fig. S1d), which demonstratesdmplexity of the studied area. Samples
156 were taken inland at 5-10 meters from the coasthitke the aim of evaluating the jarosite-

157 sediment fraction susceptible to interact withlirdied meteoric water.

158 Two different waste marble powders (WMP-1 and WNRv2re sampled from two landfills
159 employed by local marble industries in Novelda, iBp@he purpose of testing two different
160 waste materials was to test the effectiveness ofPNth different levels of CaC{n their
161 composition. In addition, two commercial limes (lart and Lime-2), Ca(Oh)employed as
162 a commercial construction material, were choserthleir chemical purity, yielding 5 cases

163 (original sediment and 4 mixtures) to be analysed.
164
165 2.2. Sediment and precipitate characterisation

166 The phase composition of sediments and precipitatas analysed by powder X-ray
167 diffraction (XRD) on a Bruker D8-Advance diffracteter with mirror Goebel (non-planar
168 samples) using the Cukradiation, a setting of 40 kV and 40 mA, 2q: 3-8 step size of
169 0.05° and the scan step of 3s. XRD data were tetleend interpreted using the XPowder
170 software package, which allows the nonlinear lesigtares quantitative analysis for the
171 phases identified and global amorphous stuff, dvdram the database records. The
172 qualitative search-matching procedure was basdtdetCDD-PDF2 database (ICDD, 2003).
173 The calculation of the global amorphous stuff cdess that amorphous absorption
174  contributes to the full-profile background and esg@nts a percentage of amorphous phases in
175 the sample (Martin Ramos, 2004). The presence afr@mous iron phases was evaluated
176 combining Raman spectroscopy (FT-Raman Bruker RFBaberating at 1064nm) and the
177 amorphous fraction obtained with XRD. Heavy metahaentration in sediments was
178 measured with inductively coupled plasma mass speetry (ICP-MS, MS Analytical,
179 Canada) after an acid digestion using a combinatfohydrochloric, nitric, perchloric and

180 hydrofluoric acids.
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Field Emission Scanning Electron Microscope (FESEHISS Merlin VP Compact device)
was used to characterise the precipitate formsEdd (energy dispersive X-ray) was also

applied to chemically analyse the elements assstiaith the FESEM images.

The colour of the solid bases, the original andtee sediments were estimated using the
Munsell Soil Color Chart. Soil Color Charts offer affordable way to evaluate and classify
the colour of powdered solids. Munsell colour systs a colour space based on three

properties of colour: hue, value (lightness), amma (colour purity).

The specific surface area (SSA) was determineth&yitrogen adsorption technique through
the BET method (Rouquerol et al., 1994).

The particle size distribution was determined adiowy to standard procedures (Gee and Or,

2002) and classified according to USDA (U.S. Dapearit of Agriculture) criteria.

Cation exchange capacity (CEC) was measured imdraad and sieved (2 mm) samples
following the so-called displacement after washimgthod (Rhoades, 1982). Sodium acetate
was used as the saturation solution, then ethaasluged to wash the excess of saturation
salt, and finally ammonium acetate solution wagdusereplace adsorbed cations, according
to Sumner and Miller (1996).

2.3. Experiments: mixture experimentsand lixiviation columns
2.3.1. Mixture experiments

Jarosite-rich sediments were mixed with the foufedent treatments, composed of two
additions of waste marble powder (WMP-1 and WMRx2) two additions of lime (Lime-1
and Lime-2). The employed mixture sediment:basegatas 2:1. Mixtures of 50 g were
obtained, and 50 g of deionised water were addedattn mixture. The deionised water
represents the meteoric water, which is alwaysgmtes all the bay. Three replications were
performed for each treatment and mixture ratio, theg all were preserved in 150 ml plastic
containers (7.6 cm height and 5 cm diameter). Meduchanged their colour and became
consolidated in few hours (less than 24h). Theay there dried in an oven at 40 °C during
48h for mineralogical characterisation.
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2.3.2. Lixiviation columns

Column experiments were developed to simulate #lgawour of passive treatments for
remediation of acid mine drainage and to evaluaer¢activity of the original sediment and
the mixtures with lime and WMP in contact with wat&his static experiment aimed to
determine the maximum amount of heavy metals thatleak from heavy-metal-bearing
jarosite. This experiment simulates the interactlmetween water-sediment after water
accumulations in the bay. We employed deionisecémtat evaluate the interaction between
meteoric waters and the sediment/mixtures in thetectt of future passive treatments.
Sediments are placed in the unsaturated zone a®avdevel and meteoric and superficial
waters are more likely to react with treated sedimehan with salty groundwater and

seawater.

PVC columns of 73 cm height and 5 cm diameter Viidesl with mixtures of contaminated
sediments and additions. Only mixtures with WMP+&l d.ime-2 additions were used
because mixture experiments revealed those asdkeeafiective treatments. All the columns
were filled with 200 g of jarosite-rich sedimen®) g of addition (relation 1:4) and 200 g of
deionised water. Untreated sediments were testéteisame conditions although using 200
g of sediment and 150 g of deionized water. Théobotof each column contained a sand
filter to prevent loss of fine particles from thedgments. A valve at the bottom of the column
controls the water flux. Deionised water was adueithe five cases and the resulting leachate
was regularly sampled between 5 to 8 days. Betwwenconsecutive sampling days, the
valve remained closed and water had no movemeidleitise column. Sampling interval was
long enough to let water in the column to fill séidiment pores and to let reactions take place
in the complete domain of the column. Collectedeammys samples were analysed through pH
measurement (Crison 25+ pH meter; £0.01 accurany)l@P-MS analysis (VG PQ-ExCell,
THERMO ELEMENTAL).

2.4. Geochemical modelling

The geochemical reactions of dissolution-precimtatand sorption were modelled with
PHREEQC PH REdox EQuilibrium) code using 3.4.0 version (Parkhurst and Appedd 32
PHREEQC calculates the saturation index, Sl, as Big (IAP/K). IAP is the ion activity
product and K is the equilibrium constant. The s&tan index determines whether the water
is saturated (equilibrium, SI = 0), undersaturaf@adineral dissolution, SI < 0), or
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supersaturated (mineral precipitation, S| > 0) webpect to the given mineral or phase. The
geochemical reaction simulations involve two stép¥yjarosite dissolution until reaching the
saturation. To estimate the saturation state ofhvy metal phases, we considered that
jarosite dissolution is produced in the lixiviatacter from the sediment in contact with
deionised water using the chemical compositioninbthin the column experiment. (2) The
addition of different moles of CaG@nd Ca(OH) in different steps using the methodology
described in Benavente et al., (2015), in isothérownditions, through REACTION
keyword. This keyword data block is used to defirreversible reactions that transfer
specified amounts of elements to or from the agsiemalution during batch-reaction or
transport calculations. Specific ion interactiordty is applied to estimate single-ion activity
coefficients in electrolyte solutions using the kig.v4 thermodynamic database for the

equilibrium constants.

Sorption reactions are modelled as surface comptexaeactions of heavy metal ions on
hydrous ferric oxide (Hfo), also referred to asrifeydrite. The model uses the Gouy-
Chapman equation to relate surface charge and tpadteterived from Dzombak and Morel
(1990). Ferrihydrite, like many other oxy-hydroxsidinds metals and protons on strong and
weak sites and develops a charge depending orotisesorbed. In our simulation, we will
provide the concentration of adsorbed heavy matahydrous ferric oxide as the sum of
adsorbed metals on strong and weak binding site$a& speciation has been performed at
specified pH values fixed with NaOH (using “Fix_Hk&yword defined in PHASES data
block). The composition and other characteristicaro assemblage of surfaces are defined
with the SURFACE data block. We selected Minteq.@gatabase that contains
thermodynamic data for a diffuse-double-layer stefaamed Hfo.

Results and discussion
3.1. Mineralogical and geochemical characterisation of sediments and bases

Mineralogical composition of the studied samples wainly identified and quantified using
XRD (Fig. 1). The XRD pattern of sediments from than Bay showed a low signal-to-

noise ratio comparing to studied bases (Fig. 1a).

The studied sediments are mainly composed of faogquartz, phyllosilicates and siderite
and, in a minor proportion, magnetite (Fig. 1). Tifaetion of amorphous phase is significant,
mainly due to the presence of iron oxides, hydregi@gnd oxyhydroxides. The two most
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important major elements are Fe and S, with a adretgon of 32.4 and 7.7 % of the total
weight respectively. The concentration of the heanetals revealed the contaminated nature
of the studied sediments, particularly the con@n of lead, zinc, arsenic, manganese and
chromium (Table 1).

This geochemical and mineralogical composition iffecknt to previous studies (Pérez-
Sirvent et al., 2007; Martinez-Sanchez et al., 208ez-Sirvent et al., 2011; Pérez-Sirvent
et al., 2016), which reflects the variability oktimining wastes and complexity of the studied
area. Although XRD patterns of the sediment in@datn absence of characteristic peaks for
heavy-metal-bearing minerals, they can be preseatedmall amounts (below of the
detection limit of the XRD technique) as well asadbed or structurally incorporated into

jarosite.

Waste marble powders present different mineraldgiaaposition according to their source.
WMP-1 consists of calcite, dolomite and quartz velasr WMP-2 only contains calcite and
amorphous phase. The fraction of amorphous phasearse for both WMP (Table 2). The
studied limes have different chemical purity. Lithés composed of portlandite, calcite, C2S
and quartz, and Lime-2 only presents portlanditd ealcite (Table 2). The fraction of
amorphous phase is important due to the presentte @nalysed portlandite, which causes a
broadening of the XRD peaks due to crystalline irfgmions and other structural features
(Sanjuén et al., 2019) (Fig.1).

According to the USDA criteria, the untreated seshinwas a clear sand (99/1/0 for
sand/silt/clay, respectively). WMP-1 and WMP-1 weitassified as a silty clay material
(0/58/42 and 1/74/25, respectively) whereas Limantl Lime-2 presented a silty loam
particle size distribution (14/79/7 and 15/57/28spectively) with 100% of particles below

0.2 mm.

3.2. Evolution of sediments by mixturewith alkaline treatments

Results highlight significant differences in theetBon between the jarosite-rich sediments
and solid bases (Table 2). Thus, the addition mklicaused the precipitation of hematite,
gypsum and calcite, whereas waste marble powdens ifon carbonates (ankerite-siderite)
and, in a minor amount, hematite (Figs. 1 and Re €limination of jarosite was almost
complete for the treated sediment with Lime-2 beeait has more concentration of

portlandite than Lime-1. For waste marble powd#rs reaction was uncompleted, remaining

10
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more than 50% of jarosite in the treated sedimEigiires 3g and 3h show the dissolution
forms on the jarosite surface although most ofgieoin the treated sediment with WMP
remains. In the Supplementary Materials sectionpreide the EDX spectra of FESEMs for
solid phases in Figure 3 of the untreated and d@deaediments, which highlights the

complexity of the precipitated minerals.

The presence of amorphous oxides, hydroxides awptiydxoxides was evaluated by the
amorphous fraction obtained with XRD, Raman, CE@ Ak adsorption characterisations,
FESEM observations and colour variations. The ahmmup fraction increased notably with

the lime treatment in comparison to the carbonaxeure (Table 2).

The XRD patterns of the treated sediments alsolalisgd a low signal-to-noise ratio,
similarly to Portman Bay sediments (Fig. 1a). Tlm@mpquality of the XRD of the treated
sediments indicates the abundance of amorphous®xand oxyhydroxides. Amorphous
solids lack of periodicity and atoms are randomigtributed; therefore, X-rays will be
scattered leading to a large bump and high backgraerough the XRD pattern. Contrary,
crystalline minerals cause a discrete XRD patteith Wigh intensity and narrow peaks
whereas amorphous precipitates act as a matetialamliffuse XRD pattern as it occurs in
the XRD patterns of the treated sediments (Fig. RBjnan spectra were in concordance with
XRD analysis. They reflected the jarosite reductol the formation of amorphous oxides
and oxyhydroxides by the addition of treatments,nigaby the lime treatments. The
formation of poorly crystalline iron compounds fgecacterised by broad bands (Fig. 2).

Iron oxides, hydroxides and oxyhydroxides have resicterable specific and reactive surface
area compared to other minerals found in the stusenples (Langmuir, 1997). The lack of
well-defined crystal structure as well as the arhoys form (Fig. 3) cause an important
fraction of microporosity (Benjamin, 1983). SSA a@lC values notably increased with the
lime treatment in comparison to the WMP treatmemt the original jarosite-rich sediments.
Tables 2 and 3 relate the evolution of SSA andatherphous fraction obtained using XRD
in the treated sediments and highlight the contiglou of the amorphous oxides and

oxyhydroxides to its reactive surface area.

Although Raman spectra strongly depend on the etudirea of the sample, results
corroborated the mineral composition obtained WKlRD and showed an increase in the
bands of related oxides, hydroxides and oxyhydesi(Fig. 2) (Das and Hendry, 2011;
Kerolli-Mustafa et al., 2013). Broad bands from @& cm' are assigned to poorly or

11



339
340

341
342
343
344
345
346
347
348
349
350
351
352

353

354

355
356
357
358
359
360
361
362
363
364

365
366
367
368
369
370

microcrystalline oxyhydroxides similar to ferrihyidr characterised in Das and Hendry
(2011).

The colour evolution of the treated sediments otflehe mineralogical changes on Fe-
minerals and confirmed the formation of iron oxidagdroxides and oxyhydroxides. The
colour of iron phases ranges gradually from yeltovdark-brown through black, depending
on the degree of hydration, particle size and shapeé crystal structure (Chesworth et al.,
2008). The original Portman sediment was yellow (B"6). The addition of both waste

marble powders caused a light-yellow mixture (58)7dnd therefore it slightly varied the

original sediment colour. However, the addition liofie reddened the original sediment.
Lime-sediment mixtures were bright reddish browthaugh Lime-2 had the Chroma value
(more reddish) higher (5YR 5/8) than Lime-1 (5YR)5/Colour evolution is in concordance
with the increase of amorphous fraction obtainadgu¥RD, CEC and SSA, particularly for

lime mixtures (Tables 2 and 3) and amorphous fractibtained using XRD in the treated

sediments.

3.3. Lixiviation columns

Table 4 shows the reactivity of the original seditn@nd the mixtures Lime-2 and WMP-2 in
contact with water. When water flowed through tleelismient, heavy metal concentration
increased by the dissolution of heavy-metal-beanmgerals (jarosite family and heavy
metal minerals) as well as by ion-exchange reastinomminerals. These results demonstrate
the potential toxicity of the sediment when it natets with water. However, the
concentration of the heavy metals in the lixiviateater with the contaminated sediment is
small compared to their original concentrationhe sediment. For example, concentrations
of Pb, Zn, As, and Mn in the sediment were respelti3955, 2018, 1664 and 1966 mg'kg
whereas their peak concentrations in the lixiviateder were 0.05, 18.23, 0.03 and 11.01 mg
kg™, respectively (Table 4).

Both treatments Lime-2 and WMP-2 reduced the medtilon of the heavy metals from the
sediment. However, heavy metal immobilisation withe treatment was significantly more
effective than WMP treatment in reducing concerdret of soluble and ion-exchangeable
metal (Table 3). The reactive or neutralising conga in the lime is portlandite (Ca(O#)
whereas WMP is calcite (CaGQ The enhanced effectiveness of Ca(@kEypmpared to
CaCQ was predominantly attributable to the higher aisediment pH >9 (Table 4) with the
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former treatment, which contributed to reduce tracetal mobility by adsorption, co-
precipitation, encapsulation and amorphous ironenails (Langmuir, 1997; Smith et al.,
2006; Stoffregen, 1993; Stoffregen et al., 2000).

Metals oxyhydroxides are amphoteric phases andlibegme more soluble at low and high
pH's (Langmuir, 1997). pH values in the column ekpents were similar for untreated
sediment (5.8-7.0) and treated with WMP (6.5-7.fmeas pH of the treated sediment with
lime reaches higher values (8.5-9.0). This behaviight limit the use of lime for the
sediment remediation and the lime dose should teudly chosen to obtain pH<9.

Heavy metal stabilisation depends on the elemdhbadh it can be considered effective
after 15 days of experiment, especially for Zn, €, and Mn. Both treatments did not
benefit the stabilisation of Cr and Ni, althoughedd heavy metals presented a low
concentration in the sediment (Table 1).

However, arsenic behaved differently. Althoughciisicentration in the lixiviated water from
both original and treated WMP-2 sediments was litsvconcentration in Lime-2 treatment
was higher than in the original (Table 4), contyato the rest of the analysed heavy metals.
This discrepancy can be attributed to the sorpteactions and its dependence with pH of
As(V), the more stable arsenic aqueous phase inogigizing experimental conditions.
Williams et al. (2003) concluded that from pH 3 #othe percentage of adsorbed As(V)
decreases slightly from approximately 95 to 85%.tles pH increases from 7 to 10, the
percentage of As(V) adsorbed drops dramaticallgretesing to approximately 40 to 50%
between pH 9 and 10. This behaviour is typical miba adsorption onto variably charged
surfaces and results from the pH-dependent sudlaasge and aqueous speciation of As(V).
For pH< 7 (in original and WMP treated sediments), As(¥ists predominately asJAsO,
and is attracted to positively charged sedimerfiasas (e.g., Fe oxides). At high pH values
(in lime treated sediments), As(V) exists as ammiin the form HAsG and the Fe oxide
surfaces become increasingly negatively charged.ré&pelling negative charges between the
sediment particle and the As(V) ion help to explii@ decrease in As(V) adsorption with an
increase in pH. These results indicate that pH dvbalve a very strong effect on As(V) water
concentration and transport, with a decreasingy@faidsorption capacity by almost one order

of magnitude in moving from approximately pH 7 to 9

The reactivity of this type of jarosite-rich sedim® will lead to serious problems for the
environment if they are exposed to waters. In paldr, in Portman Bay, the connexion
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between sediments and seawater causes a dranfatica@f the ecotoxicological and human
health. Alorda-Kleinglass et al. (2019) investightiee contribution of the remobilisation and
transfer of dissolved metals from the mine tailidgposits to the coastal waters (both
submarine groundwaters and porewaters) of Portmay. Brhey concluded that
concentrations of dissolved metals in coastal wate important, although they are
significantly reduced by the presence of dissolved that acts as a geochemical barrier and
by the co-precipitation of dissolved metals witlnirhydroxides supplied by submarine
groundwater discharges.

3.4. Geochemical modelling

The final pH of lixiviates from treated sedimenialle 4) and their chemical composition
varied with each treatment. The lixiviate for thé/N® mixture presented a neutral pH value,
with a chemical composition rich in €aand HCQ. However, lime mixture reached
alkaline pH conditions and the chemical compositiérthe resulting water contained €a
and OH. These conditions caused different reaction payswaetween jarosite and solid
bases that lead to a specific mineralogical contiposof treated sediment as well as metal

retention characteristics.

The geochemical simulations of dissolution-preaifpain considered (1) that jarosite
dissolution was produced in the lixiviated watesnfr the sediment (Table 4); and (2) the
addition of CaC@and Ca(OH) for the treatments with WMP and lime, respectiv&gsults
from PHREEQC simulations estimated that the Iixigdor the WMP mixture was
supersaturated in ankerite-siderite (Fig. 4), algioonly ankerite (iron-bearing dolomite)
was detected with XRD in the mixture experimenth(€a2). For the lime treatment, the
theoretical pore water had an alkaline pH value inglas supersaturated in gypsum and
siderite (Fig. 4). In the mixture experiment (Taldg we detected gypsum in both lime
treatments whereas siderite only was found in timeet2 mixture. Both WMP and lime
treatments were supersaturated in iron oxides,axydes and oxyhydroxides minerals and
amorphous phases non-detectable by the employéditees. In PHREEQC calculations,
we used iron oxides, hydroxides and oxyhydroxidhes potentially can precipitate from the
lixiviated water, which include the following mireds and amorphous (am) phases: for
oxides: Hematite-F©3;, Maghemite Fgs3; for hydroxides: Ferrihydrite-Fe(O#])
Fe(OH)}(am); and for oxyhydroxides: Goethite-FeOOH, Lepidaite-FeOOH.

14



435
436
437
438
439
440
441

442
443
444
445
446
447
448

449
450
451
452
453
454
455
456
457
458
459

460
461
462
463
464
465

We also evaluated the saturation stage evolutiaiheheavy metals phases that potentially
can be presented in the lixiviated water of theted sediment: Cr(Oklam), Cr(OHj),
Ni(OH);, Cu(OH), Zincite-ZnO, Zn(OH), Zn(OH)(am), Zn(OH)(beta), Cd(OH)am),
Cd(OH), CdSQ-H,O, FeAsQ:2H,0 ,Zny(AsOs),: 2.5H0, PR(ASOs)2, Cus(ASOy)z: 2H0,
Mn3(AsOy).- 8HO, Bixbyite- MnOs;, Hausmannite- MO, Manganite- MnOOH,
Pyrochroite- Mn(OH), Pyrolusite- MnQ, Anglesite- PbS@ Cerrusite- PbCg¢)
Hydrocerrusite- P{OH),(CQO3),, Pb(OH).

The evolution of the saturation index of the stddreeavy metal phases is similar in both
treatments, although the addition of lime reachghkdr saturation index values (Fig. 4). For
both treatments, Cd, Ni and As phases are undeasaduand they cannot be removed from
lixiviated waters by precipitation, particularly iarsenates where the saturation index is
sensitive to pH variations. However, most of the, Zfin, Cu, Cr and Pb phases are
supersaturated, particularly for the lime treatmevitich indicates that they also can be

removed by co-precipitation with iron precipitates.

Iron oxides, hydroxides and oxyhydroxides mineeas more stable thermodynamically than
amorphous phases, but short-term kinetics reasapkie the metastable existence of
hydrated, poorly crystalline iron oxides, hydroxddand oxyhydroxides phases in treated
mixtures. According to Gay-Lussac-Ostwald or Ostivstep rule, the nucleation of a more
soluble phase (such as amorphous or a metastabge)pls kinetically favoured over less

soluble analogues (such as calcite) because dbtiner interfacial energy (and thus lower

nucleation energy) between minerals and water (amg 1997). This process was

enhanced in our study because pH in the lixiviatreases and amorphous iron oxides,
hydroxides and oxyhydroxides become more supeetatiir As the supersaturation of the
solution is sufficiently high, the amorphous phaseffer rapid nucleation that may lead to

the precipitation of low crystallinity and amorplsoiorms (Fig. 3).

Lime treatment forms more amorphous phases witttiveasurface areas (Table 3) that can
also remove heavy metals by sorption reactiongtieor of heavy metals comprises a whole
suite of reactions ranging from adsorption to settution and mineral precipitation and they
may be sequential depending on the geochemicatament. Often there is an initial fast
adsorption step followed by a slow step where tteoebed species are incorporated into the

crystal structure to form a solid solution (Appalad Postma, 2005).
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Sorption of heavy metals on amorphous iron oxyhyidi® varies with pH as its surface
becomes protonated or deprotonated as a functiphl ofll metals show low sorption at low
pH and increased sorption as pH increases, consisith the amphoteric behaviour of the
oxide or hydroxide (Langmuir, 1997; Appelo and Pust 2005). Figure 5 depicts the
variation of concentration of heavy metal in théuson and on the hydrous ferric oxide at
different pH values calculated using PHREEQC. Agson sites on hydrous ferric oxide are
termed Hfo_ (e.g.: Hfo_ OPlior Pi¥* sorbed on the hydrous ferric oxide, Hfo) and iiieen

by the sum of strong and weak binding sites. Wendidinclude the calculations for Cr due
to the lack of conscience in the databases. Creptesthe lowest concentration in the
lixiviated water (Table 4) and the estimation o #orption process of heavy metals by the

amorphous amorphous oxides and oxyhydroxides igffexdted.

The sorptive abilities of minerals are proportiot@ltheir surface areas. We modelled the
sorption process using the specific surface aretreafted sediment (Table 3). For these
specific surface area values, the concentratidmeaf’y metal on the hydrous ferric oxide for
both treatments were similar and therefore Figudeés not differentiate between them. For
example, for a pH=7 Hfo_OPIs 1.705- 18 m and 1.689- Ibm for a specific surface area of

36.06 n7 g (lime) and 7.86 g™ (WMP), respectively.

Cu and Pb present the maximum concentration omyteous ferric oxide (Fig. 5a). Sorbed
concentrations of Cd and Ni increase as increadesnol become more concentrated than in
the solution for pH>9 (Fig. 5a). Mn and Zn concatitm in the solution is higher than sorbed
on the hydrous ferric oxide (Fig. 5b). Adsorptidfirdgty of different metal cations obeys the

following tendency according to Irving-Williams (39) series:
Pb > Cu > Cd > Ni> Zn >Mn > Ca

Sorption process is therefore expected for Pb amal@@® to its strong affinity for binding

sites at low pH values and also to their low coteions (Table 4). Pb can occupy binding
sites without reaching concentrations where Pbibganinerals are supersaturated (Fig. 4).
However, the initial Cu concentration in lixiviadaters is important and its concentration on
the surface may lead to mineral precipitation. @guently, Pb and Cu may occupy most of
the sorption sites and limit the sorption processtlie rest of the heavy metals, which are
more concentrated in the initial lixiviate watefsan Pb and Cu. Other species highly
concentrated as &afrom the treatments may also compete by sorpiies and decrease the

sorption process. Cd and Ni sorption may be impbitamparatively to precipitation process
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for pH>9 in the lime treatment, whereas the sorppoocess for Mn and Zn will be scarcer
compared to mineral precipitation. Mn and Zn prégka highest concentration in lixiviate

waters and reach high supersaturation values 4ig.

In the previous section, we discussed that treasném not stabilize arsenic in the lixiviate
waters because of sorption reactions of As(V) ddpethon pH (Fig. 5b). Arsenate will be
attracted to positively charged surfaces and regeliom negative surfaces and so will
exhibit high sorption at low pH and low sorptiontagh pH (Appelo and Postma, 2005).
Consequently, As cannot be removed from the lixedawaters by co-precipitation nor
sorption reaction, which explains the incremenfefin the lixiviated waters of the treated

sediment compared to the untreated sediment.

Figures 5 and 6 also highlight the amphoteric behawof As, Cr, Cu, and Zn phases, being
negligible for Fe, Ni, Cd, Pb, and Mn phases. Tabhaviour can be related to the decline of

the saturation index for pH>9 in lime treatment ahkt>8 in WMP treatment.

The effectiveness in the heavy metal stabilisabiprime is due to basic pH values that can
be reached. This chemical environment leads toptkeipitation of more stable phases in
form of oxides, hydroxides and oxyhydroxides, whsdibs and co-precipitates considerable
amounts of potentially toxic elements. Langmuir Q1P argued that due to their low

concentrations of heavy metals in waters it is idiff to distinguish whether the

concentration of heavy metal on the solid is duadsorption or is due to the formation of a
particular solid solution and precipitation or bgifocesses. According to the geochemical
modelling (Figs. 4 and 5) and the reduction of lyeaetals by the treatments (Table 4), Zn
and Mn, that present the highest values of conagoir, are expected to be stabilized mainly
by precipitation, and Cu, Pb and Cd by both pré&ijgn and sorption. Ni and Cr do not

undergo a significative reduction in the lixiviatedter and As on the contrary, increases its

concentration in the treated sediment.

Finally, the gypsum precipitation in the lime tmeant produces an interparticle pore
clogging that reduces the hydraulic conductivity tife remediated sediment, and
consequently, the water-sediment interaction dfteisediment treatment.

4. Conclusions

We have studied jarosite-rich sediments from PantBay, one of the most contaminated

points in the Mediterranean Sea by mining-metalbaigactivities. Our results revealed that
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the precipitation of iron oxides, hydroxides andyloydroxides in the treated jarosite-rich
sediments as result of the proposed treatments glerjtical role in the immobilisation of
heavy metals. These iron phases sorb and co-piaeigionsiderable trace metals, decreasing
their mobility and potential bioavailability. Irgphases were mostly found in the amorphous
fraction and they presented a large specific sarfa®a and cation-exchange capacity that
enhances their superficial reactivity. These phgsesipitated from the jarosite dissolution
reached high supersaturation values and formednatfiew hours (less than 24h). Lime was
more effective, than waste marble powder, espgdaitiZn, Cd, and Mn where lime reduces
more than 95% of their concentration in the lixieh water. PHREEQC calculations also
showed that most of the Zn, Mn, Cr, Cu and Pb phame supersaturated (Fig. 4),
particularly for the lime treatment, indicating thithey can be removed by co-precipitation
with iron precipitates. Particularly, Cu, Pb and (€g. 5a) present strong sorption on
amorphous iron oxyhydroxides and their removal aesused by a combination of
precipitation and sorption processes. Both Lima&@ WMP-2 treatments did not benefit the
stabilisation of Cr and Ni, although their concatitm in the sediment was low. Contrarily,
As concentration in lime treatment was higher thanthe untreated and WMP-treated

sediment due to amphoteric behaviour and sorp&antions that depend on pH.

The heavy metal concentration in lixiviates fromttbthe original and the treated sediments
was controlled by the jarosite solubility, the phtiahe interaction between these two factors.
Higher levels of Ca(OH)in lime and its higher reactivity compared to Ca@stly explain
the better performance of lime versus waste marbleder. Lime is a worldwide accessible
construction material, and its higher reactivitympis a reduction in the required quantities.
However, due to the amphoteric behaviour of somavyhenetal phases, the pH of the
mixture should remain below 9. Another weaknesausihg lime is the increase in the
concentration of As. Although lime is more effeetithan waste marble powder in metal
immobilisation for the studied Portman sedimeng thse of this industrial sub-product
presents a substantial environmental benefit aneér@ost, and consequently, it should also
be considered as a soft treatment in contaminaigdesnediation.

As a consequence, the movement of sediments the@msite would involve a change in the
potential mobility of the associated metals. Thghhieactivity of jarosite with high amounts
of heavy metals would give rise to a serious riskhey were moved, particularly if they
reached a location well-connected to meteoric watarsuch a case, an important amount of

heavy metals could be released, with severe corgeqs to the environment.
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Table 1. Concentration (mg kg) of the heavy metalsin the studied sediment.
Element Cr Ni Cu Zn As Cd Pb Mn
mgkg® 14.0 6.7 37.8 2018 1664 21 3955 1967

Table 2. Mineralogical composition of the original and treated sediments with waste marble powders
(WMP-1 and WMP-2) and lime (Lime-1 and Lime-2). Jar: jarosite; Sder: Sderite; Mag: magnetite;
Hem: Hematite; Ank: Ankerite; Cal: calcite; Dol: dolomite; Por: Portlandite;, Gym: gypsum; Q:

guartz; Mos. muscovite; C2S. Larnite; Amo: amorphous phase.

Sample Jar Sider Mag Hem Ank Cal Do Por Gyp Q Mus C2S Amo

Sediment 45 8 6 11 10 20
Lime1 15 28 3 40 14
Lime-2 30 60 10
T WMP-1 60 32 2 6
? WM P-2 96 4
Limel 10 6 26 21 6 6 25
Lime-2 3 4 38 30 4 5 16
B WMP-1 26 2 19 42 2 9
g WMP-2 33 1 8 53 5

Table 3. Specific surface area (SSA) and cation-exchange capacity (CEC) of the original and treated
sediments with waste marble powders (WMP-1 and WMP-2) and lime (Lime-1 and Lime-2).

SSA CEC

Sample 5 1 :
(m=g") (meqg/100 solid)

Sediment 11.25 3.54
Mix Lime-1 43.89 18.58
Mix Lime-2 36.06 17.43
Mix WM P-1 8.56 2.86
Mix WM P-2 7.86 2.79

Table 4. pH and concentration (ug L™) of the heavy metals in the lixiviated waters from the original

and treated sediments with Lime-2 and WMP-2 in the lixiviation columns.

Sample pH Fe Cr Ni Cu Zn As Cd Pb Mn
Sediment 5.8 526.3 8.0 88.5 614.0 18225.7 30.0 691.0 49.1 0065
Mix Lime-2 9.0 2354 9.8 79.2 357.4 885.5 404.1 1.8 21.6 40.4

MixWMP-2 7.4 463.8 6.8 100.7  300.5 2987.7 37.4 513.1 108 84%%
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Figure 1. Powder XRD patterns that compare the original sediment to (a) waste marble
powders (WMP-1 and WMP-2) and lime (Lime-1 and Lime-2) as well as (b) the treated
sediments. Jar: jarosite; Sder: Sderite; Mag: magnetite; Hem: Hematite; Ank: Ankerite;
Cal: calcite; Dol: dolomite; Por: Portlandite; Gym: gypsum; Q: quartz, Mos. muscovite;
C2S Larnite; Amo: amorphous phase.
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779 Figure 3. FESEM images and distribution map (mapping) of iron of the original (a-b) and
780 treated sedimentsfor Lime-1 (c-d), Lime-2 (c-d), WMP-1 (g-h) and WMP-2 (i-j).
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782  Figure 4. Variation of the saturation index of ir@alcium and heavy metals phases with pH

783
784

AA—AL A
. A
204 pe amh 20 A A
sl 15 4 w
ye Rl
15 « a—A vy \ Al
104 — R R
x [3) v e T = T g —m— Portlandite
S 10+ @ Caicte 2 e 3¢ e o Gpsum
= @ Gypsum =t 54 =% 1 <« Hematite
c 4 Hematite o < - ‘¥ Maghemite
S 54 v Maghemite £ 0 S— 9= Feiyaie
s & Ferinydrite g .o ©(OH),(am)
] ¢ Fe(OH),(am) 2 5 . oo .,J — — Goethite
5 0 » Goethite S 1 " oL
3 @ Lepidocrocite "
|- Siderite -10 u-
-5 -—"
157 /
-
-10 4 20 ]
-15 T T T T T J -25 T T T T T T d
4 5 6 7 8 9 10 4 5 6 7 8 9 10 "
@ " @ "
54 44
i _n—FF 9%
2 — 3 !'>E‘;§
5 —v o4 “
" e P < "
. $—tve 04
% - o 4~ M- Cr(OH),(am) x y —®— Cr(OH),(am)
0 ~—g——eo0e 3 A% 0 ¢
3 v 2 - Cr(OH), 3 V- ~ @ Cr(OH),
£ . / A Ni(OH), £ 5 /- < A A NIOH),
s - $ /‘ A v Cu(OH), 5 - - v Cu(OH),
= L ¥ A Zincite = v Zincite
© b4 < Zn(OH), [ 4 A < Zn(oM),
% ’x p [~>—2Zn(OH),(am) % 4 s A [~ -~ Zn(OH),(am)
o 5 s 5 @ Zn(OH),(beta) n < @ Zn(OH),(beta)
- -
v a7
A 8 A
a* A
-10 T T T T T J -10 T T T T T T J
4 5 6 7 8 9 10 4 5 6 7 8 9 10 "
@ " @ "
0 54
-2
0
44 [~m— Cd(OH),(am)
L] Cd(OH), o - Ocl(OH),(am)
s A CdSO, H,0 v -5 @ Cd(OH),
° 61 v FeAsO, 2H,0 B2 A~ CdSO, HO0
. - 2n,(AsO,), 25H,0| e v FeAsO,2H,0
5 s 4 Pb,(AsO,), S 104 2n,(As0,), 2.5H,0|
® »- Cu(AsO,), 2H,0 © <4 Pb,(ASO,),
5 @ Mn,(AsO,), 8H,0 32 Cu,(AsO,), 2H,0
T -104 ©
] ® 154
-12 b;
-20 <
14
-16 T T T T T J -25 T T T T T T d
4 5 6 & 8 9 10 4 5 6 7 8 9 10 "
@ " ® "
104 104
® -
*7 54 o*
-
= Bixbyite 5 . " = Bixbyite
5 0 e i o o 3% im ®  Hausmannite
g A Manganite ° > a4 A Manganite
e ¥ Pyrochroite £ 0 T ; 14 Pyrochroite
= 4 Pyrolusite c 4 Pyrolusite
.5 -5 4= Anglestte 2 _~ P4 —4— Anglesite
® : Cerrusite © 41— b S : 4 »- Pb(OH),
b4 =} Ax
‘3 —— Pb(OH), ® 51 |
o -10 4 2] -
"
-104
-15 - . »
. .
-20 T T T T T J -15 T T T T T T d
4 5 6 7 8 9 10 4 5 6 7 8 9 10 "
pH pH

by the addition of calcite (a-d) and lime (e-h)rrand calcium (a,e); chromium, nickel,

copper and zinc (b,f); cadmium and arsenic (eygnganese and lead phases.

30




785

786

787
788

®

concentration (mol kg'1)

Figure 5. Variation of concentration of heavy metathe solution and on the hydrous ferric

1E-4 5

1E-6

1E-8 4

1E-10

—a—cg?*
—o— Hfo_ocd®

e Ni2*

—o— Hfo_ocu*
*— Pb*2

Hfo_OPb*

oxide (Hfo) at different pH values.

©

concentration (mol kg'1)

31

m
@

m
o

m
©

1E-12

1E-15 =+

= As(V)
—0— Hfo_HAsO4~

—— Mn2+

—O0— Hfo_OMn+
—— Zn2+

—o— Hfo_ozn*




Highlights
Jarosite dissolution releases high levels of heavy metals into the environment.
Lime is more effective than calcite-rich waste marble powder in metal immobilisation.

Lime forms hematite, gypsum and calcite and WMP forms hematite and iron
carbonates.

The amorphous phases fix heavy metals by sorption and co-precipitation.

Jarosite was eliminated in the lime treatment with major Ca(OH), concentration.



Author Contribution Statement

D. Benavente: Conceptualization, Writing - Original Draft, Supervision.

C. Pla: Investigation, Validation, Visualization.

J. Valdes-Abellan: Writing - Review & Editing.

S. Cremades-Alted: Investigation.




Declaration of interests

X The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




