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Abstract

Zinc contamination innear and subsurface environmentgs a seriousthreat to many
ecosystermand topublic health Sufficientunderstandingf Zn speciationand transportmechanisms
is thereforecritical to evaluatingits risk to theenvironmentandto developingremediationstrategies
The geochemical and mineralogical characteristics of contamirstiéslin the vicinity of a Zn ore
transportation routeverethoroughlyinvestigatedusing a variety ofinalyticaltechniquegsequential
extraction, XRF, XRD, SEM, and XAFSmportedZn-concentrat¢ZnS)wasdepositedn a receiving
facility and dispersedover timeto the surroundingroadside areaand ricepaddy soils. Subsequent
physical and chemical weatheriregsulted in dispersal into the subsurfaldee specieglentified in the
contaminatd areasincluded Zn-sulfide, Znrcarbonate other O-coordinatedZn-minerals and Zn
speciesbound to Fe/Mn oxidess confirmed by XAFSpectroscopynd sequential extractioiihe
observed transformatidrom Scoordinatedn to O-coordinated Zisuggests thahis contaminantan
change intanorelabile anddangerougormsas a result ofveatheng. For the purpose afeveloping
a soil washingremediationprocess, the contaminated samples were extracteddikitie acids The
extraction efficiency increased withe increase ofO-coordinatedzn relative to ScoordinatedZn in
the sedimentThis study demonstrates thatprovedunderstanding oZn speciationin contaminated
soilsis essentiafor well-informed decision making regardimgetal mobility andtoxicity, as well as

for choosinganappropriateemediation strategysing soil washing

Capsule: More detailed information on the speciation and mineralo@nait a particular location can

enable a better assessment of metal mobility/toxicity and the choice ofirmalapmediation strategy

using soil washing.

Key words. Sphalerite HeavymetalcontaminationAcid extraction Mineral transformation; XAFS
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1. Introduction

Zinc (Zn), the fourth most commoindustrial metal, has been widely used various
applications such as galvanizing, alloys, brass and bronze mat€halsorldwide production ofzZn
has increased toa. 13 million tons per yearn 2015{USGS, 2015 #19}The most significanZn ores
include sphalerite (ZnS) and smithsonite (ZRLAinc sulfide is the most commann-concentrate
{USEPA, 1997 #17}and isprodued mainly by concentrating sphalerif@nS) usingfroth flotation
techniguesAlthough Znis one of theessential elemesfor living cells, an excess amount of Zn can
pose seriouoxicity to human health as well &s theecosystenifFosmire, 1990 #20;Jacqty&2009
#46}. Theregulatory limis ¢ermed theprecaution leveand theaction leve) of Zn in soil of South
Korea are300 and 900mg/kg, respectiveli{Environment, 2009 #52}However, the toxicity of heavy
metals dependson only on the totalconcentrationbut alsoon the speciatiorof the metafJacquat,
2009 #46} For example, labile Zn species (i.e., weakly bound to soil surfaces) are known toebe mo
toxic than strongly bound Zn species because the labile species transportheaisgh the soil and
sediment and are also readily bioavailable for plants and microorgafdimsay, 1995 #47} In
addition a recent studyKwon, 2015 #49}investigated microbial community compositions in the
sedimentsvith extremely high and relatively low concentrations of heavy metals rirartailing sites
andshowed that microbial community structure was strongly affected by laloite form of Pb and/or
Zn, rather than by stable form of As in spite of extremely high concentrationslofAsd~10%).

The speciation and mineralogy of #énsurface and subsurface environméstietermined by
longterm physical and chemical weathering proce§Seake, 2002 #16;Priadi, 2012 #2@&hich are
in turn controlledby the specific conditions inthe system{Jacquat, 2009 #46}Therefore,the
characterizationf Zn speciatiorat geochemically diverdecations is an essentjaédrt of understanding
the factors controlling ittong-rangemobility andthere have been several studies foaysn the Zn
transformationst particularfield sites For instance, @ast study reported that the rapid diagenetic
transformation of atmosphern in anoxic subsurface environments resulted in the formatian of
sulfides{Sonke, 2002 #1 Zinc speciation has also been investigatethe context ofts mobility

during longterm weathering of mine tailisgRoot, 2015 #45;Shim, 2015 #48;Kwon, 2015 #41}
3
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addition,the study byPriadiet al.{Priadi, 2012 #23}investigated the sourcasd cycling processes of
Zn in ariver basin and showed that Zn speciation in suspended particulate matter (SR) vari
significantlybetween upstream awdidwnstreansectionof the river

In places where Zn contamination has occuimedoil and sediments, varioghysical and
chemical remediatiotechniques have beamployed. Among them, esitu soil washing has been
frequently usedbecausemany contaminants can beomgetely and rapidly removed below the
regulatorylimits {Wuana,2011 #18} However, h somecasestheheavy metals in contaminated soils
and sediments are sparingly soluble and présaiitongly loundforms (e.g.in sulfide orin extraction
resistantfractionsfWuana, 2011 #18} A variety of chemical agents can be used to extract the
contaminants from soilé.g., strong acid, chelating agents, organic acids, surfactdmts)g acids
have been widely and successfully usedhay effectively release heavy metasad dissolve even
crystallineforms of contarimants{Wuana, 2011 #18}For a more targeted aedficienttreatment,tie
site-specific data on metal speciation and mineralogy must be considered hbgairdermation can
provide importaninsighton the type and concentrationsf the eluento be usedAlthough several
studies have investigatele effectiveness of soil washing fibeating Zncontaminationn terms of
soil particle sizes and the specific washaggntDermont, 2008 #27;Gusiatin, 2012 #26;Race, 2016
#25}, little is known abouthow Zn speciation and mineralogy affect the remediation efficiency of
sedimerg with extremely higtconcentrations aZn duringa soil washing proces3.o achieve efficient
remediatiorat a particular sitehe sitespecificZn speciation and minexay should beconsideredénd
understood beforeonductingrisk assessments and remediation stratefyiego the strong dependency
of Zn mobility andbioavailability toZn speciation and mineralogRoberts, 2002 #41}

This study investigated the geochemical and mineralogical characteristicsoht&minated
soils arounda Zn-ore transportation rout® (1) understandhe transformationand transport oZn-
concentratef the near andsubsurfaceregion (2) identify themajorZn species anchineral phases,
and (3) determire the optimal remediation stratedgr thesesedimens using asoil washing process
with inorganic acids Zn-contaminatedsoil samples as well as Zfconcentrate samplesear the

roadsideand surrounding environmenigre collectecdindthe speciatiomf Zn wasexamined using

4
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variety of analytical techniquesncluding sequential extraction, -¥ay Fluorescence (XRF)
spectroscopyX-ray Diffraction (XRD) ScanningElectron Microscopy(SEM), and Xray Absorption

Fine Structure (XAFS spectroscopy

2. Material and methods
2.1. Sudy area and sampling method

The study site is located the eastrn part ofSouth KoregFig. 1) Zinc-concentrate (ores
that containZn) were imported and stored therdrom 1999 until 2016 The concentratesvere
transported t&n smeltes around the country to be converted into pimeHowever large amounts of
Zn-concentrategin the form offly dust)wereleft behindduringthedaily transportation by dump trusk
ortrains.Thereforegxtremelyhigh levelsof Zn are now preseni the surrounding soils and sediments
(approximately 25,600 fjy which can bea longterm source ofn releaseto the environment and
ecosystems in tharea

In June2015 one sampleof Zn-concentrate, one sampéroadsidedust,and eightsamples
from surroundingsoils were collectedvith a stainless steel shové&bil samples were collectexfter
removal of the overlyindew centimeter®f aerobictopsoil. In addition,unsaturategubsoilsamples
from the subsurfacevere collectedat threedepths of0-15, 1530, and ®-50 cm. The soil color was

determined by comparisomsth the Munsellsoil color chart.

2.2. Chemicals

The acidsusedto prepare the soil washing solutiomsre37% HCI and 70% HN@purchased
from Dongwoo Fine Cherto. (S. Korea) as well as98% HSO; and 85% HPQ; purchased from
DaejungCo. (S. Korea).All otherchemicals used were of reagent grade quality or hidbistilled
deionized water(ddHO)(> 18.2 M2-cm) from a Millipore ultrapure water purification system
(Barnstead, USAjvas used throughougll analytical procedures wergalidatedby using certified

and/or internal reference materials.
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2.3. Physical, chemical, and mineralogical analyses

Losson ignition was determinegiavimetricallyby heatinghe sampleat 600°C for 6 h in a
muffle furnaceTo determine soil pH, a mixture of soil and deionized water (= 1:5 g) was shaken for
about 23 minutesandthen allowed the soil to settle for 2 minutébe pH of the soil suspension was
measured with a pH meter (Mettler Toledo, USi8Ing a glass electile. Forthe analysis oélemental
distributiorsin dust andoil samplesthesamples were adried,sieved to 10 mesh (< 2 mm), quartered,
and pulverized to 80 mesh (< 180 piffe concentrations ohajor and trace elemerntsbulk sampls
were determinedy wavelengthdispersive Xray fluorescene (XRF) at the Korea BasicScience
Institute Thetotal concentrations of toxic metals in bulk samples were also determiregliyegia
digestion HNOs: HCI = 1 : 3 v/v).The conventional Tessier sequential extraction procedliessier,
1979 #22} were also applied to determine Zn and feéctionationin the ®il samples.The
concentrations of As, ZrPb, Cu, Ni, andCd weredetermined bynductively coupled plasmaptical
emission spectrometrff CP-OES, Varian 730ES, USA) The analytical conditionsf these metals
using ICROESare summarizeth Table S1.

Surface analysief the samplesvas conductedvith scanning electron microscopSEM)(S-
3000H, Hitachi, Japgrat Korea Institute of Science and Technology, S. Korea. SEM backscattered
electron images were collected3@D0 x magnification.

X-ray powder diffraction (pXRD) analysis was conducted to identify crystalline phas@l&in b
samples from the mine tailing§he pXRD data were collected with an X'Pert Pro MPBa}
diffractometer with Nifiltered Cu Ka radiation. The samples were scanned between 10° and 80° 26 at
a speed of 2.5° 20 min-1. ThepXRD patterns were analyzed with the JADE 6 software package (MDI,
Livermore, CA, USA).

Zinc K-edge (9,659 eV)-ray absorption neagdge (XANES) and extendedray absorption
fine-structure (EXAFS) spectra were collected at room temperature in transnassifinorescence
mode at sectors 1BM, MRCAT/ EnviroCAT beamline, Advanced Photon Source, Argonne National
Laboratory, lllinois, USAKropf, 2010 #10} The incident energy was scanned by using the Si(111)

reflection of the doublerystal monochromator in steggzanning mode (approximately 15 min per scan

6
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for the extended regionyoil samplesvere collected and kept sealed in plastic centrifuge tubes under
ambient conditions. Eight samples were examined, two with significantly iMghesncentration, and

six samples of lower concentration. The higher concéntrablids were mounted dry on the sticky
side of Kapton tape. The lower concentration solids werefizéoned using the following procedure.
About 2 grams of the original material was suspended in 10 mL Drvimtequilibrium with air,
homogenized oa Vortex shaker for 30 s, and allowed to settle for 1 minute. The solution and suspended
solids that remained at the top (termed “fine fraction”) were separated from the suspsisjoa u
pipette. The fine fraction solids were filtered from tigsv suspesion using a 0.22m nylon membrane.

The hydrated filter cake and the membrane were placed between Kapton film forrdie x
measurement&inc remaining in the pore solution of the solids has an insignificant contribution to the
measured spectra under @xperimental conditions-ray absorption spectra from dissolved Zn salts
and polycrystalline Zn oxides, hydroxides, phosphates, carbonates, and sulfides veetedcels
standards for the XANES and EXAFS analysis. All spectra were aligned on the arisrggingthe
reference spectrumZif metal foi) taken simultaneously with the sample and standards spectra.
Normalization and background subtraction was done using the program AUT®BWille, 1993

#12}. Data were Fourier transformed (FT) by using BieFFIT program{Newville, 1995 #13}
Identical transform parameters were used for the standards andktioevarspectra (e.g.;weighting,

Fourier transformation range, and 1.8 Banning window functions).

2.4. Extraction efficiency of zinc from contaminated soils using strong acids

Approximately 2.5 g of aidried 18mesh sieved (< 2 mngust andsoil sampleswere added
into 50-mL conical tubs containing?5 mL of washingacids (0.1 N or 1.0 N oHCI, HNG;, H.SQ,,
and HPQy) and incubated om shake at 120 rpm and 2@ for 1 hour.All tests were performed in
duplicate.The suspensions wefdtered througha 0.45um filter membranexindthe supernatants were

analyzed byCP-OES.
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3. Results and discussion
3.1. Geochemical characteristics
The determinediemical composition of the samples are shown in Talitedeptfor theZn-

concentrate antheroad dussamplestheelemenal concentrationarein the followingorder:O > Si

> Al > Fe > K= Mg = Ca.lIn all samples excepghe samples collected at-%0 cm depths, Zn

concentrations exceeded the soil regulatory guideljres, theprecaution levet 300 mg/kg, the action
level > 900 mg/kg)XEnvironment, 2009 #52}Samples collected nedhe surfacealso showedCd
contaminationthe precaution levet 4 mg/kg, the action level > 12 mg/Kgnvironment, 2009 #52}

Roadside dust and railroad sidmil samples (MJK2 and MJK4) showedextremely high
concentration®f As, Cu, and/or Plgthe precaution leveland the action levels dfiesetoxic metals
are> 25and> 75 mg/kgfor As, > 150and> 450 mg/kgfor Cu, > 200and> 600 mg/kgfor Pb,
respectively{Environment, 2009 #52}Two of thesamples collected from otherwise similar sampling
environments dhe surface nedhe railroadshowed significantly different toxic metal concentrations
(samplesMJK-3 and MJK4, Fig. 1) It is likely that the lower metal concentrations in M3 resulted
from the blocking ofdust deposition dhe site of samplMJK-3 by along fence running parallel tbe
railroad

The il pH was neutral to slightly alkalingneasured pH wasetween 7 and 8)7Loss on

ignition (%) ranged between 0.6 and 7.7 %.

3.2. Mineralogy
3.2.1. X-ray powder diffraction

The XRD patterndndicatal that the majocrystalline phasesf Zn-concentrate (MJKL) was
sphalerite (Zn,Fe)&ndthose ofoadside duftMJK-2) werequartz (SiQ) andFe-rich sphalerit¢Table.
1). This suggests thatn contamination irthe roadside dust ia simple mechanicaiixture between

the native minerals anthe Zn-concentrateswithout any chemical weatheringCalcite was also
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observed in the roadside dust samfilesly becausef therelease of calciteich particles during the

groundtransportation of limestones lryicks and trains in this area

3.2.2. X-ray absorption fine structure

Figure2 compares the XANES and EXAFS data obtained fronZtlkeoncentrate, dust, and
soil samples to Zn standards measured at the same beaimling a previous study {Dimkpa, 2013
#6}. A clear trend in the spectral features can be observed, with sampled A& MJIK6-2
representing the endmember spectra. The trend suggests that the predominant Zonsaiettet
different sample locations is changing between two major species (described below)

Comparisons of endmember spectrum MJKo standards show that Zn in this sample is
present a$-coordinated Zn(ll) specieSnalogousliyto the spectral trends in Fe miner@sDay, 2004
#51}, the XANES spectra of-8oordinated Zn show lower edge energy position and a suppressed
white line intensity (the first peak after the edge), whereas the XANEScob@linated Zmenerally
show a higher edge energy position and a larger white line amplitudd fE9features in the XANES
spectrun of MJK-1 are nearly identical to those of the polycrystallineadptite standard, ZnS (Fig);
however, the amplitude of the white line (peak immediately after the absorptieh isdgmaller.
Despite the spectral features being nearly identical to those of the ZnS stammgiditddasuppression
was also observed in the EXAFS data (Figl). The xay absorption data from this sample were
collected in transmission mod&hus,the likely causgarethickness and pthole effects due tthe
presenceof highly concentrate&nS particles, much larger than multipleay absorption lengths,
mixed with the larger soil particlddlanceau, 2002 #28}The imagedrom the SEM analysisalso
indicatethe presence of micresized entities in the presence of largeit particleqFig. ).

The similarityof endmember spectrum M2 to O-coordinated Zistandards shows that Zn
in this sample is presens &-coordinated Zn(ll) specig&ig. 3) The features in the XANES spectrum
arealso moresimilar to those of standards where Zn(ll) is predominantly octahedrally coordinated to
O, OH, or HO atoms, and in which the ligand does not bind strongly to the Zn(ll) atom, such as in the

Zn acetate aqueous solution standardhe hydroxysalts of Zn (ZrROH-CI or hydrozincite ZrOH-
9



240 CO0s). However, none of thavailablestandards matesthe MJK-6-2 spectrum to an extent where an
241 exact identification of the Zn species can be establisheelshape and phase of the features in the
242  EXAFS dataallow exclusion ofZnCG;, ZnO, and Zg(PQy). in sample MJK6-2, based on the lack of
243 the strong features seen in the Fourier transform (FT) of these standards betweeRRigd4 or
244  based on the Z0 distancefosition of peaKa” in Fig.4). ZnO has Zn(ll) intetrahedral coordination
245 by O (Rno~1.98 A), whereas the aqueous solution or the hydrsadgs have Zn in octahedral
246  coordination by O (R.o~2.11 A){Ghose, 1964 #7;Graf, 1961 #14;Kihara, 1985.#Bhc(ll)

247  coordination in silicate minerals (e.g. willew)i is also tetrahedrgMarumo, 1971 #11} Hence a
248 tetrahedral Gzoordinationof Zn can be excludeth sampleMJK-6-2 based on the Z® distanceand
249  the corresponding position of the FT peak (Fig®trahedral Zn(ll) phases such as Frankliride (
250 ferrite, ZnFeO., which can be thought of as Babstituted magnetite) can also be excludduee
251 EXAFS data therefore indicate that Zn(ll) in the M8K sample is present predominantly in octahedral
252 geometry.Zinc coordination in Zrsulfates (e.g. in Biachite, Boyleite, or Goslarite) is octahedral
253 {Anderson, 2012 #5hnd has been observed in mine tailings with increased acidification {Hayes, 2011
254  #8}. Although the ZrO distance ifMJK-6-2 is similar to that in ZFOH-CI, Zn-OH-CO;s, or ZnOH-
255  SQ, all of the latter standards show a signal between=R+5-3.2 A (feature’b” in Fig. 4), which
256  correspondto thebidentate ZrAZn coordination in hydroxgincite (ZnrOH-CQs). This signal is absent
257 in the spectrum of MJ}6-2, suggesting lack of Z&n coordinationinstead, spectrum MJB-2 has
258  peaks between R+A=3.5-4.5 A (feature “c” in Fig4), which are not seen in the above standards, as well
259 as in the aqueous Zacetate standard. From these observations we concludeodtaditedrally
260 coordinatedZn(ll) is present in a single phase that is disorderdfatthere are severalctahedrally
261 coordinatedZn(ll) species preseirt the sample

262

263 3.3. Fate and transport of zinc-concentrates

264 Zn-concentratemainly ag(Zn,Fe)S], transformed t@n speciesf various lability as a result
265 of physical and chemical weatherifigessiersequential extraction of sample MdKshowed that it was

266  mostly composed of Zn fractio®s8 (12%), F4 (28%), and F5 (60fB): exchangeable, F2: bound to
10



267 carbonates, F3: bound to iron and manganese oxides, F4: bound to organic matsidE: As a
268 result of theweathering process, fractiéi2 increased, but fractioR5 decreaseth samples MJR2 to

269 MJK-6-3(Fig.5).

270 The ®lubility of Zn minerals in watedependsstrongly on crystallinity and particle size
271 {Clever, 1992 #21}In generalZn-acetate;nitrate,-sulfate,-chloride,-chlorate andperchlorate are
272 very soluble in water, whil&n-oxide,-carbonate anebulfide areslightly soluble oinsoluble in water.
273 The solubility ofZn alsodepends on temperatuaadon thepH of thesolution. At neutralpH, Zn

274  mineralsin waterarelesssoluble but the slubility increases with increasing acidayd above pH 11
275 {Permyakov, 2009 #53}Given the neutrgbH andthe wide distribution of Zn$ the study areahe

276  solubility of theZn mineral phases is likely very lo@Whereportedsolubilitiesof ZnSbased omodel

277 calculationor colorimetric analysis ranged betwedn10°and1 x 10” mol L* at pH 7{Clever, 1992
278  #21}, but longterm weathering can cause #lew dissolution othesemineral phaseand subsequent
279 contamination of the subsurface environment

280 In subsurface environments, aquedrs (i.e., ZNOH'(ag) Or Zr¥*ag) can be retarded by
281 sorptionto various mineral or biological surfacfiee, 2014 #15} The \ertical distribution ofmetal
282  concentrations clearly showed that the concentrations of toxic metals decreasedtwitRige}). The

283 concentrations dZn at the depths d¥-30 cmwasmuch higher than thaff thesoil regulatory guidelines
284 of S. KoreaThe concentrations @nin MJK-5 decreased from 1,689 mgkat thedepth of 815 cm

285 to 923 mg kg atthe depth of 180 cm, while those in MJK6 decreased from 3,55t kg* a the

286  depth of 815 cmto 722 mg k¢ atthe depth of 180cm. At the depth 08050 cm, the concentrations
287 of Znin both locations were below the guideline. These results suggest thacisspginatingfrom

288 the Znconcentrate (MJKL) arenot transported vertically on tmeeterslengthscaleover the D year
289 time period between the deposition of the concentrate and the transformatioe tmobhde specieis

290 soil samplesHowever, this does not mean that groundwater quality around the study area isteafe to
291 public, as this reservoir of Zn in the sidi could be mobilized due to a seasonal or other change in
292 geochemical conditiondVore importantly, a very small concentration in groundwater can pose a

293  substantial risk to both human and ecosystem healttegulatory guideline of Zn is 3 mg L*

11



294  {Environment, 2009 #52}Given thatZn-concentrateandlabile O-coordinated Zrspecies are widely
295 distributed in the contaminated soil samplesic level of Zn could be present in groundwat€&he
296 resultof aleaching experimerdlso supports this since the extent of Zn released frowpAoentrate
297  with artificial rainwater wad0 mg L* (Fig. S3.

298 Sequential extraction results indicatedtthe F3 fraction increasedyhereashe F4 fraction
299 decreasewvith depth(Fig. 5). This suggests that Zn boundgolfide transformednto Zn bound to Fe
300 and/or Mn oxides with deptfihe subsequent increase in F4 andR%ractions at 3660 cmdepthare
301 likely notdue tothe influence oZn from shallower depths, but likely duettee presence &4 and F5
302 Znfractionsin the originalsoil itself. The concentrations of F4 and F5 in M3 and MJK6-3 were
303 only < 45 and < 75 mg K respectively.

304 The transformation ofZn-concentrate duringhe weathering process confirmed by the
305 XAFS analysis. The gradual esgiral trends observed in Figwere interpreted by linear combination
306 (LC) analysis, using the spectra frsftidK-1 and MJK6-2 as endmemberThis analysigjuantified the
307  proportion of total Zn in each of trendmember speciéMJIK-1 and MJK6-2) in samples MJK2 to
308 MJK-6-1. The LC fitsare shown in FigS4. The best fit component fractions are summarized in Table
309 2and are interpreted &proportion of S vs. G coordirated Zn(ll) species”. It appears that there
310 the soilsamples undergo weatireg processefrom the source amigratefrom the surface of thsoil,
311 the more the immediate coordination of Zn(ll) changes fremo®d to Gbound.As discussed earlier,
312 endmembeMJK-1 representS-coordinatedZn as in ZnS, whereandmembeMJK-8 represent©-
313 coordinatedn.

314 In summary, dispersedn-concentrate (ZnSyvas deposited orthe surface an&n ions
315 resulting from dissolution of the concentratdiltrated in the underlyingsoil. The dissolved Zl)
316 either adobed on particle surfaces werecomplexedby various anions available in the subsurface
317 environments (particularly, carbonateshich likely resulted inprecipitaton of the corresponding
318 mineral

319

12
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3.4. Zinc extraction from contaminated soils by diluted inorganic acids

Correlationplots betweerthe XAFS, acid extraction, and sequential extractiesultsare
shown inFig. 7. Sum oftheF1 to F3 fraction of Pb is not correlated with the extent oéRfacted by
acids (Fig. 7A). However,Zn concentratioa determinecdby acid extraction showed high correlation
coefficientswith those determinelly sequential extraction (F1 to F@j = 0.93- 0.98)(Fig. 7B). This
suggets thatwhenZn is presentnorein F1 to F3 fraction of soil samplélsanin the F4F5 fraction
the extent of Zn extraction by acids is higffeg. 7B). Moreover, hese results clearly indicate that Zn
in the soil samples originated from other sources (Z&-concentrate, ZnS) and transformed as F1 to
F3 forms. he spectrgbroportion ofO-coordinatedn from LCF(Linear Combination Fitilso showed
a linear correlatiorir* = 0.96) with the sum of F1 to FZh fraction (Fig.7C). The spectral proportions
of O-coordinatedZn species isigher tharthe F1 to F3Zn fraction (e.g., 59%of spectral proportions
of O-coordinated Zrspecies v25%of F1 to F3 Zn fractionpecausé CF analysisaccounted onl$-
coordinated an®-coordinated Zrspecies Obviously other mineral phases other than those species
may bepresent in thesoil samplesThe comparison between acid extraction, sequential extraatidn,
XAFS analysis provides important information that #ndent of metalextractionfrom longterm
weathered soils can be estimated based on these differericahahethods

The results also show that higher concentrations of acids can extract naré Blkirom the
contaminatedsoils (Fig. 7B and 7D; however, the extent of Zn and Bktraction were dependeon
the specific types of acsdHCI was the mosg¢ffective to extract Zn and Pb from the soil, whilg> O,
was the least effectiv@he efficiency of Zn extraction also clearly increased with the increase in F1 to
F3 fraction by sequential extraction@coordinated Zn speciatidetermined by XAFS analysiBoth
1.0 N HCI and 1.N H.SOy extracted approximately 80% of Zn from the contaminated soils with 58%
F1 to F3 Zn fraction, while extracted only 48% of Zn from the contaminated sdilgl8fb F1 to B
Zn fraction.

Most metaloxides, -carbonate and-sulfides are insoluble or sparingly soluble in water, but
soluble in dilute acids. Therefore, soil washing by acid extraction has been widebdapphiarious

contaminated sitefAlghanmi, 2015 #2;Ko, 206 #3}. However, there has beditle or no study
13
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investigaing the combined effects @fcidtype, acid concentrationand metal speciatidinactionson

the extent of metal leachinghe resultsn the current studimply that metal species and mineral phases
play a critical role in extracting metals from contaminasedils. The results also provide basic
information on the type aemediatiorapproachethatcan yieldsuccessfutemedision outcomesand

show thatthe specific acids and theioncentrations should be carefully selected based on the metal
speciatioffractionationand mineral phaseln the specific sod particularly with highproportion ofO-
coordinated Zn specie$,0N (or higher)HCI would bethe most effectivacid for leaching Zn from

the contaminated soils

4. Conclusions

The shipping and processing £&ifi-concentratesan cause the dispersdlZn contamination
in thesurroundingsurface and subsurface environme@tgr study shows than accumulatedn soils
can transfornduring longterm weatheringnd as a result may be distributed in Zn species and mineral
phases of various stabilitht our particular siteZn-concentrate (ZnSyasdepositeddirectly to the
soil surfaceduring vehicle transportation atater transformetb various mineral phases depending on
the local geochemical conditionand the dominant primary mineral phasesOverall the Zn
species/mineralat our siteunderwent the transformation frafm sulfides-> O-coordinatedZn. The
semiquantitative analysis aZn species and mineral phases using XAdfl sequential extraction
allowed for establishing a correlation between dilute acid extractability and Zn gpetigdrochloric
acid .0 N) wasmost effective among acids tested leaching Zn from the contaminated sailgh
high proportion of Gcoordinated Zn specie®ur study demonstrates that more detaifddrmation
on the speciation and mineralogyf contaminant metals at a particular location can enable a better
assegsent of metal mobilitytoxicity andthe choice ofan optimal remediation strategy using soil

washing.

Acknowledgement

14



373 We thank Daehoon LeendJoonwoo ParkHayoung Yodor help during thesamplecollectionand

374 analysis Research under the Subsurface Biogeochemical Research Program Scientific Focus Area
375 (SFA) at Argonne National Laboratory was supported by the Subsurface BiogecahResearch

376  Program, Office of Biological and Environmental Research (BER), Offi&igince, U.S. Department

377 of Energy (DOE), under contract PEC02-06CH11357. MRCAT/EnviroCAT operations are

378 supported by DOE and the member institutions. Use of the Advanced Photon SouBféce of

379 Science User Facility operated for the U.S. Department of Energy (DOE) Office of&bieArgonne

380 National Laboratory, was supported by the U.S. DOE under Contract NAADE-06CH11357This

381 workalsowas supported bgndKorea Ministry of Environment as The GARroject2015000540001,

382 and a National Researchuralation of Korea Grant funded by the Korean Government (MSIP) (2016,

383  University-Institute cooperation program)

15



384

385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409

References

[1] USGS, Mineral Commodity Summaries, in, 2015.
https://minerals.usgs.gov/minerals/pubs/mcs/2015/mcs20]1agudssed on January 14, 2017

[2] USEPA, BACKGROUND REPORT A2 SECTION 12.7 PRIMARY ZINC SMELTING, in,
1997. https://www3.epa.gov/ttn/chief/fap42/ch12/bgdocs/b12s0y7.pd€essed on Janyad4,
2017

[3] G.J. Fosmire, Zinc toxicity, The American Journal of Clinical Nutrition, 50} 225227.

[4] O. Jacquat, A. Voegelin, R. Kretzschmar, Soil properties controlling Zn Spacaid fractionation
in contaminated soils, Geochimica et Cosnimita Acta, 73 (2009) 5256272.

[5] B.J. Alloway, Heavy Metals in Soils, Blackie Academic & Professional, 1995.

[6] M.J. Kwon, J:S. Yang, S. Lee, G. Lee, B. Ham, M.I. Boyanov, K.M. Kemner, E.J. O’Loughlin,
Geochemical characteristics and microbial comitgusomposition in toxic metalich sediments
contaminated with A4Ag mine tailings, Journal of Hazardous Materials, 296 (2015)1547

[7] J.E. Sonke, J.A. Hoogewerff, S.R. van der Laan, J. Vangronsveld, A chemical avdlogital
reconstruction of Zssmelter emissions in the Kempen region (Belgium), based on organic pool
sediment cores, The Science of Tregal Environment, 292 (2002) 10119.

[8] C. Priadi, P. Le Pape, G. Morin, S. Ayrault, F. Maillot, F. Juillot, R. Hochreuténiglorens, D.
Testeanale, O. Proux, G.E. Brown,-My Absorption Fine Structure Evidence for Amorphous Zinc
Sulfide as a Major Zinc Species in Suspended Matter from the Seine River Downdtreanis,o
lle-de-France, France, Environmental Science & Technology, 46 (2012)37A®2

[9] R.A. Root, S.M. Hayes, C.M. Hammond, R.M. Maier, J. Chorover, Toxic metal@piegiation
during weathering of iron sulfide mine tailings under sand climate, Applied Geochemistry,
62 (2015) 131149.

[10] M.J. Shim, B.Y. Choi, G. Lee, Y.H.Wwhng, }S. Yang, E.J. O'Loughlin, M.J. Kwon, Water quality
changes in acid mine drainage streams in Gangneung, Korea, 10 yearseafteent with

limestone, Journal of Geochemical Exploration, 159 (2015)2224

16


https://minerals.usgs.gov/minerals/pubs/mcs/2015/mcs2015.pdf

410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435

[11] R.A. Wuana, F.E. Okieimen, Heavy Més in Contaminated Soils: A Review of Sources,
Chemistry, Risks and Best Available Strategies for Remediation, ISBNdy 2011 (2011) 20.

[12] G. Dermont, M. Bergeron, G. Mercier, M. RicHafleche, Soil washing for metal removal: A
review of physical/chemical technologies and field applications, Journal of Hazavtiierials,
152 (2008) 131.

[13] Z.M. Gusiatin, E. Klimiuk, Metal (Cu, Cd and Zn) removal and stabilization duringjpie soil
washing by saponin, Chemosphere, 86 (2012)383

[14] M. Race, R. Marotta, M. Fabbricino, F. Pirozzi, R. Andreozzi, L. Cortese, P. GiudiciappieiCo
and zinc removal from contaminated soils through soil washing process using
ethylenediaminedisuccinic acid as a chelating agent: A modeling investigatiomalJof
Environmental Chemical Engineering, 4 (2016) 22831.

[15] A. Tessier, P.G.C. Campbell, M. Bisson, Sequential extraction procemtutieef speciation of
particulate trace metals, Analytical Chemistry, 51 (1979)&51U

[16] A.J. Kropf, J. Katsouda S. Chattopadhyay, T. Shibata, E.A. Lang, V.N. Zyryanov, B. Ravel, K.
Mclvor, K.M. Kemner, K.G. Scheckel, S.R. Bare, J. Terry, S.D. Kelly, B.A. Bunker, CdteSe
The New MRCAT (Sector 10) Bending Magnet Beamline at the AdvaRbetbn Source, AIP
Confaence Proceedings, 1234 (2010) 212.

[17] M. Newville, P. Livins, Y. Yacoby, J.J. Rehr, E.A. Stern, Near-edge xray-absorption fine structure
of Pb: A comparison of theory and experiment, Physical Review B, 47 (1993)-14126.

[18] M. Newville, B. Ravel, D. Haskel, J.J. Rehr, E.A. Stern, Y. Yacoby, Analysis of edsitattering
XAFS data using theoretical standards, Physica B: Condensed Matte202q&995) 154156.

[19] C.O. Dimkpa, D.E. Latta, J.E. McLean, D.W. Britt, M.I. Boyanov, A.J. Anderson, Fate©f C
and ZnO Naneo and Microparticles in the Plant Environment, Environmental Science &
Technology, 47 (2013) 47341742.

[20] P.A. O'Day, N. Rivera, R. Root, S.A. Carrolkry absorption spectroscopic study of Fe reference

compounds for the analysis of natural sediments, American Mineralogist 89 (2083572

17



436 [21] A. Manceau, M.A. Marcus, N. Tamura, Quantitative Speciation of Heavy MetalsiléaBol
437 Sediments by Synchrotronp&y Techniques, Reviews in Mineralogy and Geochemistry, 49 (2002)
438 341-428.

439 [22] S. Ghose, The crystal structure of hydrozincite(@hl)s(COs)., Acta Crystallographica, 17 (1964)
440 1051-1057.

441 [23] D.L. Graf, CRYSTALLOGRAPHIC TABLES FOR THE RHOMBOHEDRAL CARBONATES,
442 American Mineralogist, 46 (1961) 128316.

443 [24] K. Kihara, G. Donnay, Anharmonic thermal vibrations in ZnO, The Canadian Mineralogist, 23
444 (1985) 647654.

445 [25] F. Marumo, Y. Syono, The crystal structure of Zn2SIQ4 highpressure phase of willemite,
446 Acta Crystallographica Section B, 27 (1971) 1-84&30.

447 [26] J.L. Anderson, R.C. Peterson, I. Swainson, The atomic structure of deditdrayleite
448 ZnSQ-4D,0, ilesite MNSQ@- 4D,0, and bianchite ZnSE6D,0, American Mineralogist, 97 (2012)
449 19051914.

450 [27] S.M. Hayes, P.A. O’Day, S.M. Webb, R.M. MaierChorover, Changes in Zinc Speciation with
451 Mine Tailings Acidification in a Semiarid Weathering Environment, Environmental Sxi&nc
452 Technology, 45 (2011) 7166172.

453 [28] H.L. Clever, M.E. Derrick, S.A. Johnson, The Solubility of Some Sparingly Solulied@ainc

454 and Cadmium in Water and in Aqueous Electrolyte Solutions, Journal of Hrgrsic&hemical
455 Reference Data, 21 (1992) 94004.

456 [29] S-G. Lee, M:H. Kim, D.-J. Kim, Y-J. Lee, Fate and transport of zinc in a sand tank model:
457 monitoring of 2D plume using TDR method, Environmental Earth Sciences, 72 (2644) 1

458 [30] S.I. Alghanmi, A.F. Al Sulami, T.A. EXayat, B.G. Alhogbi, M. Abdel Salam, Acid leaching of
459 heavy metals from contaminated soil collected from Jeddah, Saudi Arabia: kametic
460 thermalynamics studies, International Soil and Water Conservation Research, 3 (20258196
461 [31]1. Ko, C-H. Lee, K:P. Lee, SW. Lee, K:W. Kim, Remediation of soil contaminated with arsenic,

462 zinc, and nickel by pilescale soil washing, Environmental Pregs, 25 (2006) 398.
18



463 Figure Captions

464  Figurel. Study area and sampling locat®n

465 Figure 2. Zinc K-edge XANES (left) and EXAFS (right) data from samples MJKo MJK-6-2
466 compared tdhe standardthat were most similar to the endmember spectra.

467  Figure 3. Zinc K-edge XANES (left) and EXAFS (right) data froemdmembersample MJK6-2
468 compared to several-€pbordinated Zn(ll) standards

469 Figure4. Zinc K-edge EXAFS data frorendmembesample MJK6-2 compared to standards. Fourier
470 transform parameters are Ak = 2.2 —10.5 A' using 1.0 A' wide Hanning window sills

471 Figureb. Fractions of Zn (%) in contaminateoils. Sequential extraction was employed to evaluate
472 solid-state speciation of Zn in contaminasaidls F1: exchangeable, F2: bound to carbonates,
473 F3: boundo iron and manganese oxides, F4: bound to organic matter, F5: residual

474  Figure 6. Vertical distribution of toxic metals in contaminated soils. The ddste indicates the
475 regulatory limit (i.e.the precaution levgbf Zn is soil of South Korea

476 Figure7. The fractionation of Pb and Zn §oil samples with Tessier sequential extraction procedure.
477 The relation between acid extracted (A and Zn (B) fraction and F1+F2+F3 fractions of
478 Tessier sequential extraction procedure. The relation between spectral prgpoftiGn
479 coordinated Zn from LCF and F1+F2+F3 fractions of Tessier sequential extractioduseoce
480 (C) and acid extracted Zn fraction (D). The square symbol in (C) indicates the data of Zn
481 concentrate (MJKL) which is not included wheR is calculated

482

483

484

485

486

487

488

489
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490

491

492
493

Table 1. Chemicadndmineralogicalproperties of samples from study area

Sa_mple MJIK-1 MJK-2 MJK-3 MJIK-4 MJK-5-1 MJK-5-2 MJK-5-3 MJK-6-1 MJK-6-2 MJIK-6-3
Description concZ:mrate Rogljj:tide Railrs;ld side Railrs;ld side Paddy soil Padiy soil Padiy soil Padgy soil Padgy soil Padgy soil
Sampling depth (cm) - 0 0-15 0-15 0-15 1530 30-50 0-15 1530 30-50
SiO2 5.72 35.63 46.07 44.17 48.23 47.66 50.14 47.41 49.36 50.23
Al20s3 5.37 12.90 21.73 18.63 21.66 20.93 21.84 17.93 20.52 19.59
Fe:03 5.73 5.57 8.85 9.20 7.19 6.89 5.35 5.96 7.04 7.55
K20 0.23 211 3.87 3.67 4.26 4.22 4.47 4.03 4.70 4.35
Chemical MgOo 1.59 2.01 2.07 1.40 1.86 1.79 1.56 2.02 2.22 2.74
composition® Ca0 0.43 18.83 3.06 3.85 161 1.64 1.72 6.58 2.60 2.56
(%) Na:O 5.88 0.90 0.53 0.40 1.00 1.00 1.39 1.13 0.89 0.99
TiO2 0.05 0.45 1.18 0.94 0.91 0.88 0.78 0.78 0.89 1.00
P,0s 0.03 0.24 1.16 0.63 0.42 0.32 0.19 0.34 0.30 0.36
SOs 38.66 7.94 0.14 0.99 0.50 0.25 0.08 0.60 0.11 0.08
ZnO 35.10 11.40 0.21 1.85 0.27 0.17 0.02 0.59 0.13 0.03
BaO 0.00 0.06 0.11 0.09 0.08 0.11 0.06 0.14 0.13 0.09
MnO 0.25 0.93 0.87 0.25 0.12 0.11 0.08 0.14 0.17 0.19
sum 99.04 98.97 89.84 86.06 88.11 85.96 87.68 87.66 89.07 89.76
Soil pH 6.40 8.30 8.70 7.31 7.00 7.80 8.50 8.40 8.40 8.40
LOI (%) 1.8 7.4 6.5 4.4 35 1.8 0.6 5.0 3.3 7.7
As 2,39.7 198.0 4.2 125 61.5 3.3 2.6 6.4 2.4 1.2
Toxic Cd 1,3114 470.0 7.4 58.8 154 4.6 15 17.8 4.8 21
metals? Cu 6,689.6 1,121.0 36.2 290.3 36.1 20.7 10.9 58.7 55.1 28.8
(mgkg?) Ni 9.0 <04 22.2 28.7 23.3 153 12.6 153 18.9 19.7
Pb 5138.5 2,312.0 50.6 420.1 87.1 42.4 13.0 140.4 38.3 16.2
Zn 560,6190 92,826.0 1,159.9 12,791.0 1,698.70 923.4 100.9 3,551.4 721.9 161.8
F1 0.1 0.5 0.3 1.4 1.2 0.1 0.4 0.0 0.0 0.1
Fraction of F2 0.6 2.6 135 7.2 8.4 10.1 2.9 4.9 10.9 5.1
Zs:qol?:riigly F3 115 4.1 33.1 16.7 35.7 44.0 235 16.0 46.6 24.8
extraction® F4 27.7 43.6 35.1 51.0 42.4 30.7 24.7 57.3 23.3 30.2
) F5 60.0 49.1 18.1 23.7 12.4 151 48.5 21.7 191 39.9
sum 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Soil color 10YR4/1 10YR6/1 10YR5/4 10YR4/1 10YR6/2 10YRS5/2 10YRS5/2 10YR6/2 10YRS5/4 10YR5/4
Zinc_ iron Siliu_:on Silicon oxide  Silicon oxide Quartz c%?li(gl;:te SiIi;on aﬁj?gilgﬂnm
sulfide oxide s oxide sulfate
hydrate
Lithium
. ) Y . potassium
Major minerals Splalerite Anorthite Anorthite, Silipon NP Iron oxide alulr::)igum NP
(Ferich) sodian oxide (Fe0x) fluoride
silicate
hydroxide
Calcite Or;rlgqp;yro Calcite Soltﬁf en

1) = measured by Xay Flurorescence(XRF); mean of triplicates
2) = determined byCP-OES afteraqua regia digestion
3) = measured by Tessier methods; mean of duplicates; F1=exchangeable, F2=barbuhtias, F3=bound to iron an
manganese oxides, F4=bound to organic matter and sulfifiegesidual
4) = measured by Xray powder Diffractometer 6RD)

* ND = Not Determined
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494

495 Table 2. Summary of the best fit component fractions resulting from the LCF (IGoegbination Fit)

496 analysis of the EXAFS data
Sample Spectral proportionsfrom LCF
MJK-1 MJK-6-2

MJIK-1 100% 0%
MJIK-2 89% 11%
MJIK-3 11% 89%
MJIK-4 40% 60%
MJK-5-1 15% 85%
MJIK-5-2 506 95%
MJK-6-1 53% 47%
MJIK-6-2 0% 100%

497
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500

501
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504

505

506
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