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Abstract

Mining activities and resulting waste products are among the main sources of severe heavy
metal pollution in the world. This study aims to examine i) the level of soil contamination, ii)
mobility and ii) bioavailability of Pb, Zn, Cu and Cd in two miméluenced areas in Kabwe

in Zambia, and Folldal in Norway. Secondly, this study aims to discover the effects of pigeon
pea biochar (pyrolyzed at 600°C) on immobilizing these metals. The methods used were i)
Total soil metal contents though total digestiod etemental analysis, using international
threshold guidelines to determine level of contamination. ii) Equilibrium kéatelion
experimenwith metal speciation of equilibrium solutiaisingWHAM VII, and iii) Diffusive
gradients in thin films (DGT) tdetermine bioavailability. The two latter experiments were
done in parallel with and without the treatment of biochar. The main findings showed that the
adjacent areas to the mine @580m) in Kabwe is severely polluted by Pb and Zn, and
excessive levslof Cu were detected in the mine tailings in Folldal. The biochar treatment
significantly (p<0.05) reduced the bioavailable metal levels in the most polluted sample in
Kabwe by64+8%, 68+3%, 29+17% and 63+3% for Pb, Zn, Cu and Cd, respectively, with
similar effects detected for metal mobility. The Folldal samples showed diverse effects to the
biochar treatment, with significantly reduced mobility of Cu by 92+1% and 13ietécted

for two different samples. The metal immobilization properties of biochar nvairay

assigned to the biocharduced increase in pEhusing hydrolysis of the free metal ions and
precipitation of hydroxides or carbonagtbst significant (p<0.05) sorpticaso occurred.
However, sing biochar with higher CEC would likely increase the observed effduts.

study further highlights the importance of investigating mobility and/or bioavailability of
metals, as the total metal concentration alone failed toidegbe true environmental risks

associated with the mine tailings in Folldal.
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1. Introduction

Mining activities andesultingwaste productare amonghe main sourcesf severe heavy
metalpollution. Industrial processes and poorly manatglihgs candegrade thadjacent
environmenthrough pollutionwith trace metals toearbysoils andwater sourcesrT his

masterq ¥esis is based on laboratory experiments aimed to give a deeper understanding of
the environmental fate ddad Pb), Zinc (Zn), Copper Cu) andCadmium Cd) presenin

soils in two different areas influenced by mining activity. The experiments funivestigate

the effect of biochar as a remediation measure to reduce the mobility and bioavailability of
the metalsn question Soil samples were gatheralbng al500 metetong soutibound
transecfrom atailing disposal site ilKabwe, central Zambjan addition tomine WDLOLQJTV
sampledrom Folldal, southeasternNorway. The disparate nature of the saesimaterias

gives the thesis a wider perspective of the diversity in mining sites and their representative
contaminatiorproblems, in additionata wider insightinto the effects obiochar(biochaj by

testingon differentmaterials.

The demand for metals and mined minenatseases conconaittly tothe globalincrease in
populationand econom. A report from USGSRogich & Matos, 2008jlescribingtheglobal
flows of metals state thftiom 1970 to 2004the globaldemand foilCu and Znincreased by
twofold, while Pbincreasedvith 50%over the same perioth mining operationshetailings
to ore ratio is high, generally 200(Kossoff et al., 2014)Consequentlythe process of
mining these metalgvenfrom high graderes generatea vastmassof tailings and waste
rock Following adepletion ofhigh-gradeores due to theteadyincrease irdemand, nming
of lower grade tailingbecomesnore and more common, which in turn produces more waste
material(Wills & Napier-Munn, 2006)The environmental burden of these wastéemals is
largelydepending orthe methodf disposalDue to the widehdiversenature ofmine
tailings availabledisposal siteandenvironmental regulations amthforcementa variety of
different methods are in ugdobally, associated with varying degreesemivironmental
impact(Sofra & Boger, 2002)The assessment disposal method isnmenselysite specific
andwill not be furtherexplored in this thesig his thesis aims to answervo main questions:
1) What is the mobility and bioavailability of heavy metals in mine tailings and in
adjacent soilslue tohistoricmining activitiesin Folldal (Norway and Kabwe

(Zzambia} Kabwe is widely known for its lead and zinc mireesl associated



contaminatiorproblems whereagheareas around thad coppemine inFolldal

suffer from acid minelrainage and contaminatiah thelocal river, Folla.

2) What is the potential of biochar to stabilize heavy metals in soils, reducing their

mobility and bioavailabilit{

Kabwe is the capital of the central provirefeZambiaD Q G W K H #"RapgEst\tity/ \djy Vv
population. The mining industry in the area reached full scale production in 1906 until
production ceased in 199 the following years the area has been dominateatizanal
mining. In its heyday, Kabwe boasted one of the largesti@hést lead mines in Africa
Todayit is known as one of the ten most polluted citrethe worldaccording to aeport
from the blacksmith institutfPure eartt{2007) anon-profit NGO monitoring pollution in the
developing worldThe pollution in the area & legacyof 90 years ofinregulated lead mining
and smelting operation¥he most prominergollution problensis related to théack of
measureput in placeo reduceaeoliantranspot from the contaminated mine tailisgTembo
et al., 2006)anddrainage of hazardous material from the closed miffidhe Kabwe Canal
(Minestry of mines, 2016 he transport of leadauss soil and watepollution, as well as
direct human exposure througthalation of dust particlesn sum thishasled tosevere lead

exposure to the population of Kabwe

WHO identifiesleadas 1 of 1@hemical of major healtboncern, ané joint report frompure
earthandUNICEF (2020)state thatRQH LQ WKUHH R WHpitazBRONDIBYV FKLOG L
globally thave blood lead levels at abovethe5ug/dL, a level associated with decreased

intelligence in childrenbehavioraldifficulties and learning problem#. recent reporon the

blood lead levels gbeoplein Kabweshow devastating numbeess the townshiglosesto

where the samples of this reportre gatheredshowedmean blood level of J QOf

thetotal number of childresampledn the study Q HIFHHGHG J G/ WK
threshold required for chelation therapabe et al., 2020)

The relevance of the pollution problem in Kabwe is evident in light of the current class action
lawsuit against thenining company Anglo American over alleged mass lead poisoning of
children in ZambigCarrington, 202Q)The company was responsible for the Kabwe mine
from 1925 to 1974, a timperiod when the majority of the polian was caused. The lawsuit

alleges that the company is liable for substantial emissions of lead into the local environment



due to deficiencies in the operation of the mine and for failing to ensure theugledn
contaminated land. The lawsuit claimatimore than 100,000 people may have been
poisonedoy the contamination of lead from the mionger generations. The lawsuit calls for
financial compensation, medical screening of children and wpameha cleatup of the area
(BBC, 2020) The latte part of this compensation demand is of special relevance to this

thesis, as the remediation effect of biochar is being tested on these very soils.

A report bylkenaka et al. (2014§sue that heavy metal pollution is one of the most important
problems in Zambia generally, and also point to the steady increase in this type of pollution
though mining and smelting operations. Renewed interest in the Kabwe deposits is linked to
recent advances in technology and new economic potential esuiphide Zn. The total
concentrations Pb and Zn in the mine tailings are 5612 mg/kg and 4258ngpkgtiecly

(Mbuki & Mbewe, 2017) It is estimated that an approximate of 1,9 Mt of mainlyriéh

silicate resources (13,4wt% Zn an8W{% Pb) remained in situ after the operating mine

closed in 1994Kamona & Friedrich, 2007Due to the interest of further ming activities
coinciding with current active ssanalmining in the area, conventional pollution measures

like covering the mine tailings for example, will not be applicablgabwe Moreover, ihe

high population density around the mimakes alternativeneasures such as the possibility of
usingbiocharas a remediation measure for the affected areas around the mine, more relevant

and interestindor furtherexplaation

Folldal is, similar to Kabwe, a town with a long history of miniBgiring thealmost 200
years of operatiofrom 1748 to 1968arge amounts ahinerals rich irsulfur (S) Cu and Zn
were extractefrom oresin thearea A substantiaimassof mine tailingsand waste rockom
themining activitieshas beendepositedn the openaroundand underthe area that is now
the centeof Folldaltown (Kvennas et al., 2015)eriation and contact with watéiom the
ambient enviromentinducethe oxidation of thesuphide anl sufosalt mineralsn the
deposited massesmdcausegyeneration ofcids resulting in enhanceahobilization of the
toxic trace metalpresent in the depositShisprocesss known as acid mine drainage
(AMD) andis the mosfprominentenvironmental problem in the ar@&vennas et al., 2015)
AMD with high levels oftopper but also ironzinc and @dmiumleachesfrom thetailings
and drainsnto therecipientriver Folla. It is estimated that arourid-20 tonnef Cu is
annually discharged into Foltarough AMD.As adirectconsequence 12 kmstretchof the

river downstream fronfrolldal centeiis described as sey pollutedand lackdish and



othernative aquatic organisng&vennas et al., 2015; Torgersen, 2018)e situation in
Folldalhas been describéd the mediaasNorway's largest remaining discharge of heavy

metalsto fresh wate{Kampestuen, 2021)

TheNorwegian Environment AgendMliljgdirektoratethasissuedthatamendment
measureshould be put in plade reduce the copper leaching by-80%to recover the
polluted river The Norwegian Geotechnical InstitutBl¢rges geotekniske instituttlGl)
suggeste@ combination of manglifferentmeasureso reach this godlased ortoveringthe
tailingswith an oxygen barrieio terminate the oxidatigrihe main driver of AMDHowever,
thecoveiing of the tailingscontradicts with thenterestof the NorwegianDirectorate for
Cultural Heritag€Riksantikvarei They issuehat thearea around theine and the
associatedailingsis an important culturaheritage The characteristic red colaf the
tailings caused by thprecipitation of iron oxidess regarded aa part of the cultural
heritage of the sit€Consequentlythe directorat@advise againstany measures thatlters the
aesthetic®f the areasuch as the implementation of the oxygen barrier suggested by NGI
(Kvennas et al2015) These aralisputeshatcharacterizethe currentsituation in Folldal

andis thereforavorth mentioning

The sampling and planning of the field work in Folldal were carried otllaboration with
NGI, but thisthesisis not directlylinked to any ongoing projects in Folldalhe useof

biochar is nota suggested measure of remediabgrNGI, accordingly,this thesigs an
assessment of alternative measute the ones suggested by N@GI3)ROOGDO JUXYHU
Vurdering av mulige tiltak mot avrenning fra tidligegeuvevirksomhe” (2015) The results
may beviewed as a generaksessment @fe potential of biehar to remediatAMD

generating sediments

The remediation effect of biochar pollutedsedimentdas receivedlobalattentionand has
shownpromising result§Dume et al., 2016; Fellet et al., 2011; Houben et al., 2013; Karami
et al., 2011)Many different remediation methods have been tried on the soils of Kabwe.
However few studies hee tested the effect of biochar ¢ime soils with theexceptionof the
PDVWHUTV WKHVLV E\ 7H&dlumnId3iasicedinconclusive results on
the effect obiocharonimmobilizationand bioavailability of PbConsequently, & current
thesis follows the analytical recommendation for further studies by Kampandula,(2@20)
the aim to givemoreconclusive results aboutelstabilizingeffects of biochaion trace metals

in contaminatedabwe soils.



Biochar has also shown to ba effectivemeasuren reducingtoxic constituent§rom AMD
derived materialdike the ones found in FolldahA combined batchand column study on
tailings from an abandoned Cu mine in South Korea suggest that biochar can completely
remove dissolvedonstituteof Fe, Al, Cu, and As, and redutthe cogentrations oZn,

Mn, and SG* by 99%, 61%, and 31%, respectivé®h & Yoon, 2013)In addition to

reducing the leachingf trace elementsanother studyYang et al., 2020yonfirms that

biochar can reducehalcopyrite(CuFeS) biodissolution which isa biogeochemical process
known toplay an important role in the formati@dD. Chalcopyriteis amineralalso
described to bpresent in Follda(Page, 1964)This thesis ighe first to assess the

remediatioreffect of biochar on the tailings Folldal

The labor#ory work of this thesican be divided in thregarts 1) General soilnalysisto
give information abouthe generasoil chemical angbhysical propertiesf the contaminated
soils. 2) A batchtitration experimenaimedto determine the solubilitgnd speciationf the
trace metalsn solutionas a function of H, and 3)A diffuse gradient in thin films (DGT)
experiment used to determine the bioavailable fraction of the trace nidétatsvo latter
experimentsncludeparallel series with and withotle additionof biocharto determinats

effects onmetalmobility and bioavailability.

Thewider perspectivef theseexperiments is to gain better knowledge about the fate of the
trace metalsto provide a better assessmehthethreatsthey pose to the surrounding
population and environmenthe standardnd most advocatqatocedure to determirevel

of contamination of sedimesiis to measure thotal metal contentsvhich are indicative, yet
indiscriminate to quantifenvironmentabnd human health risk$o evaluate th@otential

risk and toxicity oftracemetals, arassessment of the fractiohthe total metals that are in
dissolvedand bioavailable form iszquired(Sauveé et al., 20007 he fractionationis assessed

in experimerd 2 and3, respectively.

2. Theory

2.1Trace metapollution
There are many ways to refer to the group of pollutants that includ@uP8d and Zn,
namely heavy metals, trace metals and potentially harmful elemEmslatterreflectan

important narrative, which is that Zn and @ne micronutrients to higher plaraad



deficiency of these campair plant functions anceduce yieldHowever if these elerants
are present iexcessiveamountstheyare toxic to plants and mids@l communities in the
soil (Alloway, 2012) Trace metals have a wide ramgfgpathwaygo enter sils andcan
generally be divided into ggenic ancanthropogenisourceshoweverthe potential
mobility and associated rigif trace metalérom anthropogenic sources are much higher

compared to thgeogenically contaminated so{BBalansooriya et al., 2020)

The mobility varies between the trace metals, and a study of urban soils in(Gloret al.,
2012)found that tre mobility decreased in the following order Cd >Zn >Pb >The

mobility of trace metalss governed by manyosl geochemical properties such as sorption and
desorption, precipitationnteractions withorganic matteandFe, Mn, Al and SThemobility

is thereforeaffectedby the presence of clay mineratsetal oxides, and OM in soighich
increases the CEC and provia@reatesurface area for trace metal sorpt{@alansooriya et

al., 2020) The trace metal retention by OBllinked to properties such as ion exchange,
complexation and adsorptiowhere functional groupiée phenols, carboxyl, carboxylate

and amingyroups act as bimag sitesimmobilizing trace metals refers stabilizing or

reducing their mobility with the aim t@duce the plantiptakeandthe overall bioavailability

The toxicity of trace metals relatesttee formof speciesn whichthe metalsarepresent in
the environment anthe corresponding bioavailabilitfhe bioavailable metal fraction often
correspondto thelabile metals in thelissolved metal fractiarHowever, itmayalsoinclude
thelabile metal fraction on the soil solid phasadeavailableby desorption througbhanges
in the physiochemicanvironmenbf the soi) a soil metal fractionermed geochemically
active(Almas & Singh, 2017)Theavailability of thelatter is affected by factotike pH and
solutioncomposition These factors are ofteém favor of increased availability in the
rhizosphereelated to plahnutrient uptake mechanisrfidegryse etl., 2009) Trace metal
pollution in soilsis notonly limited to affectthe localsoil microbial communiesand plants
but can alsaffect lagersegment®f the environmenfTransport carmccurwhen
contaminated sodispersevia wind suspended parlss, anderosion, leaching or runoff can
contaminate water sourcéhe trace metals in soils can also spredidwing
bioaccumulation by plantaffecing food websandposing great risks to ecological systems

and human health.
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pH is regarded as a master varidideause iinfluences the mobility and bavailability of
trace metalsAt elevated pHevelsthe net negative chargé thesoil matrixincreasesiue to
deprotonatiorof amphotericsitesand reduced competition between the metal ions drahHl
Al®* inducing more of the trace metatsadsorhto the solid phasédigh pHcan alsaeduce
the dissolved metal species lydrolysis angrecipitationof hydroxidespecies

(Palansooriya et al., 2020)

There are many scientific approaches to describe the extent of contamination in soils. The
simplestapproach is to measure total metal contents and use threshold valuésefrom

literature to determine the contamination state of the soil. This is, however, an indiscriminate
method as it does not differentiate between the inert metal fraction and dnegecally

active metal fraction. The latter poses the greatest environmental risk in terms of mobility and
toxicity. It is therefore desirable to assess the proportion of these fractions to get a more

realistic estimate of the environmental risk for tbé m question(Sauvé et al., 2000)

A simple approach to differentethe two fractions is by measuring the partitioning between
the metal bound to soil solid, and the dissolved fraction in solution at equilibrium. This
approach is based on tfeetthat dissolved metals are more mobile aresumably more
bioavailable, ad that the metals bound to soil solids are strongly retaamethence not
bioavailable and immobile. Solisblution ratios of metals are dependent on a series of
physiochemical soil properties like soil texture, total metal burden, and organic matesrtco
(Sauvé et al., 2000as well aghe concentratiorof organic and inorganiligands insoill
water,thefree metakconcentrationn solution and pHAs already mentionegH is regarded
as a master variable of s@iblution systems because it influences most of the chemical
species, especiallyetal hydrolyss, deprotonation of organic acidmdequilibria in the
carbonatesystem(Sauveé et al., 2000)The pH also influences the competitive binding
between metal ions and protonsctay minerals and oxideand dissolved ligandSipping et
al., 2003)

The solidsolution partitioning alone fails to differentiate the metal species present in solution.
Total dissolved metgdMe) concentration is made up by the sum of free m¢kaé>*), other
inorganicmetalspecies likeMe(OH). , Me(OHg*, MeHCQ: -, MeCQs , Me(CQs)2%, MeNQs

*, MeCl, MeSQ, as well axomplexes withnorganic ligands lik&©OM (Sauveé et al., 2000)

It is importanto differentiate between theseegjes,as the different species are associated
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with different relative bioavailability and toxicity. It is therefore desirable to assess the
speciation of thelissolved metal fraction to further improve our understanding of the real

environmental risk ass@ted with thecontaminatedoil in question.

The equilibriumbatch approach, as described here, addresses the labile metal species in
solution only, which is importarior theassessient ofmetal mobility and transport.

However thebioavaildble metalspresent in soiladditionallyinclude the geochemically

active metalsn thesolid phaseandin dissolved complexe@Imas & Singh, 2017)A direct
approach to measure bioavailability is by the use of DGT® (Diffuse Gradient in Thin Films),
a passive sampler in the shape of a small plastic device that is ineaatedtersaturated

soil sample. The bioavailable metal measured here is defined as the chemically labile metal
fraction in pore water in addition to the geochemically active metal in the solighbois &
Singh, 2017)The readily available metal ions diffuse through a filter and a diffusive layer
and accumulate oa negatively charged Chelex resin in the innermost part of the DGT
device. As the readily available metal ions accumulate on the resin, the immediate metal
concentration in the soil adjacent to the device lowereadékrease in themetal solute
concentrabn in the interface of the devigeduces replenishment of dissolved metal ions

from the solid phas&his effect is not included in conventional methods, like metal
extractions with dilute salt extracts that way, the DGTanmeasure the bioavailable

fraction to a greater detail.

A combination of these methods is used to assess the contamination stateleicted sils

in this thess. Experiment 1 is a batdiitration experiment aimed to determine i) the solubility
of selected trace metals, and ii) their speciation in solution, by the use of WHAM speciation
model. Experiment 2 is a DGT experiment aimed to measure the bioavailable fraction of the

selected metal® the same soils.

2.2Biochar

Biocharis a carborrich productthatcan be produced from a range of organic materials
through the process pyrolysis,which involvesburning of organic materiakst high
temperatures350°C)under anoxic conditiondHofstad, 202Q)Biocharhavebeenproven
effective for remediation of contaminatedil and is also used asoil enhancefor degraded

agricultural soilsBecause biochar can be made from most organic mate¢hialsse of
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organic waste producter making biochamake wayfor a sustainable way afosing the

loop (Palansooriya et al., 2020)

Biocharhasbeenshown toresist microbial degradatiqirellet et al., 2011 )hencetheorganic
carbonsequestereth biocharis highly recalcirantasillustrated by thee 000220006 yearold
Terra Preta sas] a result of incorporatebiocharin soilsby ancienindigenouspopulationsn
Amazona. TheTerra Pretaoilsare characterized Ryigh fertility, greater CEC and nutrient
retention(Fellet et al., 2011; Mia et al., 2017Mhe C sequestration aspetthe biochar
contributego mitigating climate changas it is anetcarbonsink thatallowsa stablecarbon
poolto build up in soilgWinsley, 2007) The use obiocharcan therefore be described as a

low-cost sustainable way to improve highly degraded laiddlet et al., 2011)

The chemical and physical propertiedaicharmay vary depending on several factors, such
as the type ofeedstock and the charring conditiqifiellet et al., 201). The main properties

of biocharthat contributes tthe efficiencyin immobilizing trace metals igenerallyrelated

to: i) The increase in pH associated to tbatent ofalkalineminerals inashedrom the

charring processi) Precipitation of metals with C# and/or PG> speciesespeciallyfor Ph.

iii) Net negative charge that contributeslectrostaticadsorption of cationsv) General
contribution of ligher specific surface ar@ad microporess) Complexation reactions with

functional group®n biochar(Palansooriya et al., 2020)

As mentioned, thebiocharitself degrades slowly in the natural environment, with an
estimatectarbonhalf-life of 10?-10" years(Zimmerman, 2010)t shouldbe notedhat
leaching ofalkalinity is an aging effect that mightduce the effectivenes$ metal
immobilization over timgO'Connor et al., 2018; Palansooriya et al., 2080Wwever,when
comparingthe aging effect ofalkaline astio liming, themost widely adoptedetal
immobilizing soil treatmenta study byRuttens et al. (201®&uggest that thienmobilization
effecton metals in soils remediated witlyclonic ashwas more effective iwithstanding the
aging effeccompared tdiming (Fellet et al., 201). The effect of cyclonic ash is comparable
to the effect fom biocharrelated akes althoughbiocharonly contributes witlsmal

guantitesof ash when compared.

Dissolved organic matter (DOM) teebioavailable and mobilraction of organic matten

soil defined as the fraction of organic mattesolutionthatis smaller thar5 um. Around
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50% of DOM isdissolved organic carbaidOC), referring to the elemental carboontentof
DOM. High DOM in soil facilitates the formation of soluble metal complexasreasing the
soluble and mobile metal fractigRalansooriya et al., 20233dding biocharto soilscan
potentiallycause higher DOM solubilitrom the mineral phasthough an increase in plds
well aspotentialsupply of DOM fom thebiocharitself. By contrastthe microporesn
biocharmight sorb DOM angjive a subsequent increase of negatively chafgedtional
groups o thebiocharsurfae, whichin turn can enhance the retention of mef&igene et al.,
2018; Smebye et al., 2016) has been shown thiite DOM bindingeffect is governed by &
size of the DOM in question, where smabdiphaticDOM moleculeshavelarger affinity to
biocharthanlarger aromatic oneslue to size exclusion of the microparb®reover,the
extent of DOM binding tdiochardepends on the ionic strengthd pHof the solution
(Smebye et al., 2016yhe amount of DOC redse from théviocharitself is related to
pyrolysis temperaturavhere pyrolysis at higher temperatuieassociated with lower DOC
concentrationsin turnthis reduces mobility ofetals with high affinity to DOMIlike Pb and

Cu(Egene et al., 2018; Palansooriya et al., 2020)

A wide range of studies have been carried out over the last few years to evalpaterttial
of usingbiocharas a measure to recover contaminated léali€t al., 2019; Fellet et al.,
2011; Houben atl., 2013; Lehmann, 2007; O'Connor et al., 2018; Yang et al., 28@0)e
have showrareduction inPb and Zn mobilityup t0100% in acidic soils amended with
biocharproducedat 700°C (Ahmad et al., 2017)The effect wasiscribed tanetathydroxides
precipitation due to biochanduced pH increasénother studyfEgene et al., 2018ported
a 66% ad 77% reduction on pore water Cd andcomcentrationsrespectivelyaftera 3-
yearperiodfrom the aldition of 4wt% holmoak woodiochar(pyrolysed at 650C) to soils
in Campine regionsituatedn the north-easterrBelgium and soutleasterrNetherlandsThe
amendment effect was ascribed to the consistently higher pH and lower concentrations of
dissolved organic carbon (DOC) in tamendedsoils Themonitoring over 3 years
additionally foundthat tre immobilization effecremained relativelgffective over tine,
without significantbiocharagingbeingdetectedA critical review papefPalansooriya et al.,
2020)investigating the effects reported frdnochartreatment based on >60 published
articles found that themedian values afnmobilizing efficiencyof biocharfor Pbwas >85%,
Znwas70#7%, Cu>85% andeffects onCd was5060%
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However, som@egative effects related to the additiorbafcharhave also been detected

known problem with usingiocharamendments ommulti-element polluted soils is ¢h

mobilization ofoxyanions likeAntimony (Sh) andArsenic @As). The effect is ascribet the
biochar-inducedrise in pH,competition with phosphate anepulsive electrostatic forces

between the anions and the net negatively charged biochar d@faet al., 2020)Another

negative effect can henwantedelements or hazardous chemigalssent in the biochar itself.

For example, @aper byFellet et al. (2011jliscovered that th€u leachability increased with
increasingbiocharapplication rateand concluded thahis was related to high Cu levels in
thebiocharitself, and further issue that more research is netlkxbk intothebiochar

contribution of other hazardous orgatfdKHPLFDOV OLNH 3$+fV 3&'" DQG RWk

Thepotential difference iffectsof biocharapplication afield versus lalscale ismportant
to recognizeThe effect olbiocharonimmobilizing trace metals in contaminated landiéid
scale was reviewed Wy'Connor et al. (2018Yhe paper evaluatezb field studies from 8
different countrie and found that the most importdnbcharfactorsgoverning the effect
included biochar properties, feedstock tyaeplicationrate soil properties and
meteorologicafactors.The papeconcludeghat biochar applicatiooanpotentially reduce
contaminant bioavailabilitalso at field scaldMoreover thereviewarticleby Palansooriya et
al. (2020)concludeghat soil amendments suchla@schar compost and otheese
recommended due their high efficiencyas soil conditioners and immobilizing agents, low

cost, applicability and economic feasibility.

2.3Acid mine drainage (AMD)

The main source AAMD is the oxidation osulphide mineral ore@ypically PbS, ZnS, CusS,
FeAsS)exposed though mining operatio. the metalsuphides pyrite (FeS) is regarded
as themain mineral responsibfer generating AMDdue to itsease obxidation reactions

when exposed to oxygen, water and microorganitegeni et al., 2017)
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—>  Fe(ll) + S3~

a
FeSy(s) + O, @) » SOF + Fe(ll)

Fast
+ Oz | (b) (c) | + FeSy(s)

Fe(lll) —= Fe(OH),

Figure 1: Acid mine drainage reactionStumm et al., 1996)

The AMD can pose severe problems to the local environ@giitigenerates pollution to soils,
water sources and aquatic communities. The environmental problems of AMD are associated
with the low pH, highconcentratiorof potentially toxicdissolved metalée.g.Fe, Cu, Zn, Cil

andmetalloids(e.g.arsenicand antimony)

2.4 Diffusive gradients in thin filmgDGT)

TheDGT is a passive sampling technique usedi@asuring inorganic ion concentraigon
soil solution, water and sediments. The techniqueségulfor assessing environmentally and
biologically relevant concentrations and related potential effects on living organisms
(Puschenreiter, 2017y he DGT is a 2.5 cm diameter plastic devishjch includesa Chelex
100 resin for cation bindingheDGT is depbyedfor a set period of time soil, water or

sedimentin- or exsitu, andcan give a quantitative estimate of the labiletalfraction
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Figure 2: lllustrative crosssection of the DGT showing the main parts of the device. The size of the plastic base/piston is 2.5
cm in diameter. The device is placeith the membrane filter directly dovimo soil or sedimentlllustration takenfrom
Hooda et al. (1999)

The DGTmeasureshesum ofdissolved speciesndthe labile metal fractiobound tothe
soil matrix.Metalions in pore watemwhich are depletedt the DGT surfacewill be
replenisied through desorptioof the labilemetalfraction from solid soil to the pore water.
Both of these metal fractions widiffuse into the cation binding resin in tb&T. Thus, the
accumulated mass of catiorepresent theum of the labile cations porewater plus the
desabedlabile fraction from soil surfaces during time of deploym@iie theory of cation
TXDQWLILFDWLRQ L Ghaflukmoraht2/s1) bif Odtithy infoGhe Chelek00
UHVLQ PDNLQJ XVH RI )LENTV ILUVW ODZ RI GLIIXVLRQ
coefficient (cm2 sl) and dC/dx (mol crd)) is the cacentration gradientyvhere labile
cation solutes are accumulated by-ovey diffusion flux as thechelex resirworks as an
ultimate sink of the metals within the set timeframe. The metals diffosethe sd though a
protective membrane filter arathinert welldefined open pored hydrogel (coined the
diffusive gel), as illustrated iRigure3. Thediffusive gelalsoacts as a filtefor metal
complexes larger than tipere size of the diffusive gel. This allowaly metal ions,
inorganic and smatirganic metal complexde pasghroughand be measureth addition to
the labile meta in largercomplexes that cadissociag in the interfacand pass though the

diffusive gellayer(Gimpel et al., 2001)
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Figure 3: lllustration of the two mechanisms of release and diffusion from thenatiiix and the concentration gradient in
gel layer within the DGT device. lllustration foi(i et al., 2019) The green line can be interpreted as a linear relationship

between distance from soil in the diffusive layeaxXis) and conceration (y-axis) when the metal supply is unlimited.

The mass of metalaccumulated (M) can be calculated from the BI#¥ment analysis of the

Chelexresin given inug/l (Ce), according to the following equation:

M = Ce (Wino3 + Vgel)/ffe Equationl

The concentration of metal measured by DGIDGT) at the interfacef theDGT in contact

with soil, can be calculated using equation:

C-DGT = 0 Gg/DtA Equation2

Tablel: Sumnary of parameters for Equati@il and2. Content compiled frorthe official DGT® websitedgtreaseach.com

Equation Explanation Unit Value
parameters

A Exposure area Cn¥ 3.14

t,6 Deployment timgafter 6 hours) seconds | 21600
t,48 Deployment timgafter 48 hours) seconds | 172800
aJd Thickness of diffusive gel afilter membrane cm 0.094
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VHNO3 Volume of HNO3extractantadded to the resin L 1.0E-02
V gel Volume of thegel L 1.60E04
fe Elution factor assuming thathe extractant is ablg - 0.8
to extract30% of the metabound to the resin

Dcd Diffusion coefficient of Cd in the gel cm?/s 5.61E06
Dcu Diffusion coefficient of Cu in the gel cm?/s 5.74E06
Deb Diffusion coefficient of Pb in the gel cm?/s 7.40E06
Dzn Diffusion coefficient of Zn in the gel cm?/s 5.60E06

The ratio of metal mass measured in DGT at 48 houes the mass measured in DGT at 6
hours can give an indication about the kinetics of metal resupply from the soil to théfDGT.
the ratio is 8 (28/6=8), the supply of metals to the DGT is regarded as unlimited as the soil
solution sustains a constanineentration in the interface of the DGT device over time. This
suggest that the metal replenishment from the geochemically active soil fraction is not
kinetically restricted. If the ratio is above 8, the geochemically active metal soil fraction
supply moremetal to the DGT device than the replenishment initiated by the equilibrium
solution around the DGT devic€his can be possible due to the high milliequivalent
associated with the DGT resin, causing the DGT to be an ultimate sink of geochemically

activemetals.

3. Kabwestudysite

The Kabwe mine is located at 1180 m elevation at latitude 18@W longitude 28°28 in

Central Zambia, about 110 km north of the capital, LusBka.annual mean temperature and
precipitation is 20.7°C and 919mm, with most of the rain falling between September and May
(Climate-data.org)
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Figure 4: Map showing the position of Kabwaead the capitol, Lusakan Zambia Map Compiled from googlearthpro

software
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from mine
tailings

Figure 5: Map showing the spatial position of the sample sites in Kabwe. @tmemiing areas situatedwithin the area
outlined in black Theminetailings closes$ to the sample areare deposited alonthe southernmost eastestfixed black
line. The distancéo each samplaspresented in the tabie measured frorthis line Three replicatesoil samplesvere

gathered at eachample pointMap compiled from Google earth psoftware.




The soil in Kabwe has developgdm the weathering residue of a range of different
geological bedrocksand is influenced by different topography and moisture regimes, in
addition to areas with strong anthropogenic influences EHN HW .ORe soils in the
area are dominated by Ferralsols, which represents the highest stage of parent material
weatheringandhave a thin humus layer. However, due to the mining activities in Kabwe,
some areas also may clagsak Technosols. tEHN HW .O0Ok Pb and Zn contents in
the Kabwe soils can in some areas reactw®6 and 3 wt%respectively(Tembo et al.,
2006)

Under its operating years, the Kabmée ZDV =D P E L prHduceriRD and Znith a
productiontotal of 1.8 million tonnes (1.8 milliont, respectively The mine also

contributed withrelatively small amounts of o#fr tracemetals such a8d (235 t), Ag (79 t),

Cu (64 t), and fused vanadium (V) oxidkeDPRQD )JULHGULFK . tEHN HW
Nakayama et al., 2011)he major ore minerals in Kabwe are mostly confined to massive
dolomites and include pyrite [FgSsphalerite [ZnS], and chalcggte [CuFeS]. The major

non-sulfide ores include cerussite [Pb&Qvillemite [Zn2SiO4], smithsonite [ZnCG and V,

As, Mo andCu minerals .DPR QD JULHGULFK . tEHN HW DO

Pb
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/

Figure 6: Distribution of Pb, Zn and Cun soils aroundKabwe Thecontour mapresentghe concentration in thepsoil

collected0-3cm and thecolor- filled circlespresent theoncentrationsn subsurface soitollected af70-80cm depthThe
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bright pink line indicates theapproximatdength of thesampletransectfrom this studyaspresented ifrigure 5. The naps
arecompiledfrom . tEHN HW DO

Figure6 shows the distribution of metals in the area around the mine, given insiital
concentrations (mg/kg).hepollution isrelatedto a combination oflust falloutand
emissiondgrom historicalZn-Pbsmeltingoperationssuspended dust from tailing ponds and
slag depositan addition toemissiondrom an active s of 2019) ferromanganese smelter

. tEHN HW .O®edust generation is described as generally higiréadike Kabwe
due to theprolonged dry seasoifihe spatiatlistributionpatterrs concurs with the south

easterly to easterly windirectiondominatng inthearea . tEHN HW DO

One of the major pathways of ttrace metal$o humansn Kabweis thoughingestion of soil

dust, especially among childrefihe exposure to childnen linkedto outdoorplay and partly

also due to their short heiglats it increases their exposuoedispersed particles. tEHN HW
al., 2019) In addition to direct exposure though dumgestion it is known that egetables

grown in heavy metal contaminated soils can pasgkao human healtfor the people that

live close to mining areg&achenko & Singh, 2006As local agriculture igriented around

the production of vegetablssich acassava, swegbtatq rapeand lettuce . tEHN HW DO
2019) a part of this master project is to assess the bioavailable fraction of Pb, Zn, Cu and Cd

present in the soils of Kabwend the effect of biocharremediation.

Many different remediation methods have been tried on the soils of Kabwe, namely
phytoremediatio(Leteinturier et al., 2001; Mbuki & Mbewe, 2017; Yoshii et al., 2020)
bioremediation(Mwandira et al., 2019a; Mwandira et al., 201, 9tgtoxification of lead by
coupled extractioltementation methoSilwamba et al., 2020humate and superphosphate
amendments. tEHN HW ,@d@immobilization bydolomite,calcineddolomite, and

magnesiunoxide (Tangviroon et al., 2020)

Theextensive studpy . tEHN HW Bsoil contamination near the Kabwe £
smelter provides an assessmeninf/ironmental impacts angeverdproposedemediation
measurs. The gudy included a planawvailability study(diethylenetriaminepentaacetic acid
(DTPA) andtriethanolamind TEA) extractabldraction)of potentialharmful elements,
revealing that a significant proportion of tbentaminants are present in a planailable
form. The studystates that theoil in areasused for cultivation of vegetablstould be
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removed to a minimum depth of 30 cm. However, the paper fughigeghe problem related

to thecost ofthis measureandrecommend cheaper methods for land reclamation, with the
aim ofachievinga stalilized immohile formsof the Pb and Cdri highly contaminated areas.
The paper looked intamendments diumateand triple superphosphate (TS®)utiors,

tested separatelyand as a mixApplication of TSP showed that the plant availability of Pb
and Cd decreased significantlyhe TSP and humate mixture did not have a significant effect
in reducing the bioavailability d?b, Cd and Zn, relative to the TSP treatment aldhe.
plantavailability of Zn was not affected by the phosphate treatnidat effect of biochar was

not asessed in this study.

Another réevant studyis a P D VW H U 1 \KapakduM (202@rom the University of

Zambig whocarriedoutcolumn experiments to assess ithenobilizationeffectof biochar
onZn and Phmobility in Kabwesoils. The experiment used 2% and 4% pine wood biochar
amendmentin addition toa lime treatmentresulting in aoil pH similar tothat ofthe 4%
biochartreament The main findings showed that 48t ocharamendment helped reduce the
leaching as well athe bioavailability of Zn (61% reduction, p<0.Q®)hile increasng

leaching andioavailability of Pb (28% increase, p<0.05), with similar results for the lime
treated samples. These results are contrary to manyretierpublications(Dume et al.,

2016; Fellet et al., 2011; Houben et al., 2013; Karami et al., 2@hldch indicate that
treatment withbiocharreduces leachable Pln. her thesis Kapandukuggests that the
unexpected increased leaching of Pb maybe due the lack of appropriate filtration of the
leachate so that the colloidal fraction is not excluded. Thus, further study using finer filters
and speciation analysis of the leachate to prevesrestimation of dissolved Pb by including
colloidal Pb as part of the dissolved fraction is warranted. The stated suggestion has been

considered, hence finer filters and speciation analysis is carried out as part of my thesis.

Another P D VW H U (Kéb&gds PDYIpNésented resulfsom a field studyshowing that
addition of 4.5vt% biocharreducedhe Pbconcentrations in the mobifeaction of the soil
andimproved the establishment of lemongradse results werattributedto reduced soll

acidity, increase soil carborand generally red@t exchangeable amount of Rbsoil.

Fellet et al. (2011ytudied the effects @pplication ofbiocharon mine tailingsn general

The studyconcludedhat theeffects on decreased bioavailability@d, Pb and Zimn addition

25



to soil enhancement resulting iimcreasedvater and nutrient retentiparein favor ofbiochar

applicationgo polluted environments

4. Folldal study site

Folldal is located in the northern part of Innlandetinty in central Norway at an altitude of
700 meters, at latitude 62°NLand longitude 10°0E. The Folldal town center is surrounded

by pristine mountain areas, with the mountain park of Rondane in close proximity.

Figure 7: Map showing the position of Folldal in Norwaylap compiled from Google earth pro software.
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Figure 8: Location of sampling points in FolldarheFolldal towncenter is situated in the center of the mieliap compiled

from Google earth pro software.

The climateas characterized as dry and cold, and the region is regarded as one of the most
arid in Norway, with a mean temperature of 4°C and mean annual préaipaad360mm,

generally concentrated in the summer months.

27



The first ores in the area were discovered by a farmer in 1745, and the production was
concentrated in two periods; from 1748 to 1878, and from 1906, until the economical viable
resources were depleted and the mine closed, in (Eltlal gruver, 2021)Thevast mass of
tailingswasdeposited in the immediate areas around the nirseirveycarried ouby NGI
(Kvennas et al., 201%)etected dur main areasf the deposited tailirgy whichareregarded

as the main sourcggenerating AMDto the River(Figure9); Old mining area (N), Main

mining area (S)Sludge pool (A), and industrial area (Chesamplesn this thesisvere
collectedfrom area N and A, alustrated inFigure8. These areas also show the highest acid
generating potentiags illustratedy the legend irFigure9. Themeanannualamount of Cu
leached to Folla from the area is estimatede®5-20 t,where thehigh concentration

episodes are linked tonoff eventaused bygnowmeltandrainfall, mairly concentrated
betweenApril -SeptembeKvennas et al., 2015)
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Figure 9: Main areas contribting to Cucontamination in FolldalOld miningarea(N), Main mining area (Skludge pool
(A) and industrialareaC). Yellow outlinedsampleareascorrespondo those inFigure 8. Brokenblack lines illustrates
surficial drainage patwaysto Folla river. Legend is related to underlying miayer describing acid generating potential.

All othe mapnotationscan beignoredfor the present studyvlap compiled froniKvennas et al. (2035
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5. Methodologyand procedureis field and laboratory

5.1Field work, Kabwe

A total of 15 soil samplea 1 kg werecollectedfrom 5 sample point§Z1, Z2, Z3, Z4, Z5)in
triplicate, with increasing distandeom the mine tailingsThe sample points wereollectedalong
a1589meter longsouthbound transefriom the mine tailingsaspictured in the map ifigureb.
The samplesverecollectedfrom theupper 10 cm of the soilith a shovelandkeptin 3L zip-lock
bags.The replicates wereollectedwith a 1-meterspatial interval at each sample poifilhe
samples wereollectedthe 229 of May 2020, stored cool and dry until shipmand arrived
in Norwayin the end of Augus2020. Sample pretreatment and lab analysiscarried out
from Octoberto DecembeR020.

5.2Field work Folldal

A total of 5 samples wemllectedfrom Folldal, 3samplesl U R P W KrtihitdRa@e6&(N)
area and 2ampledrom the dilot area (A) as seen ifigures 8 and 9. The tailings in Folldal
areamixtureof different mineresidue hence thsedimentomposition and heterogeneity
varies equallyas muchn thehorizontalas in the verticablane.To ensure that the collected
samples was representative to tieterogeneity of the tailings, the sample points whosen
based on theurfacecolorationof the tailings Thecolors varied from green, yellow, red and
dark purple, as illustrated in picauof the dispersed samplesHigure10. The samples were
collectedfrom the uppen5 cmof the tailingsandhomogenized in &argebucketto get a
representative sampl€he samples were collected thé"2thd 3¢ of Septembe2020and
storedand transported in 3L plastic zipck bags Pretreatment anidb-analysis was carried

out from October to December 2020.

5.3Biochar

The particulabiocharbatch used in this thesis has previously been extensively analyzed
through the work oMuneraEcheverri et al. (2018with the main prperties presented in
Table2.

30



Table2: Biochar properties.Data compiled from(MuneraEcheverri et al., 2018)

Pyrolysis | Charring DM of
Feedstock Pretreatmer| pH* | CEC* | OC | Ca K Na | Mg
temp. method biochar
°C Sieving % cmol+/kgl % | g/kg | a/kg | g/kg | g/kg
Earth
Pigeon pea bioch 600 mound | 0.5-2mm| 955 | 104 |6.5415| 561 | 12 15 | 030 | 83
kiln

* Measured in 1:5 ratio of deionized water and raw biochar.

** CEC values results from two different washing procedured/inyeraEcheverri et al. (2018)

Thebiocharfeedstock used was pigeon €ajanus cajan)The feedstock was pyrolyzed to
around 600 °C in an earthound kiln in Mkushi, Zambia, and wasushed andieved to 0.5

+2mmbiocharfractionsprior toanalyses and soil application.

5.4Sample preparatioand soil chemical analysis

5.4.1 Sample preparation

The 15 Kabwesampleswvere dried in a drying cabinshortly dter collection beforethey
were storediry andshipped & Norway Upon arrival the samples wedeed againovernight
in a 45C drying cabinetTheFolldal samples werkeptfield moist for 22 days after being
sampledbefore they werdried in a drying cabinet at 45diiringthe 5 following daysAfter
drying, all soil samplesveresieved thougla 2mm meslstainlesssteelwith a porcelain
pestle The samples wergtoreddry in 3L plastic ziplock bags A fraction ofeach amplewas
crushedwith an aga mortar machineprior toanalysis of total composition and total carbon

(C) and nitroger(N) content

5.4.2 Soil organic matter (SOMand pH

pH

For pHmeasuremeniO mlof soil sample and 25 ml wateraw added to a plastic beaker and
shakerby hand until the soil was digpsed in watefThe samples were allowed to settle
overnightandwasre-suspendethe next dayndleft to settlefor 15 minutes beforpH was
measureavith MeterLab®HM210 standard pH meteFhe pH meter was calibrated using
pH 4 and pH 7 standards.

Soil organic matter (M)
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Loss on ignition (IOI) anddry matter DM) wasmeasuredjravimetricallyby heatinghe
samplesn an oven 8105°C overnight toneasurehe dry matter content (DMjhis was

followed byLOIl determinatiorby heating theamples in anuffle ovenat 550°C for more

than3 hours.For mostsoils, the LOI value gives a good estimat&OM. However, to

prevent overestimation of SOM in mineral soils due to weight loss caused by evaporation of
crystalline wateassociated witkelaysat high temperatures, a correction figure related to clay

content waspplied(see appendix tabke 1).

Thehigh sulphur(S) content for thd-olldal samplegnterferad with the LOIlvalue(see result
section) Hence, the SOM value for these samples were estimated by multiplyiogyérec
(total) carbon valuevith aconversion factor o2. This is based on the assumption tiwdéal
carbonis a measure fagsoil organic carbon (SOGue to lowinorganic carbomrontent and
thataround50% ofthe elements ISOM iscarbon as described bigribyl (2010)

5.4.3 Cation exchange capacity (CEC)

3.00 g soil was suspended in 50mL 1M NH4CH3CO2 (100 mL Erlenmeyer flasks) overnight.

7KH VXVSHQVLRQ ZDV WKHQ SDVVHG WKURXJK D :KDWPDQ&
volumetric flask, followed by a dilution to 250mL by NH4CH3CO2. The concentratibns

Ca, Mg, Na and K was determined by the ICP analyzer, whereas exchangeable acidity was
determined by titration (1IN NaOH) to pH 7.00. The exchangeable acidity (expressed as H+)

and base cations was corrected for dilution, valence, atanticsoil mass tpresent the

results in units cmol(c+)/kg. The CEC was calculated as the semctbéngeable acidity and

Na, K, Mg, Ca in cmol(c+)/kg. Base saturation (BS) was calculated as the percentage of base
cations (Na, K, Mg, Ca) in the total CEC.

5.4.4 Total carbon(C) and nitroger(N)

After weighing in150 mg crushed soil sample was washed with 2M &i@dIfiltered using
Whatman GF/F glassfiber filter for removal of soil carbonates. The samples were washed
with deionized water to remove excessive chlorinbioived by drying at 7 in a drying
cabinet.The dry samples were added Iron Chip and Copper Metal Accelerator to stimulate
combustion of the sample in the analyzer instrument; Leco 628 feleesental Analysis by
Combustion. The method of dry combustion method was carried out as describledision

and Sommers (1996 he main principle of the carbon analysis is based on combustion of the

32



sample al050°C, where all emitted C£s quantitively measured in an infrared cell, giving

a measurement of total carb@um of organic and inorgan) in the sample.

Total N was measured by tBeimasmethod described iBremner and Mulvaney (1982)
The principle is similar to that of tot@l. The sample is fully combusted, and N§ases are
further reduced by copper taNvhich is measured by a tineal conductivity cell in the Leco
CHNG628 instrument.

5.4.5 Particle size distribution

The unsortedhature of thd-olldal samplesnade itproblematicto get arepresentativeample
to theanalysis chamber of the lag#ffraction analysisnstrument Bechman coulter
LS13320 Laser Diffraction Particle Analyzekdditionalcomplicationsvererelated tathe
magnetigoroperties oparticlesin the Folldal samplesesulting inexcessivesedimentationn
the metallic sample chambés a result,ie pipette method wasedto analyze the particle
size distributionas the methogrovedto experiencdess interference with the properties of
theFolldal samples. The pipette method was carried éutl0 samples, oneeplicatefrom
each of the following sample poinf&l, 22, Z3, Z4, Z5, E, F2. F3, F4 and F¥-igures 5 and
8). The sanereplicatesample included heravere used in further experimenBGT and
Batch.

The pipette method is divided into 4 steps

1. PretreatmentRemoval of SOMand amorphous compounds (cementing agents) and
disperson of particles insolution.

2. Pipette methodTo measure silt and clay fractiobyg fractionation ofthe particlesizes
according to the sedimentation rate of a spherical particle falls in water with a given
density basedonth& ULQFLSOHYV RI 6 WRNHYfV ODZ

3. Sieving: tomeasurghe sand fraction

4. Drying: to establish a weight percentage of all the particle size fractions

For the pretreatment0gsoil sample was added &am800ml glass beakgfollowed by 20ml
water andLO mL of 35% HO:2 to oxidize organic mattetJpon completion of theeaction,
additional10 mL of 35% HO2was addedDuring thesecondaryeaction the beakersvere
moved to a heated plaa120°C to boostthereaction To evaporate any excessive®, the

beakersverefilled with water andeft to evaporat®n the heated plate until 90ml solution
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remained The beakes werethenre-filled with distilled waterandaddedlO0 mL of 2M HCI
was addedo dissolvethe amorphous compoun(isg. carbonates, oxideatmay cement
individual particles.In addition,3 drops oftM MgClz were addedo increase the
sedimentation velocityThe samples were then leftdettleovernight The following washing
procedurevas carried outwo times overwaterwas emove from thebeakers with a suction

hoseandthe beaker waefilled with wate andto which3 drops of MgCGl were added.

A strongexothermic reaction occurrechen theFolldal samplesvere added kD2in the

pretreatment processrobablydueto anoxidationreactionof thereduced compounds (e.g.
sulfides)in themineral phaseTo prevent the reactidinom alteing the particlesizeof the

samplesthe Folldal samples were excluded from the pretreatmiht H202 prior to

analyang by the pipette metttb The main aim of the pretreatment isgémove any organic

and amorphoumatter from the sampleBolldal samplegontainminor quantities obrganic
matter,and although some amorphous materials may be present, the exclusion of this step was
not regardedsa major inaccuracy.he rest of the proceducd the pipette methofibllow the
description of Campbell et al. (1986); Elonen (197 With the setugaspictured inFigurel0.

The soil texture was classified according to the soil texture guidgiaim et al., 2006)
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Figure 10: Picture ofthe pipette andispersed sampleBrom left:Z1, 72, Z3, Z4, Z5:1, F2, F3, F4andF5 (see figures 5
and 8).

5.4.6 Total chemicalcompositionof soils- element analysis

A total of 20soil samples;15 from Zambia and 5 from Folldal, wandyzedwith respect to

the total concentration of Al, Ca, Fe, K, Mg, Na, S, Zn, Cu, CdTR&decompotion of the
samples were dor®y ultra pure (UP) concentrated acid making use of an in UltraCLAVE
microwave digestion system from Milestone in teflon test tubes at 260°C. A mixture of UP
HNO3 and UPHF was used for the extraction of K, Na, Cu, Rhereas UPHNO3 was

used for the extraction of Al, Ca, Fe, Mg, S, Zn and Cd. The element concentrations in the
final extracts were determined by either an4QBS, or and ICIMS. Reference material

(NCS DC 7332%and blanks were included for quality assment

5.5Diffuse gradient in thin film (DGTgxperiment

Theexperimenincluded threessamples from Kabwe, and two from Folldsdjl sample Z1,
Z3, Z5, F2 and F4The experiment was conductedh and without the addition dfiochar
The experiment hativo time intervalsof DGT deployment tira of6 and 48 hour€Eachsoil
sample withtreatmeims BC=biochaj and time interva(6 and 48 hjhad DGTmeasurements

in triplicates as illustrated irfFigure1l.

DGT in triplicate

DGT in triplicate
48 hours

Soilsample

DGT in triplicate,
6 hours

no BC

DGT triplicate,
48 hours

Figure 11: Schematic figure of the experimaitetup This was carried out for 5 s@hmplesWith biochar (BC) and 5 soil

samples withoubiochar (noBC). DGT devices were set up in triplicate in each sample for both exposure times.
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The DGTdeviceswere kept intherefrigeratorprior to use asrecommended by the producer
Thefive soil samplesn two parallelseries(one with and one without biochaxereadded to
ten15x20cm plastic boxeswith asoil depth of minimum 2 cniThe series with biochar
consisted of 4wt% and 2wttiocharfor theKabweand Folldal samplesespectivelyAll
samplesvere saturated with distilled wat&r 100%of thewater holding capacitgnd leftto
equilibrateovernight Six '*7 §V Z bddéd taeach boxhe following day where3
replicateswereleft for 6 hours, an@ replicates left fod8 hoursThe boxes werkept with
lids onduring this time to ensui@nstansoil saturationimmediately afteremoval,
excessive soilvasrinsed off the devicwiith distilled water to stogliffusion. After rinsing

the device asdisassembledndthe Chelex resin wasarefully separated from tltevice and
placedin individual 15mL plastic test tubes containib@ mL 10%ultra clean HNGfor
conservationThesamplesvere kept irntherefrigeratorprior toelementanalysisDue to
considerable variations in element concentrations between the sapgid€P-OES and
ICP-MS instruments, Wich havedifferentelemental detection limitsvere used to analyze
the eluats. The experimenalso ncludedfour DGT blankskept in original packaginduring
theexperiment Theywereconservednd stored in the same m@eras therest of the amples
after experiment completiofourblank samplesf theUP-10% HNQ usedfor preservation

werealso included

5.6Batch titration experiment

This experimentvasbased onhe same five soil samplesincluded in the DGExperiment:
SampleZl, Z3, Z5, F2 and FA heaim of thisexperimentvasto measure thequilibrium
concentration of dissolvedetalspecies in solutionf 0.01M KClbackground electrolytand

to assess how pHas a master variahlmfluences the solubility andsolutionspeciation ofb,

Zn, Cu and Cdh these ifve soils. In addition in a parallel seriethe effect of biochar addition

on the metal solubility is investigated. The biochar used in this study had been produced from

pigeon pea biomagsee sectiob.3).
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Triplicate titration series
Each series includes a

gradient made up of 6
batch subsamples.

Soil sample

Triplicate titration series.
Each series includes a pH
gradient made up of 6
batch subsamples.

Figure 12: lllustrative setup of théatch titrationexperimentThis was carried out for 5 soil samples whtlochar (BC) and

5 soil samples withoddiochar BC). A titration series obne soil sample consisted of 6 individual batches in which the pH
had been manipulated through the addition of 0.01 M HCI (Kabwe soil samples) or 0.01 M KOH (Folldal soil samples). All
batches had as background electrolyte 0.01 M KCI.

The batchsuspensionwere made byaddingl.00-4.00g soil (seeTable3) to 50mL plastic test
tubeswith abackground electrolyteolutionof 40mL, containing0.01M KCI andvarying
concentrations ofither0.01M HCI (Kabwe soils) 00.01M KOH (Folldal soils;seeTable3).
An electrolytebackgroundolutionof 0.01M KCI waschosen to ensumeasonablyniform
ionic strength in alsuspensionsThe solid:solutior{g/ml) ratio was 1:10 for th&abwe
samplesand 1:40 for FolldalThe low ratioof the lattewasrequireddue to the high
exchangeable acidity presentire mine tailings(see map ifrigure9). Thepigeon pea
biocharaddition was set to 4wt% for thkeabwesamples, and 2wt% for the Folldal samples.
With background electrolyte (0.01 M KCGiJonethe equilibrium pH of the soil samples from
Kabwe was about 6, while for the Folldal samples this about 2. To create a similar pH range
for the suspensions of both seiiute strong acigHCI) was added to Kabgvsamples and
dilute strong bas@KOH) to Folldal samplesThetitration seriegor each soitonsisedof 6
batchsampleswvith an increasing amount of added H®abwe) orKOH (Folldal), creatinga

pH rangecovering aminimum of2 pH unis.

Table3: Summery of the Ibehtitration experimentThefull experimentncluded triplicates of all titration seriesdescribed
in the tabé and was carried out iparallel; with and without addition dfiochar. Three blank$rom each batctof KOH,
HCIl and KQ usedwerealso included

Soil Sample T:;a:;[;osn Soil (g) |Biochar wt% O'O%r'\n/ll_l)(OH O'O(lmML)HCI O'O(lmNII_)KCI
Z1 a 4.00 4.00 - 0.0 40.0
Z1 b 4.00 4.00 - 4.0 36.0
Z1 c 4.00 4.00 - 8.0 32.0
Z1 d 4.00 4.00 - 16.0 24.0
Z1 e 4.00 4.00 - 19.0 21.0

37



Z1 f 4.00 4.00 - 22.0 18.0
Z3 a 4.00 4.00 = 0.0 40.0
Z3 b 4.00 4.00 - 9.0 31.0
Z3 c 4.00 4.00 - 15.0 25.0
Z3 d 4.00 4.00 = 20.0 20.0
Z3 e 4.00 4.00 - 25.0 15.0
Z3 f 4.00 4.00 - 30.0 10.0
Z5 a 4.00 4.00 = 0.0 40.0
Z5 b 4.00 4.00 = 2.0 38.0
Z5 c 4.00 4.00 - 4.0 36.0
Z5 d 4.00 4.00 - 6.0 34.0
Z5 e 4.00 4.00 = 8.0 32.0
Z5 f 4.00 4.00 - 10.0 30.0

Triplicate sispensiorserieswere mae of each of the five selected soil samples (both with
and without BG, wheresoil andbiocharwereweightedto two decimal accuracgndthe

added volume ofespectivesolutionsas shown immable3, were addedby pipette Initial lab

tests indicated that changes in pH following acid or base addition declined rapidly and little
change was observed after more than 4 days equilibratioreféhes an equilibration time of

7 dayswas deemed to be sufficieflthe batchsuspensionsiere shaken by harahceevery
dayto disperse theedimenin solution After 7 days the suspensions weeantrifugedat

4500 rotations per minufer 20 minutegrior to filtrationthough0.45um millipore filter.

The equilibrium pH was measured in sub samples the same day, while the remainder was
stored in the refrigerator until analysis of DOC within a few d@gsasecond susample

was was addetl0% UP HNOs for preservation upon ICP analysis to ensure samlgtgu

Four blanks for each of the respectdz81M solutiors were used; KCI, HCI, KOH an#i0%
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UP HNOs were included in the ICP analysis, in addition to a reference solution sample

(1643H) to detect analytical drift and ensure analytical accuracy.

Prelimnary trials

A preliminary experiment was required to establish the amount of HCI and KOH needed to
create a pH range of about 2 units for each sample. This was done-bydr&tor through
making testbatches with a range of added concentrationsidfadase; also these
suspensions were shaken daily over a week before equilibrium pH was measured. This
process was carried out for several series beforaghmpriateamount of titrant was

established.

5.6.1 Dissolved organic carbon (DOC)
Shimadzu TO&V CPN Total organic carbon analyaeas used taetermine the DOC

concentrations

5.7 Solution speciation modeling (WHAM)

For speciation of the soil solution, the Windermere Humic Aqueous M@#e¢AM) VII was
used WHAM is designed ta@alculate equilibrium chemical speciation in surface and ground
waters, sediments, and sqi§pping, 1994) The models a combination ofeveral
submodelsccounting for binding abnsto humicsurfacessurface compleationto oxides

(Fe, Al, Mn, and Sioxides) inorganicsolution chemistry speciatioand cation exchange on

mineralclays. In the thesis, only speciation of elements in solution was considered.

The input data in WHAM wasompiledfrom the titration batclitration experimentind
includedthetotal dissolvedconcentration oéll the major cation€a, Mg, Mn, NaFglll),

Al, Zn, Cu, PbCd, andthe dominant anion§Q:* and Cl, asdetectedn solution by ICP
analysig(tableA 4 in Appendi® andtheir corresponding ptind DOCvalues.Additional
settings includetemperatureset to 20C and the partial pressure of gPCQ, setto 3.5¢*
atm The output datancludedall relevantspeciesn solution, including those bound by
DOM. To assess theinding of ions to DOMt wasassumedhat DOM had the properties of
fulvic acid (FA), and that 50% of the acid groups were active in proton/metal §iffiinas
et al., 2006)The model was specifically set up to not inclydecipitation of any species

even in case of oveyaturation.
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5.8Data quality controand statistical analysis

For thelCP-analysis the kvel of detection (LOD) and level of quantification (LOQ) was set
at 3x and 10x the standard deviation of the four kdarespectivelySampleswith readings
less tharthe LOD and LOQwas givera numerical valudy dividing theLOD or LOQvalue

for the representativelementby two. This approactonly providesroughestimatedut gives
thebenefit ofacompleter ananore usefublatasetFor rejecting outliers in datasetsth small
number ofobservations (n=3) for themnalysis of thd&GT and Batch experimerd,simpleQ-

testwith 90% confidencevas carriecbutasdescribedy Dean and Dixon (1951)

The following statistical analysis was carried out on the dataset.

)] F-test onlinear regression analysis in excel using a 95% confidencewasgalisedor
establishing tasignificance of the linear fit ofot.C vs. LOI (A), Tot.C vs. SOM (B)
and LOIl vs. [S] (C) irFigurel3.

i) Thelogarithmicrelationship of total soil metal concentratiomh distance from the
mine in Kabweand error barsf each samplpoint (n=3)was found using excel graph
functions(Figurel14).

i) Thelinearregression fomass uptake in DGT over the time intereéb and 48 hours
in figures 1518 was found using excel graph functions.

iv) Thedifference inDOC concentratiofor 31 LHO G F RanledwitiRapd without
biochar(viz. triangle symbols ifrigure25) was tested usingne wayANOVA in
excelat a95% confidence level. Thearabolicbest fit model displayed in the
scatterplot graph ifkigure25was four by using Excel graph functions.

V) Test for significant difference (p<0.05) in slope and intercept of the two linear models
for BC and o BC in pM?* #H graphsin Figure26 #Figure29 was established in R
studiowith simultaneoudests forgenerallinearhypothesesThetwo regression
models (BC and no BGyere tested folinear hypothesis aj difference in slope and
intercept, ii) difference inntercept with same slope, and iii) no differencslope and
intercept (the two treatments explained by the same regression nidaat)odek
with the best fiaredisplayedn Figure26 #igure29. The presentedyraphswere
made in excel and may therefore differ some to the statistical analysis done in R,

although the same dataset was used.
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Vi) Significant differencerni dissolved metals ithe 3 ILHO G FRQGLWL&Q® EDWFKH
without biochamanddifference in DGT_BC an®GT_nBCat 6 hours deployment
(results in percent presented Trable8) for all soil samplesvas tested with onreay
ANOVA in excelat95% confidence leveExcel functionsvereused to find mean
and SDof the percentagbased results presented.
All samples detected under LOD or QOwere not included with a numerical value in the

datasets used for statistical analysis.

6. Results

6.1Soil chemicalnalysis
Theresults presented this sectiorarerelated to the methods described in sechigh2 +
5.4.5

Table4: Soil chemical analysis for all soil samples=Kabwe sampled-=Folldal. Thesamplesrom Kabwe were collected
in triplicates(seesection5.1), whereas the Folldadamples were collected freamargerhomogenized sample (see section
5.2).

* Samples that were further used in DGT and bditchtion experiment.

** For the Kabwe samples, SOM was calculated from LOI results corrected for clay ce#enableA 1 in appendix)

while the Folldal samplewerecalculated bydividing Tot C% by a factor dd.5.

CEC Texture
Location| pH | (cmol [BS% |Tot. C % | Tot. N % | LOI% | SOM% **
(c+)/kg)

Z1* 5.7 9 58 2.02 0.12 4.6 3.6

Z1 6.2 14 67 3.13 0.17 6.0 5.0 Sandy loam
zZ1 5.6 9 49 1.30 0.11 3.6 2.6

Z2 5.7 11 41 2.06 0.13 4.6 3.6

Z2 5.7 10 38 1.60 0.11 3.8 2.8 Sandy loam
Z2 5.7 12 27 2.31 0.15 5.1 4.1

Z 3* 6.5 22 73 2.86 0.16 6.6 4.6

Z3 6.4 21 66 1.93 0.12 4.9 2.9 Sandy loam
Z3 6.4 19 68 2.64 0.16 6.1 4.1
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Z4 5.7 17 34 1.56 0.11 4.7 2.7

Z4 5.6 16 40 1.73 0.14 5.2 3.2 Loam/Sandy loar
Z4 5.8 14 40 1.42 0.12 4.4 2.4

Z 5* 6.0 12 30 1.75 0.13 5.2 14

Z5 6.0 13 28 1.71 0.13 5.2 21 Sandy loam clay
Z5 6.0 12 39 1.66 0.13 5.3 15

F1 2.1 32 8 0.40 0.03 7.0 0.8 Loamy sand

F 2* 2.8 11 2 0.07 0.01 0.9 0.1 Loamy sand
F3 2.1 32 7 0.20 0.01 11.9 04 Loamy sand

F 4* 2.1 20 4 0.69 0.05 4.8 14 Loamy sand
F5 1.8 58 12 0.48 0.03 14.1 1.0 Sand

As presentedn Table4, the soil pH in the samples frokabwewereslightly acidicwithin a
range of pH 5.6 +6.5. The pH measurements follow no apparent spatial trend with distance
from the mine. The pH reading®n the tailings in Folldal is noticeably acidic with pH
values ranging from pH 2.32.8. The CECfor Zambian soilsverewithin normal range

given thesoll texture. Some of thd-olldal samples shoed surprisinglyelevatedCEC values
butonly 3-4% clay content andenerallylow organiccarbon contenfThe CECfor the

Folldal sampls, measured in ammonium acetatéfered at pH 7is predominantlymade up

of exchangeablacidity (H* and AF*), while base cations accounted fomly 2-12%of the
exchangeable cationfhe CEC valudor theFolldal samplesan therefore be considerad

measure oéxchangeable acidityatherthancation exchange capacity.

There is noticeably more total carbon in the samples from Zambia compared to the samples
from Folldal. The LOI values for Folldal was unexpectedly higtwever likely unrelatedo

high organic mattecontent Some of the LOI could be accounted fordwaporation of

crystalline water in clay, but as the clay content wly around 34% for all samplest did

not provide sufficient explanation for the high LOI values alone.
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Figure 13: Simple inear regressiorof differentvariablesrelating to the LOresultsl and SOMA) Tot.C% and LOI%, B)
Tot. C% and SOM%C) [S] in mg/kg and LOI%.The SOM% data in figurg3B is the LOI%valuecorrected for clay
content (see tabla 1 in appendix)All regression lines presentede significant (p<0.05)apart fromthe LOI% Tot.C%
relationshipfor the Folldal samplegfigure 13 A).

As presented in figurg3.A, themodel fitof total C contentand LOIlin the Kabwe samples
(Zambia)wasgood andsignificant(R?=0.66, p<0.05)The model fitvas further improveéh
figure 13.Bwheethe LOI%datafrom Kabwewascorrected for crystalline watan clay
(R>=0.93, p<0.05) No significant relationshippetween Tot. C% and LOI% wésund for the
Folldal samples (R-0.04, p>0.05)Figure 13.A) However, when running a simple linear
regression analysis on LOI and tatall Scontent(13.0) aremarkablygood andsignificant
correlation was foundR?=0.94 p<0.085.
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6.2 Total metalconcentrations

The results presented in this sectiarelated to the methatbgy described in sectiob.4.6

Table5: Total metalconcentrations in soils from Kabw2) and Folldal(F). The colors codefor different classification

classes for contaminated soils according to the Norwegian soil guigeksented in

Table6. * Samples used in DGT arittation experiment.

Sample Pb Zn Cu Cd
mg/kg mg/kg mg/kg mg/kg

Z1* 1.7E+03

zZ1 3.7E+03 | 2.60E+02 | 1.1E+01

zZ1 9.5E+02

Z2 1.5E+03

Z2 1.4E+03

Z2 1.5E+03

zZ3* 1.3E+03

Z3 9.7E+02

Z3 1.3E+03

Z4

Z4

Z4

Z 5% 3.5E+02

Z5 3.2E+02

Z5 3.4E+02

F1 ‘ 3.40E+02

F 2% ‘ 1.7E+03 | 2.000E+03

F3 1.6E+02 7.000E+03

F 4 ‘ 3.60E+02

F5 1.5E+02 1.500E+03

Table6: Color codedor contaminated soil classescordingto the Norwegian classification syst¢hansen&

Danielsberg, 2009)Unitsin mg/kg.*Class 6 is not included in the original Norwegian guideline as the highest

contamination class describésiclass 5. It is however stated that concentrations over class &onsidered special waste
(Hansen & Danielsberg, 2009)
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Pb <60 60-100 100-300 300-700 700-2500 >2500
Zn <200 200-500 500-1000 |100G5000 500625000 |>25000
Cu <100 100200 200-1000 |100G-8500 850625000 |>25000
Cd <15 1.5-10 10-15 1530 30-1000 >1000

Table7: Summery of different threshold values for contaminated soils compilednfienmational guidelinegmag/kg.

a: Guideline values from Norwegid&nvironmentAgency (miljgdirektoratet). The presented values are according to the

classification system ifiable6, and show the threshold values of class 3, modg(tdsen & Danielsberg, 2009)

b: Threshold values compiled frondth et al. (2016)

F 6HOHFWHG JXLGHOLQH YDOXHYV IR Wotrpiledfiom Xh® BaXddibin OdQr&il bf Mwistersid@MeL DO DUHD
Environmen{CCME, 2001)

Pb Zn Cu Cd
Norwegian guideline thresholg 100300 | 5001000 | 2001000 | 10-15
(moderate}
EU guideline threshol®l 60 200 100 1
Canadian guideline threshdld | 70-140 200 63 1.4-10

The metakoncentrationgas presented iable5 bring light to the difference between the two
sitesof Kabwe and Folldaih terms ofcontamination levelAlarmingly high concentrations of
Pbweredetected irKabwewith levelscorresponding to contamination categ@ery bad

to Special wastéaccording to the Norwegian guidelind$e levels of Zn in Kabwe were
measured taategory4 dad’. the highesCulevelsweremeasured in Folldaklsoreaching
categoy 4. The results show considerable variatiommetal concentratiorisetween the
sample points at each siespeciallypetween the samples in Follddhe heterogenous nature
of the Folldal tailingss wellillustratedby the totalZn levelsatsample point F2 and Ffhat
weremeasured tgontaminatiorlevel 1 (very good) to level 4 (bad)ver a relatively short
distancgFigure8).

TheNorwegiansoil contamination classes presented in

Table6 can be considered asore liberal than other internatiorsadil quality guidelines

(Table7). The Canadian and EU guidelsw@emorerestrictivein comparisoras the
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threshold valuetor all four metalgn the twointernationalguidelinesare within what is
consideredcontaminationFODVV 3YHU\ JR RiGthe D@w@&giahRjRdaline.

Figure 14: Total soil metal concentration relative to the distarmoerf the mine tailingsThe distance from the min&ilings
for each sample point is described in the table included in theef{nr map sed-igure 5). The error basrelateto the
standard deviation ahree replicate sampleaken at each sample poifithe eror bars for sample pointd4 (840m)and Z5
(1580m)are includedbut are not visible as they are smaltban thesymbolsNote the logarithmicaxis.

As presented iRigure14thetotal soil concentrations for all the metalsdabwefollow a

negative trend with distance from the min
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6.3Bioavailability (DGT)
The following results are related to the DGT experiment described in sBdiion

Figure 16: Zn mass|{g) diffused into the DGT resin after &nd 48hours deployment time

timefor each soil samplevith the addition ofbiochar (BG filled symbol3$ and without for each soil sampleyith the addition of biochar (BC, filled symbols) and without the
the addition obiochar(NBC, open symbo)sSample Z5, F2 and Pdasexcludeddueto addition of biochar (NBC, open symhpol$he broken lines represent regression lines fol
overrepresentation of LOD and LOQ valu&bebroken lines represent regression line time-window of 648 hours deployment. (n=6).

for the timewindowof 6-48 hoursdeployment(n=6).

Figure 15: Pb mass ig) diffused into the DGT resin aftér and 48hoursdeployment
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Figure 18 Cu mass|fg) diffused into the DGT resin after &nd 48hours
deployment time in each soil sample with the addition of biocharf{lgsd, symbols)
and without the addition of biochar (NBC, open symb&ajnple Zsvasexcluded
due to overrepresentation of LOD and LOQ valu€ke broken lines represent
regression lines for the tim@indow of 648 hours deployment. (n=6).

Figure 17: Cd mass|fg) diffused into the DGT resin after &nd 48hours deployment time |
each soil sample with the addition of biochar (BC, filled symbols) and without the additi
biochar (NBC, open symbols). The broken linesesent regression lines for the tiwindow
of 6-48 hours deployment. (n=6).
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Figures 15-18 show a general trend of decreased bioavailable concentrations for all metals in
samples treated withiochar(filled symbols), compared to untreated (open symlisadures
15-18include regression lirsfor the temporal interval of-@nd 48 hour DGT deployment

time. The slope of the regression line included in the figures expresses the uptake rate in g
per hour. Théiochartreated samples generally showed reduced rates compared to the
untreated sampl however, headdition ofbiocharto sample F4 increased uptake rates of

DGT-available Cwver the time interval.
The apparent steady increase in mass uptake with time in figuEs ih8icates that the

DGT is a sink of all metal§'he48h/6h uptakenass ratiavas 8or abovefor Pb inKabwe

sampleZ1 and Z3 andZn in sample Z%see tabléA 3 in appendix)

Total soil metal vs. DGT available metal

6 eZ Pb

5 AF_Pb
— ‘ Z Zn
2 4 @
5: ’ F Zn
=3 ) .
(O] [ ) _Lu
o %
g o ba F_Cu
£ A7 ez Cd
o 1 Y TSI A |
S AF_Cd

0

-2 -1 0 1 2 3 4 5

Log total soil metal (mg/kg)

Figurel9: Correlation betweeintal soil metal concentrations and mass uptake in R&4dr 48 hours deploymerior Pb,
Zn, Cu and C&ound symbolsepresent Kabwe samples (Z), and the triangular represent Folldal samples (F).

As illustrated inFigure19, thereis agenerabpositive orrelation betweetotal soil metal
concentrations and DGT mass uptéieall metalsfrom Kabwe (round symbolsand Folldal
(triangular symbols)The only cleaexceptionto thisis Cu in the Folldal samples F2 and,F4

showing an appareniegatively correlatecklationship
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6.4Batch ttration experiment

The followingresultsrelate to the batch titration experimeigscribed irsection5.6. Each

soil sample hasix batch subsamples (markedd ZKHUH 3D” LV LQ HTXLOLEULXI
.&0 UHIHUUHG WR DV B3ILHOG FRFWwR®o)lawtirRte withiqceasgK H DG G L\
levels of HCI for Kabwe and KOH for Folldal (s@able3). Theresults includehetotal

dissolved(<45um) metal concentratioand he speciatiof thesewith and without the

addition ofbiochar

6.4.1 Total dissolvednetakin equilibrium solution

This section focuses ométotal concentration in solutiafiustratedin graph 2023 as the full
height of theespectivestack barsepresenting theum ofall major metalspecies in solutian
However, it should baotedthat this concentratiofheight of stackbars} lower than the
actual measureahetalconcentration in solutio(SeetableA 4 in the appendix This is
because thepeciatiomoutputfrom WHAM is given in activitiesn mol/L. In figure 2023 the
molaractivity of each specielsas been converted tactivities inug/L. Due to the reasonably
high ionic strengtlof the solution (0.01M)thetotal sumof activities of allspecies is lower

than the measured concentration in solutMH@AM input datagfound intableA4)
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Figure 20: Total concentratior{activities inug/L) and speciation of dissolved Pb after 6 days equilibration in the titration serid3, (@ith (BC) and without (nBC) the additiontibchar.
Titration series & represent increasing amount of 0.01 M HCI, in a background of 0.01 M KClI, added to file aamresented ifiable3 6 DPSOH 3D" IRU HDFK VDPSOH UHSUHV
FRQGLWLRQ DW HTXLOLEULXP ZLWK 0 .&0 6D P S OHe tytal BadddntratinlbH-PHIrRsWlutio  defeXally vamt DIV Kotk thie difdldhc®inais

between the graphs. The presented results are mean values of three replicates.
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Figure 21: Total concentratiorfactivities inpg/L) and speciation of dissolveth after 6 days equilibration in the titration series-(§, with (BC) and without (nBC) the additiontmbchar.

Titration series & represent increasing amount of 0.01 M HCI, in a background of 0.BRCMadded to the sample as presentedlahle3 6 DPSOH 3D” IRU HDFK VDPSOH UHSUHV
FRQGLWLRQ™ DW HTXLOLEULXP ZLWK 0 .&i0theflgiRsas the ftotdD €@rizehtrabodzif irsBlWiorl ge el @/asdow LOD. Note the difference inaxis

between the graphs. The presented results are mean values of three replicates.
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Figure 22 Total concentration(activities inug/L) and speciation of dissolvetl after 6 days equilibration in the titration series-(§, with (BC) and without (nBC) the additiontbchar.
Titration series & represent increasing amount of HCI (for Kabwe sampled)kOH (for Folldal samples) added to the sample as presenfeabie3 6DPSOH 3D IRU HDFK VDPSOH
UHSUHVHQWYV 3ILHOG FRQGLWLR Q NdeWheHiffetdnCelisis beRveeh ivekgraphsOThé& esented results are mean values of three replicates.
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Figure 23: Total concentratiorfactivities inpg/L) and speciation of dissolveet after 6 days equilibration in the titration series<(8, with (BC) and without (nBC) the additiontmbchar.

Titration series & represent increasing amount of HCI (for Kabwe sampeand KOH (for Folldal sampled-) added to the sample as presshinTable3 6DPSOH 3D” IRU HDFK VDPSO
UHSUHVHQWYV 3ILHOG FRQGLWLR Q Nde\WeHliffetenCelirsdis beRveeh tvekgraphs0Thé& esene=liits are mean values of three replicalése readings for

dissolved Cd in solution for th®ochartreated F2 samples is partly represented by LOQ/LOD values and is therefore associated with more uncertainty than atesetker d
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Theaddedamount of0.1M HCI to the Kabwe samples a@dd1MKOH to the Folldal

sampleqTable3) established form the preliminary trishowedsuccessfuin makinga pH

gradient coveng 2 pH unitsfor all samplesvithout biochar The addition of biochar gave a

general increase in ptar all samplesbut the magnitude opH increasevaried ovelithe soil

samplesand titration serieslhe addition of biochaincreasedhepH IRU DOO 3ILHOG FRQC
samples PDUNHG ZLWK 323)Wwi® alrhebX ldddeastor sample Z1, Z3, Z5, F2

and F4of 0.3, 0.4, 0.9, 0.6 and OpH units respectively.

The general trend showscreasing total metal concentration at decreasinglpid.only clear
exception of this is the total dissolved Cu concentrations decreasing with decreasing pH in
samples Z3 and Z5, as long as the solution pH >Hgtie22). This will be discussed in

more detailed in the section about metal speciation. For Cd there is no clear trend in total
concentration with decreasing pHSamples=2 and F4 (Figure 23pomeof thetitration
sampleof F2 showedCd levelsunderLOD andLOQ, presentedh Figure23 ashalf of the
representativeOD or LOQvalue (see sectiob.8), which add additional uncertaintiés

interpretatiorof the trend

The highestissolved totaietal activitieqin pg/L) of Pb, Zn, Cu and Cih the Kabwe
samplesvere detected inample Z1 (note difference inaxis in figures 20-23) anddecreased
in the ordeiZz1>Z3>75, concurring withthe total metal concentratiofifable5) anddistance
from the mine (majn Figure5). In the Folldal sampleshé apparent elevated levels of
dissolved Cun equilibrium solutiorfor sample F4 relative to F2 Figure22 were
unexpectedas F2 had greatéwtal Cu concentration in the soil samglempared td-4 (Table
5).

The effect obiocharis evidentas there is a clear overadiduction oftotal metals in solution
for thetreated sampledBC) compared to the untreated gaes (nBC)over the titration
series Thelack of a clear reducing effect bfocharon total metal concentration in solution
for sample F2 and F4 (Figure 28n alsdikely be attributedo solutionconcentrations close

to the LOD and associated uncertainties
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6.4.2 Solid solution partitioning

Figure 24: Simple linear regressions explaining the Kd response to changes rhpHed line represents the linear
regression for all batch samples from Kabwe, with and without additibioohar(n=36). The green line represents t
regression line of sample F2 (n=18), and the blue line for sample F4 (n=18). The Kd values ala&ealtom the ratic
of total soil metal concentrations (Table 5) and total metal concentratioeguilibriumsolution(appendix tableA 4).
The original data for Folldal and Kabwe, on which the regression lines are based, can be fappéraixigure A 5.
The regression lines are superimposed on data from the review pajgauwé et al. (2000)vhere the upper and lowe
lines represent the 95% confidence interval ofgktirelationships from 70 different studies. The total dissolved Pb
Zn concentrations in the Folldal samples (F2 and F4) were not included in the analysis, due to low ctiowcsatnal
therefore high uncertainty in the data.

As presented ifrigure24, thelinear relationship of thdatapoints froniKabwe(red line)fit

within the 95%confidencanterval of thereview paper bysauvé et al. (2000The datan the
study fromSauveé et al (200@re comprisefrom 70 different studies assessing the Kd
relationship with pH, covering a wide range of soils. However, the tailings from Folldal
(green and blukne) generdy fall outside the confidence interval. This is explained by the
fact that Sauvé et al. compiled studies done on soils exclusively and did not include mine
tailings or similar sediments in their dataset. The generally higher Kd values for the tailings
indicate that Cu and Cdontaining phases iheFolldal tailings are less soluble than those in

the contaninated soils in Kabve.
6.4.3 DOC

The DOCwasanalyzedn equilibrium solutiongrom the batckitration experimentas

described in sectiob.6.
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DOC vs. pH
Sample & DOC as a function of
Treatment pH:
;
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Figure 25: Best fitmodelfor DOC as a function o$olutionpH for all soils with all replicates includedr(=18). Biochar
treated sample@BC) are represented with filled symbols and untregté¢BC)with open symbolshe triangular symbols

representhe untitrated 3 I LH O G F RbatGheyEdilRt@dulibrium with 0.01M KC]) for each soil sample and treatment

As presentedn Figure25the DOC concentrati@are lowesat around pH %or all samples
andgenerallyincreass atlower andhigherpH values creatingthe apparent parabolic
relationshipbetweerDOC and pH.Another prominenéffectis that thebiochartreated

samples (filled symbols) generahowlower DOC concentrations than the untreated

samples (open symbgj®ver thesamepH rangeThis effect seem® be most prominent in

the lower pHrangeand ZKHQ FRPSDULQJ W KHHatthedd Qe tWdti@abmentd R Q ~
(triangular symbols ifrigure25), the effect is less profounth fact there was a significant
(p<0.05)increaseof DOC in thebiochar treagd 3 I LH O G F Fo@ehfoMganipl@ Z1 and Z5
whereas no significant changasfoundfor sampleZ3. In contrastthe biochar treatment

resulted in a significameduction(p<0.05)of DOC inthe3ILHO G FR QG LaVikoRd@l” EDW FK
sample F2 and F4.
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6.4.4 Metal eciationof equilibrium solutions
This section relates to the speciatairtheequilibrium solutios from thebatch experimerds
presented in figurg0-23.

6.4.4.1Metal speciation in 0.01 M KCI background (] o }v ]S]}v_-

7KH B IERQG LWLRQ’ ™ | RéferkeD t6 Kené Bnarged Bis nBC for sukample «a»
in the titration series figure 2023. The speciation of this field condition reveals that

)] Dissolved Phevelsin Kabwe are high and a relatively large fraction is present as
P?*. Only in Z3,where the DOC concentration is high@&gure25), the FA
bound fraction of dissolvedbis of importance. Dissolved Pb in mine tailings of
Folldal are low.

1)) DissolvedZn in Kabwesoilsis largely present as 2hin all three amples
Dissolved Zn in mine tailings of Folldal are low.

iii) Dissolved Cu in Kabwe soils has a relatively importanttdoind fraction and
some C¢'. In Folldal dissolved Cis significantly higher than in Kabwe ar@i/*
is the main species.

iv) DissolvedCd in Kabwe and Folldal is present as equal par@uéfand CdCl
species.

The metalspeciationmpliesthat many of the species are readily available in soil solution,

and thaDOC is an important ligand for the Pb and Cu mobility in Kabwe.

ThebiocharHITHFW PHDVXUHG DW 3ILHOG FRQGLWLRQ" UHYHDO V
dissolved metals is largely attributed to the reduction in free ion activity of all metals in all

sites. For Pb, the reduction in H#ound species was additionally contributing to the total

reduction in dissolved concentration. By contrast, the speciation also revealed an increase in
certain species in solution in responseéitecharaddition, namely CuOHand CdOH in

Folldal samples F2 and F4. As a consequence, the increase of the latter speciesodbarto

addition resulted inraunsignificant(p>0.05)net increase of dissolved Cd in sampleaB4

presented ifrigure23.

6.4.4.2Metal speciation over titration series

Thesolutionspeciatiorof the untreated samples (nBC) of thieation seriesas a whole,

reveals that aliive soil samples have a substantial fraction of labile metals able to be
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mobilized witha reductiorin solutionpH (geochemically activeDther relevant specidlat
increase in activityvith a reduction in ptarePb-Cl speciesn Kabweand CdClI speciesn
both Kabwe and FolldaContrary, theactivity of FA-bound Cu in sample Z3 and d&crease
with decreasingpH. Thisexplains thelivergent trend of totalissolved Cu over plfbr

samples Z3 and Zfor solution pH > 4.4ascommentedn section6.4.1

Thesolutionspeciatiorof the biochar treated samples (Bier the titration serieagveals

thatall species increaseasith decreasgsolutionpH. Exceptions to this general observation is
related to an increase in H#ound species due to the mechanisms of DOC dissolution caused
by changes in pH as shown in Figure @8Ben comparinghe speciatiorf all thebiochar

treated titration sampsgBC) to the corresponding untreatéttation sample(nBC), it is
evidentthat thee is a general reduction in all species in the biochar treated samvjiltean
especially strong reduction free metal ionsHowever, thebiochar addition causes

increase of GOH" species over the titration series in the biochar treated Folldal s&dple
(Figure 22).

6.4.5 Free ion activity and pH

The following graphs show the negative logarithm of free ion acfiritynol/L) overpH.

The free ion activityn figure 2629 relates to the orange fractiookthe stack barm figure
20-23. However notethat they-axisin figure 2023 wasconvertedo activities inug/L, and
thatthe y-axis infigure 2629is based on the negative logaritifractivities in mol/L For
interpretation of figure 2@9, note that the graph is double (negative) logarithmic, hence

slight shits in the figures may be of significance.
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Figure 26: Negative logarithm ofree ion activity of Pl§pP?*) as a function of pH foKabwe samplesZ1, Z3 and Z5The Folldal samples are naotcluded because th
elemental concentrations of dissolved Pb were below [@ily readings above LOD and LOQ is included in the figuRgta from biochar treated samples are
represented with filled symbadsid untreated with open symbdl$ie regressioequationin the left cornerfrom the top is fobiochartreated samplegyver the
expressiorfor theuntreated sampke The total variation is presented as all replicates are included in the figlope and intercepdf thetwo linear modelBC and
no_BC)wasstatisticallydifferent(p<0.05)for Z1 and Z3but not for Z5Hence one regression model explaitie relationshipf the two treatmenis Z5.
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Figure 27: Negative logarithnof free ion activity(M) of Zn (pZ@*) as a function of id for Kabwesample Z1, Z3 and Z5The Folldal samples are not included
because the elemental concentrations of dissolved Pb were beloon@Deadings above LOD and LCape included) Data from biochar treated samples are
represented with filled symbols, and untreated with open syniti@segression equatiom the left corner from the top is fbiochartreated samples, over the
expression of the untreated samplBse total variation is presented as all replicates are included iffigluee. Slope and intercept of the two linear models (BC ar
no_BC) was statistically different (p<0.0f) Z1, Z3 and B.
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Figure 28 Negative logarithm ofree ion activityM) of Cu (pC@*) as a function of pH for sample Z1, Z3 and Z5 fitmbwe and F2 and F4 from
Folldal. Data from biochar treated samples are represented with filled symbols, and untreated with open symbols. Noyeattiatiththecoordinatior
systemss different between thi€abweand Folldal samplesTheregression equabinsin the left corner from the toglatesto biochaartreated samples
over the expression of the untreated samflks.total variation is presendes all replicatesvereincluded in thdigure (only readings above LOD an
LOQ). Slope and interceguif the two linear models (BC and no_BC) wetatistically different (p<0.05jor sample Z3, Z5, F2 and F4. For Z1, only 1
interceptwasstatistically different
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Figure 29: Negative logarithm ofree ion activity(M) of Cd (pCd*) as a function of pHor sample Z1, Z3 and Z5 frokabwe and F2 and F4 from
Folldal. Data from biochar treated samples are represented with filled symbols, and untreated with open Blgtetis. they-axis in the coordination
systemsre different between thiéabweand Folldal samplesThe linear expression from the top is Bbochartreatedsample (BC) over the expressior
of the untreated sample (no_BQChe total variation igpresented as all replicates are included in the figi@aly readings above LOD and LO(lope
and intercept of the two linear models (BC and no_BC) were statistically different (p<0.05) for sample Z1, Z5 andirgléregressiosincluded in
Z3 andF4 explains the relationship for both treatments
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There is ayeneral good fit of alinear regression modefsesented in figures 289, with R?
values ranging frorm.66 to 1.00 (excluding the model for Cd in sample F#)s indicates
thatpH is an important variabléor the dissolution of all metafsr all samples, with and

withoutthe treatment abiochar

The good pP4Y to pH correlation for sample Z1, Z2 and Z3 is evidenRbyalues ranging
from 0.8 to 1.00 for the series with and Wwidutbiochar This implies that pH is an important
variable fordissolution of free Pb ions. However, tiveear pPlF*-pH regression modsfor
thesamples with and without biochare statistically(p<0.05)different from each othdor
sample Z1 and Z3rhedifference is related to a difference in’PBissolutionin response to
changes in pH (slope), but alspan upwardsshift of thebiochar treated sample limdong

the y-axis (intercept) Thisimpliesthat the P¥ activity in Z1 and Z3ignificantlyreduces
when adding biochar to the sanglatany givensolutionpH (tested for theH range of
around4-7). The increasedlope forthe samebiochar treatedamples further implies that
immobilization of free Pb ions significantly enhancedompared to the untreated sample
when pHincreasesThese significant differencas slope and interceftetween the two
treatmentdor Z1 and Z3 is therefoneot explained byH as the only variableutfurther
implies thatother biochatinitiatedimmobilizationmechanismdike sorption also contributes
to reducing the free ion concentration in solutioncontrast, ie measureeffectonreduced
Pk’* ionsin sample Z&anbe assignedo theisolated effect of theiochar induced increase

in pH (no difference in slope or intercept)

The lineampZn?* HH regressions foKabwesamples Z1, Z3 and Z5, with and without the
addition of biochar are significant(p<0.05)different in slope anéhtercept. This implies

thatsignificantbiocharsorptionof Zn?* occursin all Kabwe soil samples.

Significant sorptiorof Cl?* also occurgor all biochar treatedamplesn Kabwe and Folldal
in Figure28. Although, for sample Zthe Cl/?* responséo changes in ptre the same for
the two treatments (the two regression lines have the same stopetrastthe slope for no
biochar treatmerfor sample F2 showed significant increased slopmpared tahe biochar

treatmentHowever, this was thenly observation of thiapparenbpposite trend.
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Significant sorption of C& occurs forall biochar treatedanples in Kabwe and Folldal
exceptfor sample Z3 and F&igure29). The linear regressiomaodelin sample Z¥howa
good fit (= 0.98), which implies thaiH explains the dissolution @fc?* well for both
treatments, and that insignificant (p>0.86)ptian occurs.The Cd regression model for
sample F4 show a poor fit fR 0.27)linked to the apparent scatter in the response variable
pCcP* at high pH.

6.5Effect of biochar treatmemin bioavailability and mobility

This sectiorpresentsheimmobilization effecof Pb, Zn, Cu and Crlated to thdviochar
treatmenbn boththe mobility and bioavailabilityThebiochareffect on mobilitywas
measured for the utitrated sampleémarkedas 3 D 'in the batch experimeifpresented in
appendix tablé\4), andthe biochareffect on bioavailability was measured fotr 7V D W
hours deployment tim&hebiochareffectson metal mass iDGT after 6 hours deployment

was usedherebecause this reflects the effect on the nadsite and mobilemetal species.
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Table8: Percentage reduction in metal concentratimfrthe mobile and bioavailable fracti@tue to the addition dfiochar.

The % BC effect is calculated as the %difference in concentratisinafartreated samples relative to the untreated

samples(([noBCG]BC])/[noBC])*100). Values presented as DGT is data compiled from the DGT experiment at 6h

deployment tira (data in appndix tableA 2). Biochareffectson mobility is based on the total dissolved equilibrium

elementatoncentration(in pg/L) for the samples in 0.01 M KCI backgroundheitit addition of HCI or KOHviz. sample

3D’

and withoutbiochar. The SD is the standard deviation

L Q V SHFL DimiguReR028).DTB&iean values are calculated as the mean % reduction for the triplicates with

Pb Zn Cu Cd

%BC %BC %BC %BC %BC %BC %BC %BC
effect, effect, effect, effect, effect, effect, effect, effect,
DGTen mobility DGTen mobility DGTen mobility | DGTen | mobility
Mean |SD| Mean |SD|Mean|SD| Mean |SD| Mean |SD|Mean|SD|Mean| SD|Mean| SD

Z1| 64* 8 65* 1 | 68* 3 63* 1 20* 17| 27* 5 | 63* 3 | 65* 2
Z3| 55* 6 42* 20| 66* 2 40* 11| 22 12| 39* 18| 57* 2 | 40* 6
Z5|LopbLoq - 70 O 77 26| 83* 6 |LobLoOQ - 14 6 | 78 23| 78* 7
F2|Lob/Log - LOD/LOQ - 82* 2 |LobiLoQ - 99* O 92* 1 14 79| 27* 12
F4|LobroQ - |LobiLoq - 21* 11 |Lopbrnoq - 5 5 13* 1 -19 64| -3 2

Significant effectgp<0.05)on reduced bioavailabilitgf Pb, Zn, Cu and Cftom the4wt%

biochar treatmenweredetectedn Kabwe In Folldal, significant effectonreduced

bioavailabilityfrom the 2wt%biochar treatmentereonly detected foZn and CuThe

significant effecton reducedioavailability of the metalsn Kabwe showsimilar effects

across the sampfmints(Z1, Z3 and Z5)whereas the effectiiffer greatly among the Folldal

sample. Thebiochartreatment was more effectiwe reducing bioavailable Zn and Gor

sample FZhan F4 likely relatedto the low pH (pH20=2.1, Table4) in sample F4Biocha

applicationwasreasonablygsuccessfuin reducing the bioavailability d?b, Zn and Cd in

Kabwe with effects in the 50/0% rangewhereas theneasureaffects of Cu were

substantialljower (2%17%). The most polluted sample, Z1, Showed the most significant

immobilizationeffectsacross the sample pointghereaghe least polluted sample, Z5, only

showed significant effects famoavailableCd.

Thebiochartreatment was significantlgffective(p<0.05) in reducing the mobilitgf Pb, Zn,

Cu and Cd in Kabwe for all sample poirggcept for Cu asample Z5In theFolldal tailings,
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biochar significantly reduced the metal mobility of @uwsample F2 and F4nd Cdin sample
F2. As presented dinTable8, it is aclearoverallconcurrencdetween théiochareffect on

bioavailability and mobilityfor all metals

7. Discussion

7.1Analysisof SOMand particle size distributian mine tailings

The overestimation of SOM when based on LOI values in pyritic and acid sulphate soils has
been describedarlier in thditerature as being associated with decomposition of pyrite at

high temperature@/Villett & Beech, 1987)Pyrite undergoes endothermic reaction at450
560°C(Shamsuddin et al., 19949nd as these samples were burned at 550°C, thi$ coul
account for mass loss resulting in high LOI values, related to a phase transition by oxidation
of sulphur from solid to gaseous state, likely thorough é&fissionsWillett and Beech
(1987)suggested to reduce the temperature of the LOI analfypigite-containing soil

sampledo 375°C. HoweverShamsuddin et al. (199#sues that even this temperature
overestimates th8OM due to dehydroxylation of minerals in the soil when heated to 375°C.
Due to these effects, the SOM values for the Folldal samples preseiduied was

calculated from the total carbon contentdniding with a factor of 0.5based on a well
establishecgssumption thadbout half of SOM isnadeup of organiccarbon(Nelson &

Sommers, 1996; Pribyl, 2010jhis is further based on tlessumptiorthat most of the total
carbon in the sampleom Folldalwas organic carbon, &w inorganic carbon constituents

wereexpected to be present in the acidic tailings.

The nature of the Folldal tailisgnterfered with themethodof particle distribution analysis

by laser diffraction, where the observed magnetic properties interfered with the accuracy and
reproducibility of the results by the Bechman coulter LS23 Laser Diffraction Particle
Analyzer. As a result of this, the gifte method was used to determine the soil texture of the

samples

7.2Metal contamination in Kabwe and Folldal
As discussed by t E HtNil. KR019) The Republic of Zambia offers no official criteria for
the assessment of soil contamination. Here, | use the Norwegian, EU and Canadian guideline

values for soil contamination by Pb, Zn, Cu and Cd. As none of these guidelines are specified
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for Zambian soils, they should be applied with appropriate caution. However, there is a
consensus acrosdl threeguidelines that the levels of Pb and Zn are excessive for up to at
least 1500 meters from the nearegtenvaste disposal area. The disttibn of metal
concentrations relative to distance from the mioé Z1>23>Z5(Figurel14). The trends in

line with literature suggesting that the mine is the main source of pollution in the are& H N
et al., 2019; Nakayama et al., 2011; Tembo et al., 2@86)lustrated in the map collection in
Figure6., the total soil Pb concentrations in sample point Z1, Z2 and Z3, covering a 200
meters distance from the mine, correspond to the levels & Sl@sble5). According to the
Norwegian guidelingHansen & Danielsberg, 2009pils with greater total metal
concentrations than those defined as class 5 (

Table6) are classified as special waated should not remain in the environment.

According to the Norwegian guidelinghe contamination level athe Folldal tailingsis

moderate to badith respect to théotal Cu content(Table5 andTable6). The results also

show cmsiderable variations in metal concentrations between the sample pbists well
illustrated by the total Zn levels at sample point F2 and F3, which varied from contamination
level 1 (very good) to level 4 (bad) according to the Norwegian guidelee corelatively

short distancesge map irrigure8). This demonstrates the heterogeneous nature of the mine

tailings in Folldal.

The Canadian and EU guidelines are overall more restrictive compared to the Norwegian

guideline as the threshold values for all four mefts, Zn, Cu and Cdi the two
LQWHUQDWLRQDO JXLGHOLQHY FRUUHVSRQG WReFRQWDPLQ
Norwegian guidelin€Table6 andTable7). In light of this, it is alarming that even the most

liberal guideline was added an additional class (claspécial wastelable6) to categorize

the extreme totalasl Pb values detected in the soils of KabwWalfle5).

7.3Bioavailability (DGT)

As reportedby Gimpel et al. (2001)the Chelexi00 resin in the DGT can be less effective in
binding met&ions in solutions with low pH due to the competition of hydrogen ions. The
user manual of DGT Cheled00 resinBio &ad, 2000)ndicatesthat metal binding
effectiveness to the resinaeasesn the following order in low pH solutions:
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Hg > Cu > Pb( Ni>Zn > Cd. The study b&impel et al. (2001jurther confirms that Cu

binds particularly strong and can be measured quantitatively down 2d0pEind Zn down to

pH 3.5.By contrast Cd has a relatively low affintty the Chelex resin at pH <5 and is
consequently inaccurate for quantitative measurements in solutions more acidic than this. The
pH was not measured in the DGT experiment spedifidaut the pHizo(measured at a 0.4
solid:solution ratio, measured after 24 hours) andoptineasure at 0.025 solid:solution ratio
with 0.01M KCI, measured the same day) was carried out for the samplsanfaer2,

pHH20= 2.8 and pKci=3.4, and fosampleF4 the pHi2o= 2.1 and pRci=2.6. Based on this,

an estimate of pH~3 for sample F2, and pH~2.4 for F4 is likely indicatitree pH in soll
solutionof the DGT experimentn light of this, the Cu results from the DGT experiment are
considered accurate for quantitative interpretation, but the Zn and Cd results are considered
less reliable. All Kabwe samples showed pH J&hle4), which allow for quantitively

interpretations for DGT availability for albur metals

The DGT graphs in figure518 show a linear regressiasf DGT mass uptakieetween 6 and

48 hours deployment tim&heuptake rate to the DGT is high at first, shown as the steeper

rise in the initial first 6 hourgnot shown) as the readily available free metal ions diffuse into

the device The uptakdlattens out over time as the supply around the DGT device gets
deplg¢ed and slower processes start dominating, like the supply of the labile metal fraction
from the solid phase. The uptake over time is therefore not linear. However, when interpreting
the ratio of diffused metals over time (6 to 48 hours) in the DGTpibssible to assess the
kinetics of theeplenishment of metals from the geochemically active fractidhe ratio is

1:1, meaning that the DGT concentration after 48 hours deployment time is more than 8 times
the concentration at 6 hours (as 48/6=8) ntietal supply can be regarded as unlimited. This
state is comparable to the practical example of the DGT device being placed in a beaker with
a magnetic stirrer in a solution with unlimited supply of the given metal. This condition of
unlimited supply wasoundfor Pbin Kabwe sample Z1, Z3 and 45eetableA 3in

appendi}, which adds to the overall severity of the Pb pollution in Kabie. results from

the DGT experimergupport the findings of t E Kt\al. (2019)koncluding that a large

portion of the contaminants in Kabweepresent in the plant available fraction. The stady

trace metal contamination in Kabwg . tEHN HW DBliwed that the median

percentage of plardvailable metals (extracted with a solution of

diethylentriaminopentanacetic acid (DTPA; 0.5 M) and triethanolamine (TEA,; 0.1 M))
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relative to the ttal soil metal concentrations, were 39% of Pb, 18% of Zn, 45% of Cu and
60% of Cd.

Thesamples with tha@ighestbioavailablemetalconcentrationgor Pb, Zn and Cdvas found

in Kabwe and the highest bioavailab®u concertation was founid Folldal sample &

(figure 1518). The correlatiorbetween thdioavailable metaldYGT metals measured at 48
hourdeployment timeand total metal contents goeesented ifrigure19. The positive
correlation for all Kabwe samples indicaithat thebioavailable metals show the saspatial
distribution as found for total metal concentrations, with decrea@singentrations of sample
pointsZ1>Z3>Z5relative to thalistance from the mine (mapigure5). The negative
correlationfor Cuin Folldal (Figurel19), howeverjs explainel by the fact thatample F2
showed total soil metal Cu concentrations of 2000mg/kg, which was considerably higher than
the concentration measured in sampleof360 mgkg (Table 5) Contrary,F4 showed
considerably higher bioavailable Cu concentration compared (@Bi2A 2 in appendi.

This illustrates the limitations of using total soil metal concentrations as an isolated measure
for environmental riskelated to bioavailabilitySampleF4 has a lower pkto than F2 Table

4), this could be a reason why bioavailable Cu is greater in F4 than &s pHis a master
variable and plays an important role for both bioavailabéitg mobility However,as
presented ifrigure24, theKd value for Cu is higher for sample F2 (green line) compared to
F4 (blue line) over the same pH ranghis impliesthatthe difference in bioavailabilitfand
mobility) between the tweampless notonly limited to thepH effect butadditionallythat a
substantial proportion of Cu in F2 is not geochemically aclikely attributed to the

kinetically constrained dissolution of minewdsociated Cu in mineral structuresample

F2.

Thebiochartreatment of 4wt% pigeon pea biochar produced at 600°C, reduced the level of
bioavailableconcentratiorimeasured in DGT at 6 hour deployment timelPb, Zn, Cu and

Cd in the most contaminated sample point (Z1) in Kabwe significantly (p<0.05) by 64+8%,
68+£3%, 29+17% and 63+£3%, respectively, with similar biochar effects measured on metal
mobility (Table8). The biochar treatment alsodweced uptake rates (ug/imthe time interval
from 6 to 48 hours after deploymdntlowing treatment obiocharfor all metalsinterpreted

as the difference in slepn the linear regressisim figures 1518. These results imply that

the treatment of biochar can be an effective measure to reduce the bioavailability of the
metals present in the soils of Kahwag reducing both thenostlabile metal specie®©GTen)
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and by reducing thmetalreplenishment effe¢teduced slope)The effects of biochar in this
study are comparable to those presented in the review papaldnsooriya et al. (20€br

Pb (>85%), Zn (7@ 7%), Cu (>80%) and Cd (560%). The results blalansooriya et al.
(2020)are compiled from > 60 published articles where the given results are the average
biochar effects otrace netalimmobilization(immobilization isdefined in the article a&s
compilation ofstudies orreduced metal biaccessibility, exchangeable fraction, labile

fraction, leaching, phytoavailability, and watasluble fraction). The biochar used in this
thesisdid not perform as good for Pb and Cu immobilization compared to the reported effects
in the review article. This could be due to the differences methods used, application rate,
biochar properties related teedstock type or pyrolysis temperature, &igb the

contamination level and other physiochemical properties of the soils tested.

In Folldal thetreatmenbf 2wt% pigeon pea biochar produced at 600°C, reduced the level of
Cu bioavailaility by 99+0%for sample F2but with insignificant reductionfor sampleF4
(Table8). The uptake ratgug/h) of Cuin Folldal(interpreted as the difference in slope in the
linear regressiagin figures 1518) showeddivergent results from the biochar treatmente Th
uptake ratéug/h) of Cu for F2 decreased followirgochartreatmenivith 99% (reducing the
uptake from 293 pg/h to 2.4 pgjH=4, on the other hand, showed iacrease iruptake rate
(ng/h) of Cufollowing biocharaddition by about 45% (increase in the uptake rate from 534
pg/h to 978 pg/h)Hence, for Folldal the biochar applicatisignificantlyreduced theotal
amount of bioavailable Cas well as th®GT uptake rat®ver 6-48 hour deployment time

for sample F2In contrast, the total reduction of bioavailaBle for the most polluted sample

in respect to bioavailable C&4,was insignificant

The biochamechanismsesponsible for thapparent reduced bioavailability of Pb, Zn, Cu
and Cd in Kabwe samples Z1, Z3, Z5 dadCu at F2may be due to adsorption to of metals
to the biochasorption sitesor a result obiochar inducealkalinity causing metal hydrolysis
and precipitation, or bottWhich of these mechanisms that dominaiasnotbe concluded
from the DGTexperiment, but will be further discussed in the next secélated to the batch

titration experiment.

7.4Metal solubility
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At 3ILHO G F R he@®talnetR QlubMiy of Pb, Zn, Cu and Cd in Kabwe follows the

same spatial geernwith distance from the mine as for total metal content and bioavailability,

with the decreasing ord@il>Z3>Z5 (viz. differences in-pxis for the samplas figures 20

23).For the Folldal sampleskikH VROXELOLW\ Rl & XfoDRWis*highe&anh FR2RQ G LWL
(viz. differences in yaxis for the sample F2 and F4kigure2?2), although the opposite

relationship was found for total metal content between the two saffjble5), further

implying that total metal content is a poor estimator for the risks associatedothtthe

bioavailable ananobile metal fractionThe elevatedotal soluble Cu inF4 s attributedto the

lower soil pH andsubsequenhcreasd solubility compared to sample F&s wellas the

apparentowered Kd over pH compared to F2igure24).

TheKd distributionrelative to pHfor Cd, Cu, Pb and Zn in the Kabwe samples correlated
well with referenced literatures the lines erewithin the95% confidence intervddased on
the 70 sos compiled in the study bgauvé et al. (2000h Figure24. The elevated Kd values
of the two samples in Folldal may be ascribed to «ithetically constrained dissolution of
mineratassociated Cu and Cd in the tailingslditionally, the Folldal saples were coarser
grainedcompared to the finer grained Kabwe sampdesl likelyalso coarser thathe 70
compiled soils irthe study bySauvé et al. (2000Qs the particle sizéncreasesthesurface

areadecreasesnakingless of the minerahssociated metals prone to dissolution

DOC as a function of pH presentedHigure25 show two clear trends; that the dissolution of
organic carbon is paraboheth the lowest DOC levels detted at around pH 5, and that the
biochartreated samples are associated with lower DOC levels over the titration Eeees
parabolic relationship of DOC as a function of pH confirms other studieAlmgs et al.

(2007) The increased DO€oncentration in solution at higher pH ranges (pH > 6) has been
ascribed to the increased hydrophilic character of DOC linked to gradual deprotonation and
concomitant increase in net negative charge)(@ith increase in pH. The apparent increase
in DOC 4 lower pH values has been ascribed to dissolution of SOM bound to amorphous Al
oxides, which dissolve at pH < BA\lmas et al., 2007; Lofts et al., 200Both of these DOC
dissolution mechanisms at both ends of the pH scale result in taeeapparabolic

relationship portrayed in

Figure25. The biochatreated samples (filled symbols) generally show lower DOC
concentrations than the urdted samples (open symbplaver the lower pH rangeThis is

likely attributed to sorption of DOC to micropores lsinchar(Kasozi et al., 2010; Smebye et
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al., 2016) However,aminor yetsignificant increase in DOC was found in thiechar treated
samples Z1 and Z5 &l LHO G F RWxQrdavwgulR @ymbols ifrigure25). Thesignificant
increase in DO@rom biochar additiortan be ascribed the biochar inducethcrease in pH,
causing mobilization of DOC from the minesies,and/or dissolution of DOC native to the
biochar itself{Smebye et al., 2016)

The total dissolved metals in soluifor theKabwesamplesare largely dominated by free

ion speciesalthough some of the dissolv€d is alsgresent a€l-speciesAdditionally, Cu
and Pb is partly dominated by Falated specieasPb and Cu are known toakestrong
complexewwith fulvic acids(Saar & Weber, 1980Kabwe sampl&3 show the highesg¢vels

of SOM (Table4) and DOC(Figure25), as well at the highesbncentrations ofA-related
specief Pb and CuThe influence of the parabolic relationship between DOC andrpH
metal mobilization by complexatiomith FA is well illustrated in theCu speciation of the
batch titrationn Figure22. The dissolution of DOGt high pH causes a clear increase in FA

Cu species in solution for pH > 4he same effect can be seen for sample Z

The pigeon pehiocharused in this experimeihtas been well described though the work of
MuneraEcheverri et al. (2018Wwhere the biochar was compared to cacao shell, corncob and
rice husk derived biochars. The pigeon pea biochar showed the highest pH (10.4+0.03), but
the CEC (6.54.1.5 cmoj) Kg' ) was reasonablylv compared to the Cacao shell biochar

with CEC values close to Gfmok+) Kg' .

There is a general good fit of all linear regression models presented in fige26s\&ith R
values ranging from 0.66 to 1.00 (excluding the model for Cd in sample Ikid)in@icates
that pH is an important variable for thelubility of all metals for all samplesiso for the
biochar treated sampleBhe apparent immobilization of all metals with increased pH is
ascribed to thaydrolysis of the free metal ions and pp@ation of hydroxides or carbonates
Thereis a significant (p<0.05) difference in both slope and intercept of the line&rgi
regressionines forthe two treatments (BC and no_BC) foostsamplesand metalsThis
impliesthat alsssomemetalsorptionby biocharcontributeto the immobilization of Pb, Zn,

Cu and Cddespiteof the fact thathe CEC of the biochar used is generally low.

In Table8 it is apparent thahebiochar effect ometal mobility and bioavailabilitare

closely relatedAs presented in figure 283, it is evident that thieiochareffect in the batch
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experiment is mainly ascribed to the reduction in free metal ions speldesover, only the

most readily available metal species, such as the free metal ions, will diffaske DGT

resin after éhour deployment time. Hence, thimchareffect measured on bioavailability and

mobility presented inTable8fare both primaly attributed to the immobilization of free

metal ions. This is also supported by the fact thabtbehar HITHFW PHDVXUHG LQ "*717

hour deployment time was less comparable tdtbehareffect on the mobility.

The pH in F2 were higher (pt2o=2.8) than for F4 (pkko=2.1), which is a contributing

factor to the poobiochareffecton reducing bioavailable and mobile Cu concentrations in
sampleF4. As interpreted from figure 289, the mairbiochareffect is ascribed to the
immobilization effecttaused by thbiochar-induced increase in pH. Consequentlipchar

addition to sample F2 resulted in a greater pH increase and therefore a greater decrease in Cu
concentration in solution, compared to F4. Additionally, the difference in buffer capacity
(exchangeable acidity) between the two samples is illustrated by the difference in KOH
needed to increase the pH in the batch experi@ , showirg that 3x more KOH was

needed to increase the pH by 2 pH units for sample F4 compared to F2. This also explains the

poor effects detected for sample F4, as most dbithehar-inducedalkalinity will likely be
buffered. Another factor assigned to the tediimmobilizationof the biochatreatment is the

increase iInCuOH" and CdOH species in solution ibiochartreated samples, as revealed by

the solution speciation |iF|igure22 andFigure23

The immediate need for remediation measofdhe polluted soils of Kabwe is evident by the
recent class action lawsy€arrington, 2020)As mentioned earlier in the discussion, the total
metal concentrations of Pb in Kabwe samfile Z2 and Z3, covering 0 metersfrom the
closestmine, correspond to the levels of special waste and should not remain in the
environmentThe guidelingHansen & Danielsberg, 2008)rther state thataticular caution
should be applied to areas where humans are exposed tothmomted sediments though

soil ingestion, inhalation of particles, skin contact or ingestion of food likely affected by the
contaminationSeveral of these exposure routes apply to the residents of Kabwe, and the most
contaminated soils should therefdre removed from the site. However, it is important to

issue that land reclamation methods are site specific and should take all sitasgon
considerations into account. Removal of the sediments is not necessarily the most applicable
measure considerirthe circumstances in Kabwe, and a recent remediation measures proposal

for Kabwe by. tEHN HW Dd&ommend less costly-gitu land reclamation methods
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over removal. Although the use lmbcharis not explored in the proposal, the principle of
usingbiocharcompares with the recommended use of phosphate amendments for
immobilization of plant availalkl metals in the soils of Kabwe. Remediation measures like the
use of biochar and phosphate amendments to the Kabwe soils will likely reduce the mobile
and bioavailable metal fraction, hence reduce the leachitrgad@metals to water sources

and uptake ircrops. However, the main exposure of these trace metals for the population in
Kabwe is related to the ingestion of contaminated soil particles (dust), especially among
children(Yabe et al., 2020Phytostabilization, a measure based on establishing vegetation
cover to reduce the dust generation, is another a measure for Kabwe propos¢@&byN HW D O
(2019) A study byFellet et al(2011)concluded that bioch@mendment properties like
increased pH, nutrient retention, CEC and water holding capacity was in favor of vegetation
cover establishmein the mine tailings irCawe del Predil (NEltaly) in a phytostabilization
process. When comparing the remediation methods of biochar and phosphate amendments,
the most obvious argument in the favor of biochar is that it can be produced from waste
products with applicable lowosttechniques in situe.g. by using the KerTiki flame curtain
method(Pandit et al., 2017Wwhereas phosphate treatments are more exgeasd/produced
from a valuable plant nutrient. The effect of C sequestration by biochar treatment and the
indirect effect of alleviating climate chan{#/insley, 2007) further supports the use of

biochar over phosphate amendmeB&sed on théndingsin this studyshowingthatbiochar
waseffective in immobilizingmobile and bioavailable fractions Bb, Zn, Cu and Cd in the

soils of Kabwetheuse of biochar as an amendmmsntecommendetemediatiormeasuren

Kabwe.

The biochar effectef reducing the dissolvedetal concentrationseremainly attributed to

the biochar alkalinity, causingydrolysis of the free metal ions and precipitation of
hydroxides or carbonatelsut significant sorption was alstserved (figures 289). The

CEC ofthe biochar was generally low, hence, the use of a biochar with higher CEC would

likely further improve the immobilization effects

Folldal

As the main problem in Folldal related to leaching and drainage of mainly Cu to the river
Folla, the biochar eficts on mobility if Cu are of most practical importance. The biochar
application showed divergent effects on mobility ofvdth 92+1% effects measured for F2,

and 13zXor F4. The differencef effectis ascribed tdhe difference in soil pH, where the
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the biochar induced alkalinity ilow-pH sample F4 was efficiently buffered, resulting in poor
metal immobilization effectdJsing a biochar with higher CEC woui#ely also improve the

effects in Folldal.

8. Conclusions and recommendations

The firstobjective this thesis aims to answer ¥/hat is the mobility and bioavailability of
heavy metals in mine tailings and in adjacent soils due to historic mining activities in Folldal

(Norway) and Kabwe (Zambia)?

For the soils of Kabwehe total soil medl analysis showed that the samples were highly
contaminated by Pb anch{Table5). According to Norwegin-, EU- andCanadian threshold
guidelines|(

Table7) the sois at a200 metedistance to theninewasclassifed asspecial wastsvith

respect to the Pb contemaind represent an immhiate health risk to the local population,
especially though ingestion of contaminated dust parti€les total metal concentration,
bioavailable concentration (DGT) atmtal dissolved concentration of all metals for the
Kabwe samples decreaséh increasing distance from the miig1>23>75. Furthermore

the DGT experiment revealed that the bioavailablénBteasedvith a 1:1relationshipwith

time until at least 48 hours, indicating that theavailable replenishment of Pb for
bioavailableuptakewas not kinetically restricted in any of the Kabwe sample points. This
indicates that a substantial part of the Pb in the solid phase is labile and available for supply to
biota. The batch experimesihowedhat most of the species in solution are present as free
metal ions for Pb, Zn, Cu and Cd (FigureZ%), and that DOC is an important ligand for Pb
and Cuin solution. Both experimentupportthe conclusion that the soils in Kabwe are
highly conaminated, and that a substantial fraction of the metals present in these soils are

both mobile and bioavailable.

For the Folldal tailings hie total soil metal concentrations of Cu elassified as moderate

badaccording tadhe Norwegian guideline faontaminatededimentgdTable6), implying

thatremediation measurese needed aldéolldal Sanple F2 showedhe highestotal
concentration of 2000 mg Cu/kg, compareth®360 mg Cu/kgoundfor sampleF4. In
contrastthe highest mobile and bioavailalil® concentrations were found sample B. The

difference is assigned to difference in pH, and that more of the Cu present in the contaminated
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sample F2 is found in inert mineral phasHss illustrates the weaknessrigk assessment
based solely on total concentrations, and the importance of solubility and bioavailability

experimentdo reveal the true environmental risk of the sediment in question.

The second obijective this thesis aims to answé¥ st is theotential of biochar to stabilize

heavy metals in soils, reducing their mobility and bioavailability?

In the sois of Kabwe,significantstabilizingeffects of thebiochartreatment were found for

Pb, Zn, Cu and Ctbr the most contaminated sample (bbjh in reducing bioavailability

and mobility. The significant (p<0.05) reduction in bioavailabildy sampleZ1 for Pb, Zn,

Cu and Cd was 64+8%, 68+3%, 29+17% and 63+3%, respectively, with comparable results
for reduction in mobily. Thebiochar immobilizatioreffectwasmainly attributed to the

biocharinduced rise ipH, butsignificant sorption also occurr¢Bigure26-29).

In the mine tailings of Folldalheimmobilizing effectsof biocharshowed striking

differences. 8ong effecs onreducedioavailability and mobilityof Cuwere foundn

sample F2 witl99+0% and 92+1% reductiprespectively Whereasnsignificant reduction

in bioavailable Cuand 13+1% reduction on Cu mobiligasmeasured if-4. The pH was
established as the master variabledontrollingthe free ion activity in all sampldsr the

biochar treatments (figures 2®), hence thenainreasorfor thelow effectsdetectedn

sample F4 is ascribed teelow samplepH that buffers théiocharderived alkalinityThis is
evidentas the pH increased by 0.6 pH units for sample F2, but only with 0.1 units for sample

F4 from the biochar addition.

Recommendations

LOI measuremenised tcestimate S®I in S-containing mine residugoes not give true
results due to a likelgverestimabn SOM caused byxidation of the mineral Sulphur phase
at high temperaturefnstead estimating the SOM from the total C contentdyiding with a
factorof 0.5gives afar better estimatelhe magneticnature of the mine tailings of Folldal
alsonotably interfered with the particle size distribution analpsitaser diffractionhence

the use of the pipette method is recommended. Appropriate caution should talksen ehen
interpreting the quantification dioavailable metals measured wile DGT techniquen

very acidic mine tailingsdue to thanetal bindindimitations of the Chelex.00 resin inow

pH solutions
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The studyfoundthatbioavailability and dissolution experiments provimterpredictionsof

the trueenvironmental risks associated wittine sediments compared to tigk estimate

found usingotal metalanalysisand guideline threshold valuddowever,in Kabwe the total
metal content is of significance due to the transport and human exposure from ingestion of

dust particles.

Thisfindings in this studypupports theecommendtionof usng biocharin Pb, Zn, Cu and
Cd contaminated mine associatediseghts. The pigeonpeabiocharused in this study
mainly contributed with a pH effedtdence, better effectsould be expectelly using a
biocharwith higher associate@EC, asothsorption angH relatednechanisms would

contribute tdfurtherthe immobilization othe metask.
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Appendix

A 1: Correction figure usetb give a better estimate for soil organic matter (SGhinineral soilswith the loss on ignition

method Thecorrectionfigure of the corresponding clay content of the soil sample is subtriiotedhe LOI valuego
accountfor theweight losof chemically bound watén clay that evaporates at temperatures exceedingddData

compiled from(Ekstrom, 1926)
Soil type Clay Correction
content | figure

Sand and silt | 5-9% 1

Light clay 10-24% | 2

Medium clay 2539% 25

Stiff clay 4059% | 3.5

Very stiff clay | >59% 4.5

A 2: DGT results calculatedith equationl and 2in sectiofif.4] The samples in thew dataset (from ICRainalysis)
measured unddrOD and LOQ are presented as %2 the respective value for each frtetdata presenteth the tableis

based on three replita samples.
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A 3: Ratio of uptake of the four metals to the DGT estimated as the mean value (n=3) for mass measured at deployment time

48h divided by the mean mass of metals measured at deployment time 6h. If the ratio is 8 (28/6=8), the supply of metals to

the DGT is regaded as unlimited as the soil solution sustains a constant concentration in the interface of the DGT device

over time. This suggest that the metal replenishment from the geochemically active soil fraction is not kineticallg.réstricte

the ratio is abov@, the geochemically active metal soil fraction supply more metal to the DGT device than the replenishment
initiated by the equilibrium solution around the DGT device . This can be possible due to the high milliequivalent associated

with the DGT resin,cXVLQJ WKH '*7 WR EH DQ XOWLPDWH VLQN RI JHRFKHPLFDOO\ DFWL
samples with metal concentrations under the detection limit.

Sample Treatment Cd Cu Pb Zn
Z1 no_BC 3 4
Z1 BC 5 4 6
Z3 no_BC 5 7
Z3 BC 5 3 7
Z5 no_BC 4 LOD LOD 6
Z5 BC LOD LOD LOD 8
F2 no_BC 1 5 LOD 2
F2 BC 1 4 LOD 5
F4 no_BC 2 2 LOD 3
Fa BC 0 3 LOD 3
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A 4. Elemental composition of solution from titration batch experiment (used as Input data to WHAM). The displayed values
are means (n=3) of ICRDES/MS analysis of soil solution from batch experiment. Letténsdicate level of titration (added
HCI for Zanbia samples, and KOH for Folldal samples), where a indicates equilibrium solution with 0.01M KCI for each

respective sample, andftshow increasing levels of added titrant at displayg@ahle3] BC= biochar treated sample,
nBC= no biochar added. Note the difference in units.
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A 5: Thebackground data of the linear relationships presentdéigure 24. The Kd values are based on soil total concentrations and total
dissolved concentrans in solution. Presented is the mean values for the titration series, with and \kithchartreatment.
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