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Summary

Copper and Zn are essential micronutrients fortplaamimals, and humans; however, they
may also be pollutants if they occur at high cotregions in soil. Therefore, knowledge of Cu
and Zn cycling in soils is required both for guaesmng proper nutrition and to control possible
risks arising from pollution.

The overall objective of my study was to test if @uwd Zn stable isotope ratios can be used
to investigate into the biogeochemistry, source taaasport of these metals in soils. The use of
stable isotope ratios might be especially suitéblrace long-term processes occurring during
soil genesis and transport of pollutants througé $bil. In detail, | aimed to answer the
guestions, whether (1) Cu stable isotopes areidraatied during complexation with humic acid,
(2) 8*°Cu values can be a tracer for soil genetic prosesseedoximorphic soils (33*°Cu
values can help to understand soil genetic prosasseer oxic weathering conditions, and (4)
&°°Cu andd®Zn values can act as tracers of sources and trarafg@u and Zn in polluted soils.

To answer these questions, | ran adsorption expeatsnat different pH values in the
laboratory and modelled Cu adsorption to humic .aEigrthermore, eight soils were sampled
representing different redox and weathering regiofeshich two were influenced by stagnic
water, two by groundwater, two by oxic weatheri@gufbisols), and two by podzolation. In all
horizons of these soils, | determined selectedchsail properties, partitioned Cu into seven
operationally defined fractions and determined @Gncentrations and Cu isotope ratié&Cu
values). Finally, three additional soils were sadpalong a deposition gradient at different
distances to a Cu smelter in Slovakia and analyagether with bedrock and waste material
from the smelter for selected basic soil propert®s and Zn concentrations adtfCu and
8°°Zn values.

My results demonstrated that (1) Copper was fraatied during adsorption on humic acid
resulting in an isotope fractionation between thmmbbilized humic acid and the solution
(A*°Cunasoution) Of 0.26 = 0.11%0 (2SD) and that the extent of fi@wation was independent of
pH and involved functional groups of the humic a¢i) Soil genesis and plant cycling causes
measurable Cu isotope fractionation in hydromorpdods. The results suggested that an
increasing number of redox cycles depleté@u with increasing depth resulting in heavier
&Cu values. (3) Organic horizons usually had isatalpi lighter Cu than mineral soils
presumably because of the preferred uptake andlimegyof ®*Cu by plants. (4) In a strongly
developed Podzol, eluviation zones had lighter dogiation zones heavied®Cu values
because of the higher stability of orgatiGu complexes compared to orgafiGu complexes.

In the Cambisols and a little developed Podzolc axeathering caused increasingly lighter
&°°Cu values with increasing depth, resulting in tippasite depth trend as in redoximorphic
soils, because of the preferential vertical transmd °°Cu. (5) The 8°Zn values were
fractionated during the smelting process and isoatly light Zn was emitted allowing source
identification of Zn pollution while3®®Cu values were unaffected by the smelting and Cu
emissions isotopically indistinguishable from sdihe 8°Cu values in polluted soils became
lighter down to a depth of 0.4 m indicating isotdpectionation during transport and a transport
depth of 0.4 m in 60 year8°°Zn values had an opposite depth trend becomingidreasith
depth because of fractionation by plant cyclinggcsation changes, and mixing of native and
smelter-derived Zn.

Copper showed measurable isotope fractionatiorppfaximately 1%. in unpolluted soils,
allowing to draw conclusions on plant cycling, spart, and redox processes occurring during
soil genesis andCu andd°Zn values in contaminated soils allow for conclusion sources
(in my study only possible for Zn), biogeochemioahavior, and depth of dislocation of Cu and
Zn pollution in soil. | conclude that stable Cwlafn isotope ratios are a suitable novel tool to
trace long-term processes in soils which are diffito assess otherwise.
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Zusammenfassung

Kupfer und Zn sind essentielle Nahrelemente fuarfén, Tiere und Menschen, kénnen
aber in hohen Konzentrationen auch als Schadstafteen. Deshalb ist das Wissen uber den
Cu- und Zn-Kreislauf im Boden als Lebensraum ur@tBktionsort fir Nahrung wichtig.

Das Ziel dieser Arbeit war es zu untersuchen, ab sfabilen Isotope von Cu und Zn
geeignet sind, um biogeochemische Prozesse, Queaiki ransport dieser Elemente in Boden
zu untersuchen. Die Untersuchung von stabilen @d-4n-Isotopen kdnnte besonders fir die
Erforschung von Langzeitprozessen hilfreich seie i beantwortenden Fragen sind: (1) Ob
Cu-Isotope bei der Komplexierung mit Huminsauréticmiert werden, (2) ob di@*Cu-Werte
im Boden Hinweise auf bodenbildende Prozesse imdmydrphen Boden liefern, (3) di3°Cu-
Werte helfen kbénnen biogeochemischen Prozesseischen Boden zu verstehen und (4) ob
&°°Cu- undd*Zn-Werte als Tracer fiir Quellen und Transport venuid Zn in kontaminierten
Boden dienen kdnnen.

Um diese Fragen zu beantworten, flihrte ich Adsonggxperimente bei verschiedenen pH-
Werten durch und modellierte die Cu-Adsorption amosliche Huminsaure. Desweiteren
wurden acht Boden, die durch verschiedene bodem®ld Prozesse charakterisiert waren,
beprobt. Jeweils zwei Boden waren durch Stauwassdr Grundwasser beeinflusst, zweli
bildeten sich unter oxischen Verwitterungsbedingumg(Braunerden) und zwei durch
Podsolierung. In allen Horizonten dieser Boden nsnighte ich die grundlegenden
Bodeneigenschaften, die Cu Speziierung in eineuesdipllen Extraktion und®Cu-Werte.
Drei weitere Boden wurden entlang eines Deposigoadienten in unterschiedlichen
Entfernungen von einer Kupferhitte in der Slowakesammen mit Ausgan%sgestein und
Abfallprodukten der Hiitte beprobt und auf ausgeteiBigenschafterd®°Cu- undd*°Zn-Werte
untersucht.

Meine Ergebnisse zeigen, dass (1) Cu bei der Koagsleng durch Huminsaure fraktioniert
wird (A®CUnuminsaure-Losung= 0.26 + 0.11%o (2 Standardabweichungen) und daktfemierung
unabhéangig von pH und den involvierten funktionelléruppen der Huminsaure war und dass
(2) bodenbildende Prozesse und die Umsetzung valtu@in Pflanzen eine messbare Isotopen-
Fraktionierung verursacht. Die Ergebnisse legehmenadass mit steigender Zahl von
Redoxwechseln im Boden di°Cu-Werte schwerer werden. (3) Organische Horizaatgten
meist leichtered®*Cu-Werte, was wahrscheinlich auf die Fraktioniermog Cu-Isotopen bei
der Aufnahme und dem Transport von Cu in Pflanzeriickzufiihren ist. (4) In einem
ausgepragt entwickelten Podsol zeigten Cu-Abreioigszonen leichtere und Cu-
Anreicherungszonen schwereb®Cu-Werte, was wahrscheinlich durch Fraktionierungen
der Komplexierung und dem Transport von Cu als @ogamplex zurlckzufihren ist. In
einem schwach entwickelten Podsol und zwei Brawerengerursachte oxische Verwitterung
einen Trend zu leichtered®™Cu-Werten mit zunehmender Tiefe, der im Gegensatdem
Trend in hydromorphen Boden steht. (5) Die Zn-lpetavurden wahrend des Schmelzprozesses
fraktioniert und leichtes Zn wurde emittiert wodareine Quellenidentifikation moglich war.
Die Cu-Werte in den kontaminierten Béden wurden durieh\grhiittung nicht fraktioniert.
Die 8°°Cu-Werte tendierten bis in eine Tiefe von 0,4 mleichten Werten, was auf eine
Fraktionierung wahrend des Transports und eine spanttiefe von 0,4 m in den letzten 60
Jahren hindeutet. Di&°°Zn-Werte hingegen wurden mit zunehmender Tiefe scewy was
durch Fraktionierungen durch Pflanzen, Anderung Ggeziierung und Mischung mit
naturlichem Zn erklart werden konnte.

Stabile Cu-Isotope zeigen in nicht kontaminiertéid& messbare Fraktionierungen von ca.
1%o, die Ruckschlisse auf Pflanzen-induzierte Preedransport und Redoxprozesse
zulassen. Di&*°Cu- undd®Zn-Werte in kontaminierten Béden erlauben Riickss#iauf die
Quellen und den Transport der Schadstoffe im Bodiesgesamt sind stabile Cu- und Zn-
Isotope daflr geeignet, Langzeitprozesse in Bodeuorzersuchen, die mit anderen Methoden
kaum abzuschatzen sind.
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1 Introduction

Copper and Zn are essential micronutrients but a@ian be pollutants at high
concentrations (Alloway, 1990). Therefore, knowledd Cu and Zn cycling in soils is
required, both for guaranteeing proper nutritiom a0 control possible risks arising
from Cu and Zn pollution

Copper occurs in unpolluted soils in concentratiohapprox. 3Qug g* and varies in
a range of 2-10Qg g*, while Zn concentrations vary between 15 and 1@0kgt with
average concentrations of 70 mg'Kélloway, 1995; Artiola, 2005). In polluted soils,
Cu and Zn concentrations may reach several thousandg" (Alloway, 1995). In
nonpolluted soils, Cu and Zn derive from the mite@f bedrocks and only minor
contributions enter soil from the atmosphere, wiilgolluted soils contamination may
result from direct application of Cu-containing exls like wastes and fertilizers or
input from the atmosphere (Nriagu and Pacyna, 19d8jals are emitted in gaseous or
particulate form to the atmosphere and may be diggb® the surface contaminating
waters and soils (Dudka and Adriano, 1997). Becafisbe atmospheric origin, these
metals enter soils from the surface, can be tratspoin the soils, and finally
contaminate groundwater (Alloway, 1995). Copper ahd emissions from metal
processing are the major sources of atmospheriatjpol with these metals (Nriagu and
Pacyna, 1988; Pacyna and Pacyna, 2002).

Transport of Cu and Zn in soil occurs in dissolwdcolloidal form and causes a
vertical redistribution of these metals in soil (denge et al., 2004; Keller and
Domergue, 1996). In soil solution, Cu and Zn mostbcur as Cti and ZA*, but
depending on pH and interacting substances alsookgd (hydrogen)carbonato-,
sulfato-, and organo-complexes are formed in varioixtures (Artiola, 2005; Ginther
and Kastenholz, 2005). Dissolved Cu and Zn speunasadsorb on negatively charged
surfaces of clay minerals and organic matter ang Ipgastrongly bound at the surface
of oxy(hydr)oxides as outer- or inner-spheric caawpk or occluded in the oxides
(Alcacio et al., 2001; Artiola, 2005; Contin et,a2007; Dube et al., 2001). Under
reducing conditions, the formation of sulfides maymobilize Cu and Zn (Artiola,
2005; Gunther and Kastenholz, 2005) but also nx#tibn is possible. Increasing pH in
chemical reduction reactions may cause the relebdessolved organic matter, which
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enhances metal mobility (Grybos et al., 2007). Rtgeit was detected that Cu may
form mobilizable elemental nanoparticles (Manceiaal.e 2008; Weber et al., 2009).

Many attempts have been made to improve understquaditrace metal behavior in
soil. For Cu and Zn, the most common tools to a&sgbeir fate are sequential
extractions to study the binding of metals to vasicsoil constituents (Bacon and
Davidson, 2008). Other approaches to assess CuZanspeciation in soil include
infrared and electron spin resonance spectroscepgesi et al., 1986), extended X-ray
absorption fine structure spectroscopy (Alcacioakt 2001; Voegelin et al., 2005),
exchange with added isotopically labeled metals @¥lal., 2006), and voltammetry to
measure dissolved species in soil solution (Lualet2006; Pelfrene et al., 2008). But
there are still open questions in the understandinQu and Zn behavior in the highly
complex soil system. This is particularly true tbe long-term effects of transport and
redox processes in soil at time scales up to huaisdoe thousands of years, which are
experimentally not directly accessible. Investigatiof stable isotope ratios, which
integrate the effects of such long-term processeght therefore be a useful tool to
further the understanding of the biogeochemicalliogcof Cu and Zn in the
environment.

The 3*°Cu values of some common bedrocks and biogeochepricaesses which
occur in the soil were already reported in theditere. Common rocks like granites (-
0.46 to 1.51%o; Li et al., 2009), basalts (-0.0D107%o; Archer and Vance, 2004; Li et
al., 2009) and loess (-0.02 to 0.03%o; Li et al.020cluster around 0%.. Thus, these
parent materials for soil formation seem to showitéd variations in Cu isotope ratios.
In contrast, large variations occur in ores andemits withd°>Cu values of -3.44 to
7.74%0 (Asael et al., 2007; Gale et al., 1999; Maatcet al., 1999). However, the
number of analyses of common parent materialsdibdevelopment is still limited and
the above mentioned ranges®TCu values may therefore not be representativenfor t
entire range in nature.

Results of laboratory experiments demonstrated @watsorption on Fe and Al
oxy(hydr)oxides causes fractionation between théd sand solution phases of
A*°CUioxy(hydrioxide-solutionyfrom 0.34 to 1.26%. (Balistrieri et al., 2008; Clagt et al.,
2005; Pokrovsky et al., 2008). Binding on bactemimfaces causes fractionations of

A®°CUpacteria-solution)between -1.8 and 0.6%o depending on pH, bacteripetiss, and



environmental conditions (Borrok et al., 2008; Ruoisky et al., 2008). In metal
precipitates on bacteria surfac®>Cu was enriched by up to 3%. compared to the
aqueous medium (Mathur et al., 2005). The mostquroeed isotope fractionation was
observed during reduction of €uo Cu (A*®Cucyrcuny = -4.1 to -2.8%o; Ehrlich et al.,
2004; Zhu et al., 2002) or oxidation of reduced @inerals to Cti" (A*°Cucui-cuy =
0.94 to 3%o; Asael et al., 2005; Mathur et al., 200®ants fractionate Cu isotopes
during internal translocatiomM{°Cuyeot.shooy= 0.41; Jouvin et al., 2008), which may
influence the Cu isotope composition of organidaste horizons of soils.

Zinc adsorption on oxy(hydr)oxides causes Zn isetérpctionations 0f\®*Zngjg.
solution from -0.2 to 0.6%0 depending on the mineral and [@4dligtrieri et al., 2008;
Pokrovsky et al., 2005) and complexation by pudifreimic acid causes fractionation of
(A°®Znpra-soltion OF 0.24%0) only at pH > 6 (Jouvin et al., 2009). laboratory
experiments, Zn isotope fractionations betweensr@oid shoots or leaves of different
plant species with the shoots and leaves beingletiin light isotopes compared to the
roots were shown (Moynier et al., 2009; Weiss et28l05). In a tropical watershed, tree
leaves were enriched in the lighfzn isotope §°Zn = -0.5%0) compared to roots
(0.5%0), and shoots (0.4%.). Furthermore, organidzoms were heavier (0.1%o) than
leaves (Viers et al., 2007), which is probablyibtitable to nutrient uptake from the
litter layer. Electroplating experiments with Znvealed voltage-dependent isotope
fractionation due to reduction of Zn with reduced Being up to -1.88%. lighter
compared to the starting solution (Kavner et £08).

A recent review suggested Cd, Cu, and Zn isotope®w tools to trace the sources
of metals in the environment (Weiss et al., 2008)is known that Cu does not
fractionate during the smelting process, probalelgalise of its high boiling point and
therefore smelting products reflect more the milogyiaal differences of the processed
ores (Gale et al., 1999; Mattielli et al., 2006cBuse Cu ores and minerals show a
wide range of isotope fractionation wii°Cu of -3.44 to 7.74%. (Asael et al., 2006;
Gale et al., 1999; Marechal et al., 1999), it sekkedy, that the>*°Cu values of smelter
emissions are different from those of the unpodluseil to which the smelter-derived
Cu is deposited.

In previous work, Zn isotope ratios were alreadgcessfully used to distinguish

anthropogenic from native metal sources (Cloquel.e2006; Sivry et al., 2008; Sonke
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et al., 2008). Because of its low boiling pointaperation of Zn occurs during smelting
leaving the vapor phase enriched in light isotopds)e the residues of the smelting
process are enriched in heavy isotopes (Mattielale 2009). Because of the isotope
fractionation in the vapor phase, Zn emitted todhmosphere is isotopically light and
different from natural sources (Mattielli et al.Q@®), while Zn from waste dumps
polluting rivers is isotopically heavy and can bstidguished from native Zn in
sediment cores (Sivry et al., 2008). The isotopmmusition of Zn pollution around a
metal smelter also depends on distance from thdtesmblear the smelter, heavy Zn
blown from waste dumps and ores contaminates th@uwuding in addition to Zn
deposited from the atmosphere, while at greateamtes only the light Zn resulting
from Zn evaporation is deposited (Mattielli et 2009). As smelter-emitted Cu and Zn
enter soils from the surface a separation of aptigenic from native Cu and Zn with
the help of the natural abundance of stable metadopes might help to better
understand transport of these metals in the shik &pproach was already successfully
used for the radiogenic Pb isotope system with, dvan much larger differences in
isotope signatures of anthropogenically redisteduand native Pb (Erel, 1998; Erel et
al., 1997).

1.1  Objectives
In my thesis, | addressed the following research astions:

(1) Are Cu stable isotopes fractionated duringhplexation with humic acid and
does Cu binding to different functional groups #fedent pH influence the extent of
fractionation(Section B)?

(2) Can the knowledge of thé°°Cu values improve the understanding of
biogeochemical processes of Cu during soil genesigdromorphic soil§Section C)?

(3) Can the knowledge of tl&°Cu values help to understand biogeochemical and
soil genetic processes in soils developed underweaathering condition&Section D)?

(4) Cand>Cu andd®°Zn be used as tracers for source and transporti@n@ Zn in

soils polluted by the emissions of a Cu sme8=ction Ef



2 Materials and methods

2.1  Adsorption experiment

Aldrich humic acid was insolubilized according t@k®& and Suzuki (1995) by
converting to its Ca salt, heating for 1 h to 3306§@nding, and washing. The humic
acid was further purified with HF:HCI (2:1) and twimmes HCI for 2 h at 70°C (Weber
et al., 2006a). For the Cu adsorption experimesakjtions were prepared containing
0.1 M NaNQ as background electrolyte and 1.7 mdCu added as Cu(N{). The pH
of the solutions was adjusted to values betweemd27ausing diluted HN@and NaOH
solutions. A relatively broad pH range was chosewlisplay a wide range of natural
environments and account for differences in isotfspetionation at different pH. No
buffer was used to stabilize pH because of possitiéets on Cu speciation and isotope
fractionation. For adsorption experiments 0.2 £30r0g of insolubilized humic acid
(IHA) were weighed in a 15 ml vessel and 10 ml@tison was added. Samples were
shaken overhead for three days to achieve equitibriThen, samples were centrifuged
at 4000 rpm for 45 min, 2 x 50 pl of the supernataere removed and diluted for Cu
concentration analysis and 7 ml of the supernateerte transferred to Savillex™
vessels for isotope analysis. pH was measuredeimdimaining solution. As solutions
were not buffered, pH changes occurred during #mation. For Cu purification,
samples were evaporated to dryness and re-dissolved HCI + 0.001% KO, and
further processed as described bel®edtion B.

2.2 Study sites and sampling

Soils were sampled in Germany and Slovakia. Soésevselected according to the
soil type for soil genetic studies or accordingheir distance from the Cu smelter in
Krompachy, east Slovakia to study the suitabilfyCa and Zn isotope ratios as tracer
of metal sources and vertikal transport in soil.oTeoils affected by stagnic water
(Stagnic Luvisol/Stagnic Cambisol), two soils atéset by groundwater (Gleysols), two
soils which show translocation of metals and orgamaterials (Podzols), and two
young soils which developed under oxic weatherimgdtions (Cambisols) were

selected to study the influence of soil genesisgnico-chemical conditions &i°Cu
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values. The soil types were selected in order pyesent the influence of changing
redox conditions, metal transport, and weatherimglepth distribution 03°°Cu values.

Soils were classified according to the World Reieee Base for Soil Resources
(IUSS Working Group WRB, 2006) and soil morphologgs described according to
FAO (2006). All soils except the Calcari-Humic Gdey were located in the Variscan
mountain area in slope positions between 1° and Z&& Calcari-Humic Gleysol
developed from fluviatile material next to a smakek. Like many central European
soils, five of the eleven study soils (Skeleti-S$tiag uvisol, Stagnic Cambisol, Dystric
Gleysol, Skeletic Cambisol and the Haplic Podalidveloped from periglacial cover
beds consisting of up to three solifluctional lssyelDepending on site conditions and
vegetation, up to three organic horizons had deesloand were sampled. In the
mineral soils, up to six individual horizons could distinguished and were sampled
together with organic- and iron-rich spots in thesBiorizon of the Haplic Podzol 1,
bedrock, and other parent materials like loess laamcher See tephra where parent
materials were accessible. Additional technical temsvere sampled from the waste
dump of the Cu smelter in Krompachy to investigat¢ope fractionation of Cu and Zn
during ore processing. The soils are described nmodetail and basic soil parameters
are given in the corresponding chapters of thissishé€Sections C to B Site
characteristics for the different soils are sumeetiin Table Al.



Table A-1. Type, location, and site characteristitthe studied soils

Soil type Location Altitude  Slope Bedrock Age Rainfall Temperature Vegetation
m alt;?/\éle sea mm yr* January/JulyC
redoximorph soils
Skeleti- Germany
Stagnic  50° 13' N 400 6° slate early 700~ 0/18 beech
: ' Devonian 800
Luvisol 8° 16'E
Stagnic e e Sa\r/]vcijtitone Eocene 900~ Spruce.
gnic  49° 31" N, 800 20 . flysch with ~7/16 horsetail,
Cambisol . muscovite mudstone 1200 and moss
19° 26'F mudstone
Calcari- Germany .
Humic ~ 49°56' N, 88 0° MWIC  pieistocene 209" 0/18 alder, and
materials 600 grass
Gleysol 8° 04'E
Slovakia
. . . spruce,
Dystric 490 20N, 630 go granteand o000, 700 ~7/18 blueberry,
Gleysol sandstone 800
19° 37'E and moss
aerobically weathered soils
Skelet Germany |
eletic on o o early i
Cambisol 50°13'N 400 12 slate Devonian 700-800 0/18 beech
8°16'E
Slovakia
) i spruce,
DYsUSIC 49053 N 1100  13° sandstone =oC€ne 1000 7116 blueberry,
Cambisol Flysch 1200
19°29° E and fern
Hapli Germany I 1000
aplic omp- o early - .
Podzol 1 49°35" N 424 10° sandstone Triassic 1300 0/18 pine
8°50" E
Slovakia
. spruce,
Haplic o0n o grano- . 1200-
Podzol 2 49°13" N 1400 23 diorite Variscan 1400 -10/8 blueberry
19°45 E and fern
polluted soils
Dystric ~ Slovakia pine,
Cambisol 48°55" N 445 5° tuffite Permian 700 -6/17 spruce, and
L1km 5054 E hornbeam
Dystric  Slovakia pine,
Cambisol 48°55" N 455 10° tuffite Permian 700 -6/17 spruce, and
3.8km  op56 E hornbeam
SEtat?hcl- Slovakia spruce,
CarLijI'soI 48°55 N 380 1°  tufite  Permian 700 -6/17  pine, and
! hornbeam

53km 20°57 E
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2.3  Sample preparation

The mineral soil, organic layer and waste samplesevair-dried. The mineral soil
was sieved to <2 mm. A representative sample wieantfrom sieved mineral soils,
organic samples and grained wastes. Bedrocks dimtlvgastes were crushed with a
hammer. To determin&°Cu and°®Zn values and total element concentrations, all
samples were ground in a ball mBéctions C to E.

The texture of the <2 mm sieved fine earth wasmenhed with the “pipet method”
after destruction of organic matter (OM) with®3, dispersion with NgPsO1g: 6HO
and wet sieving of sand fractions (Schlichting &t &4995). Gravel content was
determined gravimetrically or by estimation in fiedd (Sections C to B Soil pH was
measured in 0.1 mofICaC} at a soil:solution ratio of 1:2.5 after equilibaatifor two
hours with a glass electrod8dctions C and ) and in 0.1 molt KCI at the same
soil:solution ratio $ection B. Total C, N, and S concentrations were determimedry
combustion with a CHNS analyzer (Vario EL, Elemenfaalysensysteme, Hanau,
Germany) Sections B to E.

Carbonate concentration was determined as thereliife in C concentrations of a
subsample treated with 10% HCI and an untreatedasaple and determined with the
CHNS analyzer Section Q. The effective cation-exchange capacity (ECEC)k wa
determined as the sum of the charge equivalent€apfK, Mg, Na, Mn, and Al
extracted with 1 moll NH4NOs. Base saturation (BS) was calculated as the sutimeof
charge equivalents of Ca, Mg, Na and K divided IGEE and expressed in percent
(Sections C to B.

Copper was sequentially extracted with the methadeeen and Brimmer (1989) to
assess operationally defined Cu fractions in $&riefly, for the sequential extraction
two g of air-dried soil were extracted with 50 nfl @ach:1 mol  NH4NOs, 24 h
(fraction 1, readily soluble and exchangeable),dl it NH,O-acetate, pH 6.0, 24 h
(fraction 2, specifically absorbed and other weaklyund species), 0.1 mol* |
NH,OHHCI + 1 mol I* NH,O-acetate, pH 6.0, 0.5 h (fraction 3, bound to Miues),
0.025 mol * NH,EDTA, pH 4.6, 1.5 h (fraction 4, bound to OM), Ov®Il 1 NH,-
oxalate, pH 3.25, 4 h in the dark (fraction 5, bdtm poorly crystalline Fe oxides), 0.1
mol I* ascorbic acid in 0.2 mof INHs-oxalate, pH 3.25, 0.5 h in hot water (fraction 6
bound to crystalline Fe oxides) and 67% HNO50% HF (3:1) (fraction 7, residual).



Fractions 1-5 were extracted at room temperattaetibn 6 was extracted at 96°C, and
fraction 7 was digested at 200°C under pressura microwave oven. All fractions
except fraction 7 were centrifuged at 2500 rpm X6rminutes and filtered with blue
ribbon filter paper (Whatman Schleicher and Schuédint, England, 2pum retention)
after extraction. After every extraction step exdep fractions 1 and 7, the sample was
rinsed once (fractions 2, 4, 5, and 6) or twicedfion 3) with 25 ml of 1 mol
NH.NO; (fraction 2), 1 molt NH,O-acetate (pH 6, fraction 3), 1 m&l NH,O-acetate
(pH 4.6, fraction 4) and 0.25 mo! NHz-oxalate (pH 3.25, in the dark, fraction 5 and 6)
for 10 minutes. Extracts and the rinses were coetb{@ection C and D.

Total Fe concentrations were measured in total stigevith concentrated HF:
concentrated HN¢X1:3). Fe concentrations were also measured ifrdlcgions 5 and 6
of the sequential extraction, which are thoughtrépresent poorly-crystalline and
crystalline oxy(hydr)oxidesSections C and D).

Copper and Ti concentrations of not purified sampleere determined by
electrothermal atomic absorption spectrometry (EBAAInicam Solaar 989, Thermo
Scientific, Waltham, USA) and the concentration$ef Ca, K, Mg, Na, Mn, Al and Zn
were measured by flame atomic absorption spectrgnfERAAS, AA 240 FS, Varian,
Palo Alto, USA). Copper and Zn blanks, Ti concetidres in the purified samples, and
elution profiles (Fig. 1) were measured by ETAAS I&P-MS (HP 4500, Agilent
Technologies, Santa Clara, USA). For ICP-MS analysamples were spiked with Rh
as internal standar&éctions B to B.

For isotope analyses, 100 to 500 mg of ground weile weighed in a ceramic
crucible and ashed at 450°C overnight. The sample digested in a microwave oven
(MARS5Xpress, CEM Corp., Matthews, NC) at 200°C emgressure in a mixture of
concentrated HF/concentrated HNO3 (1:3). For scameptes from Krompachy which
contained much graphite-like material, the digespoocedure was modified by taking
9 ml HNG; and 2 ml HO- in a first and adding 3 ml HF in a secaanad third run at
225°C. The acid was evaporated and redissolvedaaimes and finally digested in 7
mol I HCI and 0.001% kD, for purification on the anion exchange resin. Toual
digests were purified on a pre-cleaned AG MP-1 &loresin after a protocol modified
from Marechal et al. (1999). After conditioning tresin with 8 ml of 7 mol't HCI, the
sample was applied in 1 ml of 7 md1 HCI. Then, 6 ml of 7 mol1 HCI in 1-ml steps

10
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and two times 2 ml of 7 mof'IHCI were combined to wash the sample in the rasih
elute matrix elements. Twenty-eight ml of 7 mdIHCI were used to collect the Cu
fraction, 12-15 ml of 1 moli HCI were used to elute the Fe fraction, and finih
was eluted in 12 ml of a freshly prepared 0.5 mfoHNO; : 0.1 mol * HBr mixture
(Fig. A-1a). Because of the low Cu to high mataxi@, one single purification run was
not sufficient to achieve good matrix separatiohe TCu purification procedure was
therefore repeated for each sample (Fig. A-1b).atatpelutes together with Cu and
can therefore not be separated from Cu. Howeverdd&s not significantly affect Cu
isotope measurements (Li et al., 2009; Petit ¢2808).

For Zn, one single purification run was sufficieAfter the purification, the sample
was dried and oxidized with HNO3 and H202 to destyayanic compounds released
from the resin and drive out any remaining HCl.aHiy the samples were redissolved
in 2% HNOS3 for isotope ratio measurement. Recoveay checked for every sample to
rule out isotope fractionation on the resin (Masdmnd Albarede, 2002). Recoveries
were checked with ETAAS (Cu) and FAAS (Zn) and sEspthat did not show
recovery of 100 + 6% were discarded (Sections B)to

11
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Figure A-1. (a) First and (b) second purificatiori a basalt sample (BCR-2). Copper and Zn and

interfering elements according to Mason et al. @&0and Petit et al. (2008) are shown.
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2.4  Copper and Zn isotope ratio measurements

Copper and Zn isotope ratios were measured withinaigan-Neptune (Thermo
Scientific, Waltham, MA, USA) multiple collector dactively-coupled plasma mass
spectrometer (MC-ICP-MS). A Ni spike (NIST 986) wased for mass bias correction
of Cu (Li et al.,, 2009; Markl et al., 2006). Masmdwas corrected according to the
certified ®®Ni/**Ni ratio (0.138600) of NIST 986 added to all sarmsptnd the Cu
standard prior to measurement and by applying ¥pemential law. After every third
sample a standard (NIST 976) was analyzed as ad{istiandard-sample bracketing.
The 8°Cu values were calculated as the deviation ofshepe ratio of the mass-bias
corrected samples from the isotope ratio of thesnlgess corrected bracketing standards
(Li et al., 2009). The long-term reproducibility &f Cu-ICP standard (Merck,
Darmstadt, Germany) was 0.06%0 (2 SD, n = 49). Ewanyple was measured twice
and the mean reported. All Cu isotope ratios wepressed a&®°Cu values relative to
NIST 976 isotope reference material according todfign A-1 Sections A to D.

(cu/® Cu), e -1|*1000
(65Cu /63 CU)N|ST975

5 Cult] = (
(A-1)

A Cu spike was used for mass-bias correction ofisotope measurements. Mass
bias was corrected according to the method of Melegt al. (1999). After every third
sample, a standard (NIST 976) was analyzed asdadfistandard sample bracketing.
The 3°°Zn values were calculated as the deviation of $héope ratio of the mass-bias
corrected samples from the isotope ratio of thesnlas corrected bracketing standards
(Li et al.,, 2009). The Zn isotope ratios were meedurelative to the Zn isotope
reference material IRMM 3702. Because Zn isotoa dee usually reported relative to
a Johnson Matthey (JMC) standard solution (batc®74BL), Zn isotope ratios
measured relative to IRMM 3702 were converted giragl 0.32%., which is the offset
of the Zn isotope ratios between the two standalutisns (Cloquet et al., 2006; John et
al., 2007). Thus Zn isotope ratios are presentesth@wn in Equation A-2.

®7zn/®*zn
5% Z N0 70 (%] = 032{ ( ) ampe —1}*1000 (A-2)

(66 Zn/64 Zn) IRMM 3702
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Long-term reproducibility of a Zn in-house standards 0.08 %0 (2 SD / n = 10).
Every sample was measured twice and the mean egpoviean reproducibility of
samples digested, purified, and measured in duplwas 0.06%. (2 SCHection B.

2.5 Calculations, statistical analysis, and speciatiomodeling

Pearson correlation coefficients were calculateddé&scribe relationships. The
Kolmogorov-Smirnov test was used to check for ndrcistribution of the data sets
(Sections B to B. To check for significant correlations or diffaes between means, t-
tests were performed with SPSS 15 (SPSS inc., Ghjdéinois, USA).

To assess Cu speciation at different pH during d@dsorption experiment, |
conducted chemical speciation calculations withNih@ A-Donnan model which is one
of the most common models to assess complexationetdls with humic substances.
Details of the NICA-Donnan model are found in Begtéicet al. (1995) and Kinniburgh
et al. (1996). The NICA-Donnan model distinguishesween low affinity sites (LAS,
carboxylic groups), high affinity sites (HAS, phdindype groups), and electrostatically
bound species and is thus suitable to test if @iffebinding sites cause distinguishable
Cu isotope fractionation. The ECOSAT program whiobuces the NICA-Donnan
model was used for speciation calculatioBedtion B.

3  Results and discussion

3.1  Copper isotope fractionation during complexation wih humic acid (Section
B)

To understand Cu isotope fractionation in soilspwedge about direction and
extent of isotope fractionations caused by differprocesses is necessary. Some
fractionation mechanisms of a number of processeskaown but the effect of Cu
complexation by organic acids, which strongly iefige bioavailability, mobility, and
toxicity of Cu in soil on3°>Cu values has not been studied yet. In many nasysaéms
like soils, sediments, lakes, and river watersanogCu complexes are the dominating
species (Artiola, 2005; Buck et al., 2007; Hoffmaatral., 2007). The knowledge of Cu
isotope fractionation during adsorption on humimlanay help to better understand Cu
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isotope fractionation in natural environments ahdstfacilitate the use of Cu stable
isotope ratios&@°Cu) as tracer of the fate of Cu in the environmetterefore studied
Cu isotope fractionation during complexation wiisalubilized humic acid (IHA) with
the help of adsorption experiments at pH 2-7. Theb@@ding on IHA was modeled to
estimate the influence of Cu binding to differemindtional groups on Cu isotope
fractionation. The observed overall Cu isotopetfoaation at equilibrium between the
solution and IHA wa@\**Cuna-soiution = 0.26 + 0.11%o (2SD). Modeled fractionations of
Cu isotopes for LAS and HAS were similar Wi°Cuas-soiuion= 0.27 andA®*Cuyas.

soluion= 0.26. pH did not influence Cu isotope fractiooatin the applied pH range.

3.2 Stable copper isotopes: a novel tool to trace coppebehavior in
hydromorphic soils (Section C)

| studied the natural abundance of stable Cu isotagpios in four soils to test
whether §°°Cu values can be used as a tracer for biogeochemiteesses in
hydromorphic soils. Two of the soils were affectsdstagnic water and the other two
by groundwater. | determined standard soil properéind Cu partitioning into seven
fractions of a sequential extraction and Cu stédméope ratios. Copper concentrations
in the study soils were low to average (5—-34 mg)kd he variation in Cu isotope ratios
was up to 0.6%o in an individual soil. The orgaraydrs of two of the profiles had
lighter 8°°Cu values than the mineral soil, indicating isotdagtionation of Cu during
soil-plant—soil transfer. In the mineral soil, Csotopes showed distinguishable
variations of up to 0.45%. The vertical distributiof the °°Cu values, which
paralleled that of the poorly crystalline to cryit@ Fe oxide ratios, offers the first
hints that Cu isotope ratios in soils may be inficed by alternating redox conditions. |
conclude that variations if°Cu in soils are large enough to be distinguisheti raay
be indicative of biogeochemical cycling and geocicaimprocesses. In particular, Cu
isotope ratios might be helpful to trace long-tggrocesses such as element transport
and redox conditions, which are difficult to asseg®rwise.

15



3.3 Stable Cu isotope fractionation in soils during ox weathering and
podzolation (Section D)

In Section C, | demonstrated that Cu stable isot@es show fractionation by
various biogeochemical processes and may tracefatiee of Cu during long-term
pedogenetic processes. In Section D, | assessedeftbets of oxic weathering
(formation of Cambisols) and podzolation on Cudget ratios §°Cu). Two Cambisols
and two Podzols were analyzed for Cu concentratioms forms and®>Cu values in
bulk soil and selected soil fractions. Copper cohegions in the studied soils were low
(1.4-27.6 mg kg) and mainly occurred in strongly bound Fe oxided asilicate-
associated forms. Bulk®Cu values varied between -0.57 and 0.44 %o in alfliet
horizons. The O horizons had on average signifigalighter Cu isotope ratios (-
0.21%0) than the A horizons (0.13%0), which can eithe explained by Cu isotope
fractionation during cycling through the plantsdmposition of isotopically lighter Cu
from the atmosphere. | found a consistent and fiagnit decrease i6*°Cu values by up
to 0.3% with depth as a consequence of oxic wemltewithout pronounced
podzolation in both Cambisols and a weakly develdpedzol (Haplic Podzol 2). This
is the opposite depth trend &YCu values to that | observed in the hydromorphits so
(Section C). In a more pronounced Podzol (HapbdZ®l 1),5°°Cu values and Cu
concentrations decreased from Ah to E horizonsiacr@ased again deeper in the soil.
Humus-rich sections of the Bhs horizon had a hea¥fCu value (-0.18) than oxide-
rich sections (-0.35) suggesting Cu translocatietwben E and B horizons as organo-
Cu complexes and complexation of heavy Cu as destrin Section B. The different
depth distributions in aerobically weathered andrbynorphic soils and the pronounced
vertical differences i°°Cu values in Haplic Podzol 1 support my hypothehist

3°°Cu values can be used to trace long-term pedogametesses.

3.4  Stable Cu and Zn isotope ratios as tracers of soues and transport of Cu
and Zn in contaminated soil (Section E)
After having investigated the Cu isotope biogeodstm in different unpolluted
soils in Sections C and D, | also included Zn stagbtopes to study Cu and Zn sources

and transport in soils.
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Copper and Zn metals are produced in large quesitior different applications.
During Cu production, high amounts of Cu and Zn ealeased to the environment
(Pacyna and Pacyna, 2002). Therefore, the surmogmaf Cu smelters are frequently
metal-polluted (McMartin et al., 1999; Wilcke et,al999). | determined Cu and Zn
concentrations and Cu and Zn stable isotope ré&if6€u, 5°°Zn) in three Cambisols at
distances of 1.1, 3.8, and 5.3 km from a Slovaks@elter and in smelter wastes (slag,
sludge, ash) to trace sources and transport offduZa in soils. Soils were heavily
contaminated with concentrations up to 8087 mg €y and 2084 mg kbzn in the
organic horizons. Th&®Cu values varied little (-0.12 to 0.36%c) in soilsdamost
wastes and therefore no source identification ofw@s possible. In soils, Cu became
isotopically lighter with increasing depth downQ@al m, likely because of equilibrium
reactions between dissolved and adsorbed Cu spdaiesg transport of smelter-
derived Cu through the soil. Below 0.4 m soil de@ffiCu values were similar in soil
and unpolluted bedrock. This suggests that Cu wassported to a depth of 0.4 m
during the 60 years from the start of Cu productimsampling. Th&°®Zn values were
isotopically lighter in ash (-0.13%0) and organicrions (-0.57 to -0.15%0) than in
bedrock (-0.03%0) and slag (0.48%0) probably becaafskinetic fractionation during
evaporation and thus allowed separation of smé&lefrom native Zn in soil. In
particular in the organic horizons, Zn isotopedtstito heavierd®*Zn values with
depth probably because of the mixing of smelteivédrZn and native Zn in the soils
and biogeochemical fractionation. Changes in spieaiauring dissolution of smelter
dust and plant-induced fractionation mainly expl@in fractionation. Fractionations
between dissolved and adsorbed species probablyptay) a minor role for variations
in 8°Zn values in soil. My results demonstrate tR&tCu and 3°°Zn values in
contaminated soils allow for conclusions on sour¢gas only), biogeochemical

behavior, and depth of dislocation of Cu and Zaadit.

3.5 The effects of biogeochemical processes 8iCu and 8°°Zn values in soils
As shown in 3.1- 3.4, biogeochemical processeseciastionation of stable Cu and
Zn isotopes in soils. Depending on soil genesifferéint processes seem to cause

different directions of isotope fractionation raswd in distinguishable depth gradients
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(Fig. A-2 and A-3). For Cu and Zn different proessseem to dominate isotope
fractionation respectively.

As a consequence of the analysis of total digektsod horizons, only isotope
fractionations which are coupled to transport psses can be traced in soil. It was not
possible to infer biogeochemical processes insidgvan horizon from Cu and Zn
isotope ratios, but only to identify differencesarg horizons. These differences were
the result of the transport of fractionated Cu frone horizon to another. Furthermore,
mixing of fractionated Cu and Zn which is transpdrfrom one horizon to another with
native Cu and Zn of the horizon has to be conslezec emitted from the Cu smelter

was fractionated by evaporation during the smelfingcess, which allowed source
identification of Zn in soil.

8%Cu

Depth

Figure A-2. Schematic depth gradientsé8iCu values in (a) hydromorphic and (b) oxic soilscpt
Haplic Podzol 1) and suggested biogeochemical m®e® causing these gradients. 1) Plant-induced
fractionation, 2) redox fractionation, 3) equililin fractionation. Green = organic horizons, brown =
mineral horizon, blue = water influenced minerakizons.

Biogeochemical processes discussed here are tdazad by transport (changes in
mobility) and isotope fractionation of Cu and Zn.suggest (1) plant-induced
fractionation, (2) redox-induced fractionation aassociated changes in mobility, and
(3) equilibrium fractionation between mobile andmobile species as dominating

processes driving Cu isotope fractionation in thies/stem.

18



A Summarizing overview

1) Plant-induced fractionation of Cu is hardly istigated but transport in plants
seems to cause fractionation AFPCuyeot-shooy= 0.41%0 (Jouvin et al., 2005). For Zn,
more detailed investigations have been performedrting Zn isotope fractionations
between roots and shoots or leaves of differemit @pecies with the shoots and leaves
being enriched in light isotopes compared to tl@s@¢Moynier et al., 2009; Weiss et
al., 2005). In a tropical watershed, tree leavesevemriched in the light*Zn isotope
(8°°Zn = -0.5%0) compared to roots (0.5%0), and shobtd%.). Furthermore, organic
horizons were heavier (0.1%0) than leaves (Viersalet 2007), which is probably
attributable to nutrient uptake from the litterday

In the investigated soils, plant-induced fractidoatcan be seen from th#°Cu
values of the organic horizons. These horizons Imnatonsist of plant material at
different decomposition stages and might therefamrely reflectd®>Cu values of plants.
In my study six out of eight unpolluted soils shdighter 5°°Cu values than the
underlying A horizon (Tab. C-3 and D-3). This tretadlighter °°Cu values in plant
material agrees with findings in the literatureu\da et al., 2008; Moynier et al., 2009).
In the polluted soils, this trend is overcompengdig the deposition caused by the Cu
smelter and no trend to light>Cu values in the organic layers could be seend®@n
values only polluted soils were investigated arellipht isotope signals of the organic
horizons may only partly reflect plant-induced fracation, while a great part of
variation might be caused by emitted Zn which wastfonated during the smelting

process.
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8%Zn

Depth

mixing

Figure A-3. Schematic depth gradients of {&Cu values and (b)°°Zn values in soils polluted by a Cu
smelter and suggested biogeochemical processemgaiepth gradients. 1) Plant-induced fractionation
2) redox induced fractionations are not relevanthiese soils, and 3) equilibrium fractionation beén
mobile and immobile species. The depth gradiend®n in the mineral soil is probably mainly
attributable to mixing of smelter Zn and native iBnthe soil. Green = organic horizons, brown =
mineral horizon, grey = bedrock.

2) Redox-induced fractionations were assumed tgec#e differences in the depth
distributions of 8°Cu values in hydromorphic compared to soils weaithennder
aerobic conditions. Redox processes were only adddefor Cu isotopes but not for Zn
isotopes. Redox processes are known to causeydtamtionation of Cu isotopes (Zhu
et al., 2002) and strongly influence mobility of @usoils (Grybos et al., 2007; Weber
et al., 2009). Furthermore, the stagnic of grouratew in hydromorphic soils is a
transport medium, which might enforce translocatioi fractionated Cu. In the
investigated hydromorphic soils, the trend to helawsotope composition in water-
influenced soils might point at preferential leaxghof light (reduced) Cu, which would
agree with findings of Weber et al. (2009) who meo enhanced mobility of reduced
Cu species shortly after waterlogging. Another polty would be the transport of
heavy Cu from the not water-influenced to the watfluenced soils, but my findings
from the aerobically weathered soils suggest tigdit ICu isotopes are preferentially

translocated from not water-influenced soils.
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3) Kinetic and equilibrium fractionation of Cu a#a between different Cu and Zn
species in soils might be an important processidotope fractionation. The isotope
fractionation between sorbed Cu and Cu in soluisositributable to the differences in
vibrational frequencies and zero point energieshef different isotopes. The heavier
isotope has lower vibrational frequencies and fostnenger molecular bonds (O Neil
1986). Thus, at equilibriurPCu will be enriched in the species in which Cu isren
strongly bound. During weathering of minerals, tiedeased Cu and Zn is partly
incorporated into pedogenic minerals such as claerals or (hydr)oxides (Contin et
al., 2007, lldefonse et al., 1986, Voegelin et 2009) and partly bound to cation-
exchange sites (Alcacio et al., 2001; Artiola, 20@3cclusion of Cu in a mineral and
binding to oxy(hydr)oxides fractionates the bound twards heavier Cu isotope
composition (Li et al., 2008; Pokrovsky et al., 8D0Complexation of Cu with organic
substances causes isotope fractionation with tlaviée isotope being adsorbed by
organic compounds as described in 3.1. Consequéllyemaining in soil solution is
isotopically lighter and can be leached or takenbypplants leaving the weathered
horizons enriched iffCu.

Zinc adsorption on oxy(hydr)oxides causes isotoe&tibnations with opposing
directions 0fA®®Znggig-soutionfrom -0.2 to 0.6%. depending on the type of minenad
pH (Balistrieri et al., 2008; Pokrovsky et al., 3)@&nd complexation of Zn by humic
acid causes isotope fractionations only at pH »&i¢th et al., 2009). Thus, Zn isotope
fractionation during weathering should be more depat on pH and probably less
pronounced than that of Cu isotopes.

The released light Cu and Zn is transported dowrsthl where it may interact with
sorption sites, which again favor the heavy isosopad leave the light isotopes in
solution. In principle, the effect would be similar isotope fractionation observed on
ion exchange resins (Marechal and Albarede, 2002) the difference, that in soil the
heavier isotopes are preferentially adsorbed ang tight isotopes preferentially
leached.

The fractionation between mobile and immobile Cecsps might explain depth
distribution 0f3*°Cu values in all aerobically weathered soils (Rig2 and A-3). In the
Cambisols and the Haplic Podzol 2 immobile bindsitgs offer the stronger binding
environment compared to mobile ones. Thus, lighti€leached from the strongly
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weathered surface horizons, leaving them heaviempeaoed to the subsurface horizons
which are weakly weathered and probably influenbgdlight Cu from the surface
horizons. In the Haplic Podzol 1, mobile bindingesi offer the stronger binding
environment because the strongly weathered E hoigzdepleted in immobile binding
sites, while organic acids offer strong mobile Ilmgd sites (Section D). Thus,
transported Cu is heavier leaving E horizons isiotdly light and the Bhs horizon
enriched in®®*Cu compared to the E horizon. In the polluted swil&rompachy, Cu
pollution entered the soil from the surface and wassported down the soil becoming
lighter with increasing depth because immobile ligdsites preferentially bind heavy
Cu. This trend reaches down to a depth of 0.4 miclwis probably the maximum
transport depth of Cu from the smelter in the 68rgerom start of Cu production to
sampling. For Zn stable isotope fractionation betvenobile and immobile binding
sites seem to be less important in the investigabdld, which can be derived from the
finding that the depth distribution in the pollutsdils showed the opposite trend to that
of Cu (Section E).

A summary of Cu- and Zn-isotope variations in thféedent sample classes, caused

by the transport of fractionated Cu and Zn in thiéis given in Table A-2.

Table A-2. Overview of mean, minimum, maximumgstahdeviation and standard error 6°Cu and

6°Zn value of different sample in the studied saild smelter wastes

Mean Min Max SD SE N
Sample classes o5
0 °Cu
Organic horizons unpolluted -0.15 -0.45 0.20 0.16 .040 18
Water influenzed horizons 0.03 -0.12 0.33 0.13 0.04 13
Aerobically weathered horizons -0.09 -0.57 0.44 0.22 0.05 22
Parent materials -0.04 -0.15 0.14 0.13 0.06 4
Organic horizons polluted 0.24 0.16 0.36 0.08 0.03 9
Mineral horizons polluted 0.05 -0.12 0.18 0.10 0.03 9
Technical waste 0.59 0.05 1.81 0.75 0.33 5
5*Zn
Organic horizons polluted -0.36 -0.57 -0.15 0.17 060. 9
Mineral horizons polluted -0.08 -0.19 -0.08 0.09 0. 9
Technical waste 0.11 -0.46 0.11 0.42 0.17 6
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3.6  Error discussion

| am aware that the presented results and integyes based on these results
include some uncertainties which may result frommuahcertainties of sampling, sample
preparation and measurements.

The humic acid used in the lab experiments is utsbted by heating to allow
separation of humic acid from the solution by céngation. However this
insolubilization of the humic acid seems to sigrafitly decrease the number of
phenolic-type groups (Weber et al.,, 2006b). Thhe obtained IHA was changed
artificially and properties affecting Cu sorptiondaisotope fractionation might have
been altered. However, the complexing propertiesheffunctional groups of the IHA
do not seem to be changed substantially whicHustrated by the fact that the NICA-
Donnan parameters (Tab. B 2) used by Saito e?@D4) to describe Cu binding to
commercially available Aldrich humic acid also shavgood match for Cu binding on
IHA (Fig. B-1; Section B.

When interpreting the vertical distribution 8Cu andd®°Zn values in soil it must
be considered that most central Euorpean soilsloge® from a mixture of different
parent materials with variable Cu and Zn isotogmatures. Five of the 11 study soils
developed from periglacial cover beds consistingmto three solifluctional layers. To
assess the influence of this soil layering, akéhparent materials of the Skeleti-Stagnic
Luvisol (loess, shale, and Laacher See tephra) wanepled and thé*Cu value
determined. My results show that the vertical distion of 3°Cu values in soil cannot
be explained by mixing of these parent materialab(TC-3, Fig C-5). Furthermore,
layered and non-layered soils exhibited a similartival distribution of thed*>Cu
values (Fig. C-5, Fig. D-3). Thus, the assumptioat tvariations in Cu and Zn stable
isotope ratios in soil are mainly caused by transpbfractionated Cu and Zn and not
by a mixture of different parent materials seerméqgustified, even if exceptions might
occur Sections C-D.

The collected soil samples might not be represeetddr the studied soil horizons
because of high heterogeneity of the horizon in fieel or demixing of different
components of the sampled horizons during premarati subsamples for the digestion.
This is hard to control as soil samples were sathpledifferent people, but methods
used to sample Slovakian samples are describedbe kt al. (1998) and Wilcke et al.
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(1999) and are adequate for representative samglimg samples taken by myself were
collected for each macroscopically identified sbdrizon from a soil pit. Organic
horizons were sampled with a 0.4 x 0.4-m frame,emaihhorizons with three 100-ml
sampling cylinders taken from different parts oé thorizon. Most subsamples for
concentration and metal isotope ratio measuremeate prepared by separating the
sample in four aliquots from which two were mixext fyrinding. This was repeated
until a sufficient amount of sample was collect&éddtion C-B.

Digestion of the samples might be incomplete bezaigesistant soil components
or of re-precipitation of minerals after digestioasulting in too low measured
concentrations (Totland et al., 1992; Yokoyama let 299). Incomplete extraction
might also affect the measured metal stable isotapies. However, samples were
checked visually after digestion and no solids ddid detectedSection C-B.

Sequential extractions separate operationally ddfifractions and do not offer
information about the real chemical speciationhef élement of interest and therefore
must be interpreted carefully (Bacon and David2®98). Furthermore, it is difficult to
check the quality of sequential extractions, beeafes many extraction schemes no
certified reference materials exist. Thereforerdcgessed CRM 7003 three times. The
precision of the sum of fractions was 13% (2 RSi)h all sums of concentrations of
the seven fractions falling in the range of £10%hwf certified value. For each sample,
| checked whether the concentrations of all sevactibns deviated by >20% from the
concentrations measured in the total digests. Itls® results were discarded and the
sample was processed once m&ection C-D.

Concentration measurements can be subject to arkmds of interferences,
contaminations, and dilution errors. Interferendepend on the used analytical method
and are different for FAAS, ETAAS, and ICP-MS. Hawee for concentration
measurements standards were remeasured in appeopngervals to control
performance of the measurements, for ICP-MS meammts Rh was used as an
internal standard and certified reference matenase measured to test for accuracy of
my Cu and Zn measurements (Tab. A2). For Cu anddficentrations every sample
was measured at least twice and several samples wdependently digested and
measured in replicate. Copper and Zn concentratimnved a precision of ca. 10% (2
RSD). Detection limits for Cu and Zn were 0.3 {dGFAAS)and 0.8 ugt(FAAS),
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respectively, and concentrations of all measuredhents were in a range well above
the detection limit $ection B-B.

Because of the small variations in the stable petmtios of Cu and Zn, sample
preparation and the measurement of isotope ratissdperformed with maximum care
to avoid erroneous results. Several problems aritiads for their correction have been
reported in the literature to achieve accurate -piggtision results. The major
challenges which have to be dealt with are (1)ogetfractionation during sample
preparation (Chapman et al., 2006; Marechal andrelte, 2002), (2) mass-bias effects
(Marechal et al., 1999; Mason et al., 2004b; Retdl., 2008), (3) spectral interferences
(Mason et al., 2004a; Petit et al., 2008), andc@ttamination of the sample (Li et al.,
2009; Shiel et al., 2009).

(1) Copper and Zn stable isotopes are fractionatedarious processes (Cloquet et
al., 2008; Zhu et al., 2002) and thus also chentreatment during sample preparation
might affect isotope ratios. Therefore, to ash dampefore digestion, temperatures
(450°C) were chosen that did not cause evaporabbrsn and all other steps were
performed with maximum care to prevent loss of @eaand therefore possibly induce
fractionation. Marechal and Albarede (2002) repmbrfectionation of Cu and Zn
isotopes on the resin during sample purificatiod also overloading of the column may
result in significant fractionation and cause naslieg results (Chapman et al., 2006).
To avoid such an atrtificial fractionation on thesire recovery was checked for every
sample and samples which did not show recoveried00&6% were rejected and

reprocessed.

(2) The term “mass bias” describes the fact thathbavy isotope is preferentially
transmitted in the mass spectrometer compared ¢o litht isotope. lonization
efficiency, hydrodynamic entrainment behind the exynspace-charge effects and
chromatic aberrations in the electrostatic sect@ Bossible explanations for this
phenomenon (Mason et al., 2004b; Petit et al., OURSss bias can be subdivided in
instrumental mass discrimination effects and matdpendent non-spectral mass
discrimination effects (Mason et al., 2004b). lastental mass discrimination depends
on the type of the instrument used and instrumesatiings and may change with time.
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One part of the instrument which can seriouslyuiafice instrumental mass bias is the
sample introduction system. Sudden shifts in m#ss inay occur by using desolvating
nebulizers which even could not be corrected withltelp of a dopant element (Archer
and Vance, 2004). However, | only used wet sampteduction to avoid this problem.

Matrix-dependent non-spectral mass discriminatioay noccur if organic or
inorganic components in the sample affect massrigigtation. Such effects were
reported for example for Fe on Cu and Zn isotopeasmements and organic
compounds on Cd and Zn isotope measurements (Aattteance, 2004; Shiel et al.,
2009). Cobalt, which is not separated from the @ation (Fig. Ala and Alb) does not
produce a significant mass bias (Li et al., 2008jtret al., 2008). Matrix-induced mass
bias was minimized by separating matrix elemeramfthe analyte with the help of a
chromatographic purification and by heating the g@mn a 1:1 mixture of HN®
(67%) and HO, (30%) before isotope measurement to destroy amaireng organic
componds that might affect mass bias during measemnt (Shiel et al., 2009).

Despite these precautions, there was still a neembirect for mass bias during the
measurement. In general, there are three diffeapptoaches how to correct the mass
bias. The first is the sample-standard-bracketipgr@ach. Before and after every
sample, a standard is measured and the deviatibmeasample from the mean of the
two standards can be expressedd@€u value. This approach assumes mass-bias
stability between sample and standard and linedr air mass bias with time and
requires a nearly perfect purification of the sampbecause non-spectral mass
discrimination can not be corrected with the statdample-bracketing method
(Mason et al., 2004b; Petit et al., 2008).

The second approach is the use of an external atethopant. The isotope ratios can
be corrected according to the known isotope comiposof the dopant by using the
exponential law (Peel et al., 2008) or by deterngrthe intercepts of linear regression
lines of the dopant and the analyte in a In-In sp#s the gradients of samples and
standards are identical, the difference in theojgetcomposition can be derived from
the differences of the intercepts (Marechal et1899; Peel et al., 2008). Both ways of
correction can be additively combined with the dtad-sample-bracketing approach to

get optimum results.
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The third approach is the use of a double or tigplke (Galer, 1999). This approach
only works for elements with four or more stabl®tapes and is therefore not
applicable for Cu. To correct mass bias in Zn ipetoatio measurements this approach
is rarely used (Bermin et al., 2006) becausel@&bsrious and costly.

| corrected measured Cu isotope ratios with a Niathd using the exponential law in
combination with standard-sample-bracketing andsonesl Zn isotope ratios in the In-
In space using Cu as dopant in combination withdsted-sample-bracketing. TB&Zn
values were corrected in a different way than Ccabse | reached a slightly better
precision by this method during test measuremeftstandards. Both approaches
produce reliable corrections of mass bias with lsimprecision (Petit et al., 2008).
Because sample to dopant ratio may affect the tquadi mass-bias corrected isotope
ratios (Archer and Vance, 2004; Petit et al., 2088)samples were diluted to a defined
analyte concentration for isotope measurement aiieed with a similar mass of the
dopant element. Analyte to dopant ratios were anas@ way to achieve similar beam
intensities for the selected analyte and dopambiss.

(3) Spectral interferences occur when the analsgiethe same mass to charge ratio
as a matrix component or as a combination of matmxponents. Besides species like
e.g.,"HH¥N®0"0*0" and*HH"N**0*0'®0", which are related to the HNGh the
sample solution, matrix-induced interferences ocanging from simple ions (e§’Ni*
on %zn") via argides (NaAr MgAr*, AlAr") and (hydr)oxides (Ti® TiOH*, VO,
VOH*, CrO', CrOH") to double charged species {BaC&") on masses 63 to 70
(Mason, 2004a). To avoid matrix-related interfeepc samples were
chromatographically purified (Fig. Al) to separ@eand Zn fractions from the matrix.
High resolution (R = 10,000) scans on an Elemenndss spectrometer (Thermo
Scientific, Waltham, MA, USA) revealed that one gdn purification step was not
sufficient to get clean Cu fractions of soil sansplg-ig. A2a) and thus a second
purification step was added (Fig. A2b). Howeverstfimeasurements on the MC-ICP-
MS indicated Ti interferences (Sections C and DJ #lmerefore the extracts were
measured in the high resolution mode (~10,008NM1/ Weyer and Schwieters, 2003).
The sample purification procedure was adjusted noarefully by rinsing eight times
with altogether 10 ml of 7 moTi HCL + 0.001% HO, after sample application to the
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resin. After adjustment of the purification procesluthe mean Ti/Cu ratio was
monitored in soil samples and reduced to 0.02 (29 after the two column
purifications. Experiments were performed with aspiked Cu standard (Tab. D3)
indicating that at this Ti/Cu ratio, Ti would noigsificantly affect measured®>Cu

values. Therefore, | returned to the low resolutitode.
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Figure A-4. High resolution scans 8iCu after (a) one and (b) two column purificatiomgter one
purification, an interference between mass 62.9d4 68.96 can be seen which disappeared after the
second purification.

(4) Contamination of the sample may affect measustable isotope ratios.
Therefore, great care was taken to avoid contarmmaturing sample preparation by
using clean air facilities and suprapur acids. Bdocal blanks were prepared repeatedly
reflecting the total contamination during digestiand purification. Copper blanks
reached from 2.3+x1.3 ng in the laboratory experim@ection B) to 6.6+9.9 ng in
Section C and probably result mainly from Cu conteations of the resin (Shiel et al.,
2009). However, the contribution of this processilegived Cu to total Cu in the
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sample was only up to 2% for few, but less thanfa@4most samples. Zinc blanks were
42.5+63.5 ng and for most samples the blank aceoufdr <1% of the total Zn
concentration in the sample. The effect of the ldaron stable isotope ratio
measurements is discussed in the correspondingiseat more detailections C-B.

For all stable isotope measurements, accuracy eeuspion of measurements were
monitored by using in-house standards and certifefdrence materials. Long-term
reproducibility of the in-house standards was 0.06%SD, n = 49) for3®Cu and
0.08%o (2SD, n = 10) fod°®Zn. Currently, no environmental reference mateniih
certified values fo°°Cu andd®°zZn is available. Thus, accuracy had to be checked b
comparison with published values.

Reference materials were chosen in order to coveroad range of geological
materials. One soil (CRM 7003 a silty clay loamnfrthe Czech Meteorology Institute,
Brno, Czech Republic), basalt of the Columbia R{BCR-2), and granodiorite silver
plume (GSP-2) reference materials from the UniteateS Geological Survey (USGS)
were selected. Furthermore, | chose a manganesden@dOD-P-1, USGS) because
there are published®Cu and3°°Zn values available (Chapman et al., 2006) which
offered the opportunity to compare the publishethwiy own results. Th&°°Cu and
5°°Zn values of the reference materials are summarize@able A2. The BCR-2
standard was chosen beca@®®¥u andd°°Zn values were already published for the
BCR-1 standard (which is not available anymore) sindlar 5°>°Cu andd°°Zn values in
BCR-1 and BCR-2 were assumed because both refeneaiezials were prepared from
the same basalt. Unfortuna§®°Cu values of two BCR standards do not seem to be
consistent. While Archer and Vance (2004) repoe@Cu value of 0.07+0.08%. for
BCR-1, | measured 0.20+0.06%o for BCR-2. T#f8Zn values seem to be similar in
both BCR standards with 0.20+£0.09%. in BCR-1 (Arcteerxd Vance, 2004) and
0.22+0.08%0 in BCR-2 (own measurement). The referenmterial NOD-P-1 was
measured witB®>Cu 0.46+0.08%o and®°Zn 0.78+0.09%. (Chapman et al., 2006) which
is similar to my results (Tab. A&ections B-B.
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Table A-3. Copper and Zn concentratioffSCu ands®°Zn values, and associated standard deviations.

CRM Cu mg kgt 2SD d*Cu 2SD n
SCL-7003 27.4 2.9 0.18 0.12 6
BCR-2 16.9 1.2 0.20 0.06 9
GSP-2 38.0 1.1 0.30 0.13 4
NOD-P-1 11386 1893 0.35 0.11 2
CRM Zn mg kg' 2SD 3*zn 2SD n
SCL-7003 76.7 0.4 - - -
BCR-2 140.3 5.3 0.22 0.08 5
GSP-2 122.4 12.0 - - -
NOD-P-1 1467.5 - 0.84 - 1

(a) certified values: Cu 29.1+0.8 mgkgn 81+7.6 mg kg;(b) certified values: Cu 19+2 mg kgZn
127+9 mg kd; (c) certified values: Cu 43+4 mg kgzZn 120+10 mg kg; (d) certified values: Cu
11500450 mg kg, Zn 160046 mg kg.

4  General conclusions

In the following, | answer the initially posed raseh questions.
(1) Are Cu stable isotopes fractionated during clemgtion with humic acid and
does Cu binding to different functional groups #fedent pH influence the extent of

fractionation Section B?

Copper isotopes were fractionated during compleratin humic acid A°°Cua.
solution = 0.26 + 0.11%o0; 2SD). The fractionation factor veasilar in the pH range of 3-
7. Chemical speciation modelling revealed thatdize of Cu isotope fractionation on

energetically different binding sites is indistingjuable.

(2) Can the knowledge &f°Cu values improve the understanding of biogeocheimic

processes of Cu during soil genesis in hydromorgbils Section §?

Copper stable isotope ratios in redoximorphic ssiisw a trend to heavié°Cu
values with depth indicating enhanced mobility ¥€u in the redox-influenced
horizons. Furthermore, plant-induced Cu isotopetipaation, i.e. fractionation during
transport in plants and recycling of light Cu candeen in the organic horizons.
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(3) Can the knowledge of thE°Cu values help to understand biogeochemical and

soil genetic processes in soils developed underweaathering conditiorSection D)?

The 8*°Cu values in aerobically weathered soils seem tdriven by fractionation
between mobile and immobile Cu species causingachenistic depth distributions for
pronounced Podzols and Cambisols. The depth disiib allowed conclusions on Cu
transport in soil during soil genesis abdCu values of the organic horizons indicated
plant-induced fractionation. The vertical distrilout of 3°°Cu values in the Cambisols
showed increasingly lighter Cu with increasing tlepthich is the opposite trend
compared with the hydromorphic soils.

(4) Cand®>Cu andd°®Zn values be used as tracers for source and trarspou and

Zn in soils polluted by the emissions of a Cu sergfbection B?

The3*Cu andd®®Zn values in contaminated soils allow for conclusi@n sources,
depth of metal dislocation, and biogeochemical behaof Cu and Zn in soil. The
stable isotope ratios of Zn indicated input of Zmimy by deposition from the
atmosphere originating at the Cu smelter, whildlstzgsotope ratios of Cu indicated a
transport depth of ca. 0.4 m in the mineral sothwi the 60 years of operation of the
Cu smelter. Copper stable isotopes seem to baednateéd by equilibrium fractionation
between mobile and immobile Cu species, while atams in3°°Zn values in soil seem
to be mainly driven by plant-induced fractionatichanges in speciation, and mixing of

native and smelter-derived Zn.
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1 Abstract

The bioavailability, mobility, and toxicity of Cueghend on Cu speciation in solution.
In natural systems like soils, sediments, lakes, rarer waters, organo-Cu complexes
are the dominating species. Organo-complexatio@wimay cause a fractionation of
stable Cu isotopes. The knowledge of Cu isotopatifraation during sorption on humic
acid may help to better understand Cu isotopeifmaation in natural environments and
thus facilitate the use of Cu stable isotope rgB0¥Cu) as tracer of the fate of Cu in the
environment. We therefore studied Cu isotope foaetiion during complexation with
insolubilized humic acid (IHA) as a surrogate ohhia acid in soil organic matter with
the help of sorption experiments at pH 2-7. We UsKtA-Donnan chemical speciation
modeling to describe Cu binding on IHA and to eat@nthe influence of Cu binding to
different functional groups on Cu isotope fractibma. The observed overall Cu isotope
fractionation at equilibrium between the solutiow dHA wasA®®*Cua-soiution = 0.26 +
0.11%0 (2SD). Modeled fractionations of Cu isotof@slow- (LAS) and high-affinity
sites (HAS) were identical with®*Cu_asas-soution= 0.27. pH did not influence Cu

isotope fractionation in the investigated pH range.
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2 Introduction

Bioavailability, mobility, and toxicity of Cu depdnon Cu speciation in natural
systems (Erickson et al., 1996; Dube et al., 20Qdnito et al., 1999). In soils,
sediments, and natural waters, at the interfacevdmt geosphere and biosphere,
organo-Cu complexes are frequently the most impbithemical Cu species strongly
influencing the fate of Cu in the environment (Al et al., 2005; Buck et al., 2007;
Hoffmann et al. 2007). Understanding stable isotd@etionation caused by the
complexation of Cu by organic matter (OM) may hielpnterpret Cu isotope signatures
in environmental samples and accordingly improver damowledge about the
environmental behavior of Cu.

Currently, only few published studies of Cu isotopgos in natural biogeochemical
systems are available. A first study of Cu isotéaetionation in soils pointed at the
need for detailed investigation of Cu isotope fi@@tion during Cu complexation by
organic matter as a prerequisite for appropriderimetation of Cu isotope ratios in soil
(Bigalke et al., 2010). A study of Cu speciationnatural waters demonstrated that
organo-complexation of Cu influences the partithignof stable Cu isotopes between
particulate and dissolved Cu species (Vance e2@08). These authors observed that
particle-bound Cu was isotopically lighter compatedlissolved Cu species (<0.2um).
Other studies showed that adsorption of Cu to mexgl{hydr)oxides causes a Cu
isotope fractionation expressed as difference ini€®tope ratios (i.e.3°°Cu values)
between sorbent and solutiakt,’Cloy(hydroxide-solutiorof 0.34 to 1.00%. (Clayton et al.,
2005; Balistrieri et al., 2008; Pokrovsky et alQ08). The adsorption to bacteria
surfaces caused a fractionation/SfCusacteria-solution-1.80 to 0.60%0 (Pokrovsky et al.,
2008, Borrok et al., 2008). Mathur et al. (2005paeed that bacterial cells in a
supergene environment can be covered by surfacipjtages WithA®°Cuacteria-solutiorOf
3.04%o.

In studies of Fe and Zn isotope fractionations my@rgano-metal complexation, an
enrichment of the heavier isotopes in the complerech was reported. Similarily to
Cu (Vance et al., 2008), this was attributed todtienger bonding of the heavy metal
isotope in organo complexes at equilibrium (Dideeik et al.,, 2008; Jouvin et al.,
2009). Iron which was complexed by desferrioxan¢DFOB) showedA*°Feyros.
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inorgic Fe Of 0.60 + 0.15%0, while Zn bound to purified humacid (PHA) showed
A®Znpriafreezie- Of 0.24 + 0.06%0 at pk: 6 and no significant fractionation at pH6
(Dideriksen et al., 2008; Jouvin et al., 2009). Ti¢ dependence of Zn isotope
fractionation during binding on PHA is explained By bonding to different binding
sites at different pH.

Metal binding to humic acids is pH dependent anducs at various binding sites,
including carboxyl, phenolic and other hydroxylrlwanyl, amine, amide, sulfhydryl,
ester, and other reactive sites (Dube et al., 2B0#@leyarova, 2007; Stevenson, 1982).
The Cd" ion can be bound by O-, N-, P-, and S-containimrfional groups in which
the O, N, P, and S atoms serve as electron dombesdominating metal-complexing
functional groups are carboxyl, phenolic hydroxghd carbonyl groups (Stevenson,
1982). To assess Cu binding to insolubilized huad (IHA) at fixed ionic strength
and varying pH the NICA-Donnan model can be uselde NICA-Donnan model
describes metal binding to organic substances Imgidering site heterogeneity, non-
ideality, and electrostatic interactions. The modalculates metal binding to low
affinity sites (LAS; carboxylic groups), high affip sites (HAS; phenolic type groups)
and electrostatically bound species (Benedettl. ei895; Kinniburgh et al., 1996) and
is an often used tool to describe metal bindingriganic substances (OS) (Saito et al.,
2004; Villaverde et al., 2009; Weber et al., 2006).

Our objectives were to determine the stable Cuopmmtfractionation factor for Cu
complexation by insolubilized humic acid (IHA) asnaodel compound for humic
substances (HS) in soil organic matter at equilioriconditions with the help of
sorption experiments at different pH values an@gsess the role of different binding

sites for Cu isotopic fractionation using geochexhgpeciation modeling.

3 Materials and methods

3.1  Sorption experiments

Aldrich humic acid was insolubilized according teks and Suzuki (1995). For
insolubilization, Aldrich humic acid was convertéal its Ca salt, heated for 1 h to
330°C, ground and washed several times with hoémaatd 1 M HNQ. The humic acid
was further purified with HF:HCI (2:1) and two tisieiCl for 2 h at 70°C (Weber et al.,
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2006). For the Cu Sorption experiments, solutiorssewprepared containing 0.1 M
NaNO; as background electrolyte and ca. 1.7 gl added as Cu(N{. The Cu
concentrations at the different pH steps variedippyto 9.4% (2 RSD) of the target Cu
concentrations. The pH of the solutions was adfustepH values between 2 and 7
using diluted HN@ and NaOH solutions. A relatively broad pH rangeswaosen to
display a wide range of natural environments antbat for differences in isotope
fractionation at different pH. No buffer was usedstabilize pH because of possible
effects on Cu speciation and isotope fractionatimr. Sorption experiments, 0.2 £ 0.03
mg of IHA were weighted in a 15 ml polypropylenessel and 10 ml of solution were
added. Samples were shaken overhead for threeadlamsbient temperature and light
conditions. During this time, equilibrium was readhn the experimental setup (Fig. B-
4). Then, samples were centrifuged at 4000 rprd$omin, 2 x 50 pl of the supernatant
were removed and diluted for Cu concentration aalpy graphite furnace atomic
absorption spectrometry (GFAAS) and 7 ml of theesoptant were transferred to
Savillex™ vessels for isotope analysis. pH was mnesk in the remaining solution.
Additional samples were processed to prove thatH® was solubilized during the
experiment and that Cu sorption to IHA was revéesibhe dissolved organic carbon
(DOC) analysis in the solution indicated no solizbiion and sorption-desorption
experiments indicate total reversibility of Cu dop on IHA (Fig. B-5).

For Cu purification, samples were evaporated toesg and re-dissolved in 7 M HCI
+ 0.001% HO,. Samples were purified according to a method nextlirom Marechal
et al. (1999) on 2 ml Biorad™ AG-MP1 resin to avaiterference of Na during Cu
isotope measurement. After purification, samplesewevaporated to dryness, treated
with 200 pl of conc. HN@and 200 ul of 30% D, on a hot plate for at least 4 h to rule
out the presence of organics during isotope meagnts. Samples were evaporated to
dryness, re-dissolved in conc. Hil@nd evaporated again to drive out Cl resultingnfro
the purification procedure. Finally, samples weedissolved in 2% HN@ Recovery
for every sample was checked using GFAAS, to aismtbpe fractionation on the resin
(Marechal and Albarede, 2002). Samples which didshow a recovery of 100 + 5%
were rejected and not used for isotope analysislitidshal description of chemicals

used, characterization of the IHA and work condisicare given in the supporting
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information. Copper blanks for the whole experimemtre 2.3 + 1.3 ng (2SD, n = 6)

compared to at least 356 ng of Cu in the samples.

3.2 Speciation modeling

Chemical modeling is a common tool to obtain infation about metal binding to
OM. We used the NICA-Donnan model which is oneh& tost common models to
assess complexation of metal with humic substarizgetails about the NICA-Donnan
model are given elsewhere (Benedetti et al, 199nikurgh et al., 1996). The NICA-
Donnan model distinguishes between low affinitesi(LAS; carboxylic groups), high
affinity sites (HAS; phenolic type groups) and éfestatically bound species and may
thus be suitable to test if different binding sitemuse distinguishable Cu isotope
fractionation.

Values for NICA-Donnan parameters were taken from literature. The maximum
sorption capacities for LAS and HAS,Qis2 Were taken from a study in which
insolubilized Aldrich HA was used (Weber et al.08). The log Kig2 and Mgz Prs2,
log Kcuigz, and ruiso Were taken from a study of Cu and YRinding to Aldrich HA
which was not altered by insolubilization (Saitoagt 2004; Tab. B2) and showed a
good fit to the experimental data (Fig. B-1). Thenban parameter b was set to 0.630
(Saito et al., 2004). A more detailed describtibthe imput parameters can be found in
the literature (Benedetti et al., 1995; Kinniburgthal., 1996). The ECOSAT program

was used for speciation calculations.

3.3  Copper isotope measurements

Copper isotope ratios were measured with a Finalgotune (ThermoFisher)
multiple collector inductively-coupled plasma maggctrometer (MC-ICP-MS) similar
to the method described in Bigalke et al. (2010) CAl isotope ratios were expressed as

3°°Cu values relative to NIST 976 isotope referenceena according to Equation B-1.

(65Cu/63 Cu)sample -1|*1000
(*Cu/*® Cu)ysrors

5o Cut] = (
(B-1)
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A Cu standard (Merck, Darmstadt, Germany) was wea@n in-house standard to
check for intra-day and long-term reproducibilityf @°Cu. The long-term
reproducibility of this standard was 0.06%. (2 SB,49).

80
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Cu complexation by IHA mg g'!
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Figure B-1. Cu complexation by IHA as a functiorpbf. Black dots are measured values, the grey line
represents modeled values of the NICA-Donnan nwaitleinput parameters from Table B-2 (Saito et al.,
2004; Weber et al., 2006a).

4  Results

Copper complexation by the IHA ranged from appratialy 0.9 to 74 mg 4 Cu
between pH 2.0 and 6.9, which means that 1 to 968tal Cu was bound by the IHA
(Tab. B1, Fig. B-1&B-3). To estimate fractionatibetween IHA and Cu in solution,
the *°Cu values of two samples were excluded as outfignsy marked in Tab. B1).
The outliers might be caused by irreversible nordguwm binding to IHA causing
Rayleigh-type fractionation with fractionation facs similar to that of equilibrium
fractionation (Fig. B-2). In our graphical assessméhe remaining values showed a
good correlation (B 0.8625, p= 0.000, Fig. B-2). The slope of thisretation line
indicates a\**Cupa-solution Of 0.27 %o. An implication of the linear fractionai line is a

similar fractionation factor over the whole obseryH range. This suggests that there
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are no differences in isotope fractionation betwkeA8 and HAS of the IHA which we
can resolve with our analytical method.
As an alternative to the graphical evaluation (FB32), A®Cuna-souion can be

assessed by calculation according to EquationsaBd2B-3.

65 — 565 __ 565
A Cufinal solution-starting solution — 5 Cufinal solution 5 Custarting solution (B'Z)
-A®Cu, o tarting solt
65 _ final solution-starting solution
A”CUip final solution = 5 x100 (B-3)
% CUy

whereéfs‘r’Custamng solutionlS the measured isotope composition of the stadoigtion,
5°°Clkinal solution IS the measured isotope composition of the salugibthe end of the
sorption experiment and %W is the percentage of Cu complexed by IHA. The Cu
isotope fractionation in solution (i.e. the difface in3°°Cu between the initial and final
solutions) reached up to -0.32%.. After excluding the outliers (Tab. B1l, grey
marked) and the samples at pH 3 we calculated a freetionationA®®Cuia-solution OF
0.26 + 0.11%o (2SD; n = 14). The samples at pH 3nhatancluded in our calculation,
because the observed fractionation in solution adsbrbed amount of Cu were small
compared to the precision of isotope measureme@6%9) and error of concentration
measurement (0.04). However, Figure B-2 shows tlestetlvalues also fitted well the
fractionation line within the analytical error.

Modeling of Cu speciation at the different pH valairing the experiments showed
that at low pH, HAS complexed only 11% (pH 2.0) of tb&al IHA-bound Cu. With
increasing pH, the Cu fraction complexed by HAS, eased to 35% of the total IHA-
bound Cu. However, at all pH ranges LAS containedldahgest part (65-89%) of the
IHA-bound Cu. Electrostatically adsorbed Cu only tcited a minor part of 0.1-1%
to total IHA-bound Cu. The major part of Cu in thelution was Ctf (83-90% of the
total dissolved Cu) and approximately 10% was Cu{i\OThe concentration of the
Cu(OH)" species increased with increasing pH and contribute to 7%to total
dissolved Cu (Fig. B-3).
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Figure B-2.4°Cu values of the final solution as a function ofi€solution. Error bars on the y axis
refer to the 0.06%o (2SD) long-time reproducibildf/our method. Error bars on the x axis refer to
reproducibility of complexation of samples with Hzeme initial pH. a) The graphical estimation giees
2A°CUna-solution= 0.27%o for the samples which follow the equilibridractionation line (black dots, solid
line). b) The two outliers (black squares) seelna@aused by Rayleigh-type fractionation as casdem

from their position on modeled Rayleigh fractionatcurves (dotted line®jya+s MeanWpa final solution -
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Table B-1. pH, complexed Gif>Cu values, and fractionation of Cu isotopes

Cu
Cu . 65 A6SCU(ﬁna| modeled 65
fraction 6°Cu 65 ACUgna-
pH Complexed . 2 SDa solution-starting A Cu(final solution- c
complexed solution final solution)
by IHA by IHA solution) starting solution)
mg ¢* % %o %o %o %o %o
Starting solution
- - - 0.63  0.02 - - -
Sorption experiment

1.97 0.9 1 - - - - -
1.96 -2.5 -3 - - - - -
3.03 4.7 6 - - - - -
3.04 5.6 7 - - - - -
3.04 6.2 7 0.60 0.02 -0.03 -0.02 -
3.03 5.0 6 0.58 0.01 -0.05 -0.02 -
3.96 22.3 25 0.57 0.03 -0.06 -0.06 0.24
3.97 23.2 26 0.56 0.04 -0.07 -0.06 0.26
3.97 19.8 22 0.57 0.01 -0.06 -0.06 0.26
3.97 24.8 28 0.55 0.02 -0.08 -0.06 0.29
4.47 31.5 36 - - - - -
4.48 32.4 37 0.56 0.04 -0.07 -0.10 0.19
4.48 28.7 33 - - - - -
4.51 28.6 32 0.53 0.04 -0.10 -0.10 0.30
4.75 37.8 43 0.51 0.03 -0.12 -0.12 0.27
4.87 40.4 46 - - - - -
4.86 38.1 43 0.53 0.01 -0.10 -0.13 0.23
4.81 44.4 50 - - - - -
5.40 54.2 62 0.48 0.05 -0.15 -0.16 0.24
5.17 52.7 64 0.19 0.02 -0.44 - -
5.19 52.0 62 0.38 0.01 -0.25 -0.18 0.40
5.80 71.5 85 - - - - -
6.10 69.1 82 - - - - -
6.10 72.8 87 - - - - -
6.37 75.8 88 0.44 0.07 -0.19 -0.23 0.21
6.36 72.9 84 0.43 0.03 -0.20 -0.23 0.24
6.36 72.9 84 0.41 0.06 -0.22 -0.23 0.26
6.90 74.3 95 - - - - -
6.94 74.5 95 0.31 0.04 -0.32 -0.26 0.34
6.95 74.1 95 -0.32 0.02 -0.95 - -

#2SD of 2-4 measurements of one sam?ﬂecording to Equation B-4 With® CU as-final solution = 0.267
andA®Cuyas.fina solution= 0.265.¢According to Equation B-3.
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5 Discussion

The knowledge about extent and direction of isotfvpetionation during complexation with
IHA as a model for natural organic matter (OM) is artpnt for investigating processes in
which mobility or toxicity of Cu depend on its sp&ton. In soils, high amounts of Cu can be
bound to mobile but also to immobile OM. Thus, mibypibf Cu in soils is highly dependent
on occurrence and characteristics of OM (Dube et2801) and the knowledge about Cu
isotope fractionation during binding to organicdscmight help to reconstruct speciation of
Cu during transport in soils from bul°Cu values of soil horizons. These transport praess
take place over long time scales and are diffitoltassess with other analytical methods
(Bigalke et al., 2010).
In natural waters, toxicity of Cu depends on itscgaeon and complexation with OM
decreases toxic effects (Erikson et al.,, 1996)bl8t&€u isotope measurements of natural
waters might thus help to assess toxicity of Cu ndnprove understanding of chemical
speciation and transformation of Cu in natural water

Vance et al. (2008) reported large difference&’i€u values of dissolved and particulate-
bound Cu in river waters. This fractionation is ased to be caused by equilibrium
fractionation between dissolved Cu complexed bynsfrorganic ligands and particulate-
bound Cu withA®°Cuissolved-particulat®f UP t0 1.6%o. This fractionation is much strongean
the equilibrium fractionation between Cu complexeg ibsolubilized humic acid and
dissolved Cu species observed in our study. Thengtfractionation between dissolved and
particulate-bound Cu in rivers is assumed to hdbatable to the binding strength of organic
ligands preferentially complexing the hed¥gu isotope with log K up to 16 for Cu (Vance et
al., 2008). This assumption is not confirmed in study whereA®Cu did not show clear
differences between functional groups with differetability constants (log K of 2.26 for
carboxylic-type groups and log K of 6.96, for phisype groups). Possible explanations for
the differences between our observations and thbSamce et al. (2008) include the higher
complexity of natural systems with more than onailable complexing organic compound,
the presence of competing ions, and a different wadable ionic strength affecting

complexation reactions.
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Figure B-3. Copper speciation during the experimana function of pH. Cu complexation by IHA was
simulated using the NICA-Donnan model. The contidbuof electrostatically bound Cu and Cu(QH)

complexes was very low (max. 0.04 % and 0.27 %edtfiotal Cu) and is not shown in the figure.

5.1  Copper binding to humic acid

X-ray absorption spectroscopy (XAS) studies of therdination of the Cii ion in
chemical complexes reveal €uas the centre of a Jahn-Teller distorted octatredro
(Karlsson et al., 2006). In water, €wccurs as the Cu@d)s™> aquo complex. In this
case, Cfi is surrounded by six oxygen atoms in the firstrdowmtion shell (Korshin et
al., 1998). However, also fivefold coordination of’Cin water was proposed resulting
in fast changing square pyramidal and trigonal t@pydal forms (Pasquarello et al.
2001). The first coordination shell of the Cipn in natural OM consists of four O or N
atoms in the equatorial plane of a Jahn-Tellerodistl octahedron and two O atoms in
the axial positions. In the second shell, 2-4 Gretare located corresponding to one- to
two five-membered chelate rings involved in Cu loigd(Karlsson et al., 2006; Xia et
al., 1997). The contribution of the two axial comatied O atoms to Cu binding to OM
is small (Karlsson et al., 2006; Sheals et al. 20@Because O and N can not be
distinguished in XAS studies (Xia et al., 1997)e tidentification of the functional
groups involved in Cu binding is difficult. Butig assumed that especially at low Cu/C
ratios N-containing functional groups may play exportant role (Frenkel et al., 2000).
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In contrast, S-containing functional groups do seém to substantially contribute to
CU?* binding in OM (Karlsson et al., 2006), even if thdmnds are possible (Smith et
al.,, 2002). However, O-containing functional groufge COOH, phenolic OH and
C=0 are dominating the metal complexing ability ojanic matter (Stevenson, 1982).
The kind of functional groups involved in Cu bingirs of special interest for our study
because the complexation of Cu by different fum@lagroups may cause different Cu
isotope fractionations, as shown for Zn (Jouvinlet2809).

5.2  Copper isotope fractionation by complexation on IHA

The isotope fractionation between complexed Cu améthGolution is attributable to
the differences in vibrational frequencies and zpont energies of the different
isotopes. The heavier isotope has lower vibratidreduencies and forms stronger
molecular bonds (O"Neil, 1986). Thus, when Cu comgieby IHA and Cu in solution
are in equilibrium®>Cu will be enriched in the species in which Cu isrenstrongly
bound. Usually bond strength is related to bond tlengshereby stronger bonds are
shorter (Huggins, 1953), although there may be diaep (Kaupp et al., 2000).
Korshin et al. (1998) reported shorter bondingatises for Ctf complexed by humic
substances compared to “Ciun the aquo complex. These findings fit well to the
observed heavier isotope composition of complexadirCour study. Bond length of
equatorial Cu-O/N bonds reached from 1.92 to 1.9@ Arganic materials (Korshin et
al., 1998; Xia et al., 1997; Sheals et al., 20@Kjal lengths of Cu bonding for these
compounds was reported to range from 2.10 to 2.14nAhe aquo complex, bond
length was 1.97 A for equatorial and 2.24 A for théal coordinated atoms at pH 4
(Korshin et al.,, 1998; Harding, 1999). Besides bdedgth and strength also
coordination might be a critical control of isotdjpactionation (Schauble et al., 2009).

Because the exact composition of functional graopgganic materials is not known,
it is not possible to estimate the contribution different functional groups to
differences in bond length analyzed by XAS. Sontd@s reported bond length for Cu
complexation with well defined compounds and four@51A for sorption on carboxyl
resin (Karlsson et al., 2006), 1.93 A on phenolioups (O'Neil, 1986), and 1.94 A
(2.20 A axial) on salicylic acid (at pH 12; Korshet al., 1998). Different functional
groups may share Cu bonding depending on the OMeptiep, pH, and Cu/OM ratio.
Jouvin et al. (2009) observed a pH-dependent isotbactionation of Zn during
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complexation with humic acid and attributed thisthe increasing importance of high
affinity sites (phenolic groups) as binding siteghwincreasing pH. Zinc is the only
element which is chemically similar to Cu for whidialde isotope fractionation was
investigated during sorption to HA and for which tHidferent binding sites were
considered. In contrast to the findings of Jouvirale (2009) for Zn, no indications of
pH-dependent differences in fractionation factdr€o were obvious in our study (Fig.
B-2). To estimate the fractionation factors of tiféerent binding site}*>Cu values in

the solution can be modeled with Equation B-4:

- [% CuLAS /]_OOX A65CuLAS— final solution +% CuHAS /loox A65CuHAS— final solutior]
10C

x% Cu

65, —
MOdeledA Cufinal solution-starting solution — IHA

(B-4)

with modeledA®*Cugnay solution-starting solutiokModeled Cu isotope fractionation between the
solution at the end and at the beginning of theptsmr experiment), %Gus (the
contribution of Cu bound to LAS to the total IHA-bmli Cu), A°*°Cuas-solution (the
fractionation A®°Cu between LAS and the final equilibrium solutiofpCuas (the
contribution of Cu bound to HAS to the total IHA-bauiCu), A®°Cuyas-soution (the
fractionationA®®Cu between HAS and the final equilibrium soluticemd %Cuya (the
contribution of Cu bound to IHA to total Cu in thdA-solution system). We modeled
3°°Cu values for every measuré®Cu value in solution according to Equation B-4.
The model was optimized by minimizing the sum ofasgd differences using the
Microsoft EXCEL add-in “Solver” and varying fractiation factors for LAS and HAS
by setting constraints on slope and Y-intercepte Tésult of this optimization was
A®°Clbinding site-solution0f 0.27 both for LAS and HAS. Additionally, the pameters were
fitted manually and results were nondistinguishdbb. B3, Fig. B-6)The absence of
differences in Cu isotope fractionation between fimmal groups is further supported
by reported results of XAS measurements in thealitee. No significant influence of
pH in a range between 4 and 6 on bond length andtsteuof organo-Cu complexes in
OM was reported (Karlsson et al., 2006). While boadgth of Cu-O bonds for
complexes by carboxyl resin, phenolic groups, aalitic acid (which has both a
carboxylic and a phenolic OH group; at pH 12; Kantssd al., 2006; Harding, 1999)
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did not differ much, larger differences in Zn-O boletigths were observed between
carboxylic- (2.00 A) and phenolic-bound Zn (1.91 Barding, 1999; Karlsson and
Skyllberg, 2007). Similar to the findings of Jouwhal. (2009), the amount of adsorbed
Zn and Zn isotope fractionation by sorption to maridiatoms were different for
different diatom species (Gelabert et al., 2006)tHarmore, a relationship of sorption
constants with extent of isotope fractionation waggested (Gelabert et al., 2006). The
logK for Zn binding was 0.11 for carboxylic and 2.8r phenolic binding sites of
humic acid (Milne et al., 2003) and 4.25 for sueaorption on AMIN Achnanthidium
minutissimu and 5 for NMIN Navicula minima diatom species (Gelabert et al.,
2006) and the measured isotope fractionations WEPBNsgjg-souion = 0.00%0 and
0.24%o for humic acid (Jouvin et al., 2009) and &2&nd 0.43%. for diatom species
(Gelabert et al., 2006).

However, there are different findings concerning th&tionship between bonding
strength and isotope fractionation reported for &d Zn. While these relationships
were confirmed for Zn binding to humic acid (Joueinal., 2009) and diatom species
(Gelabert et al., 2006) and for Cu binding on oxgfhgxides and bacteria (Pokrovsky
et al., 2008), no relationship was found between lmgndtrength and extent of
fractionation for Zn binding on oxy(hydr)oxides @ovsky et al., 2005) and IHA (this
study). A possible explanation of the differentdiimgs is related to the differential
experimental designs, the kind and concentratioglerhent of interest and background
electrolyte, and pH which all influence the type ofding to the sorbent (Schauble et
al., 2009).

The different findings in isotope behavior of Cudadn during binding on organic
substances like diatoms, bacteria, and dissolveddiramobilized HA may furthermore
be explained by a number of reasons:

I. The NICA-Donnan model used in the study of Jouviale¢2009) for Zn and in
our study for Cu assumes only two types of bindiigssfor metals in humic
acid, which is a simplification of the reality. M®orspecific binding sites for
individual metals might contribute to metal binditigHA. Copper, for example,
seems to bind to N-containing functional groupse(kel et al., 2000). For Zn
the occurrence of S in the first coordination shellreported indicating the

contribution of thiol groups to inner-sphere comele of Zn (Karlsson and
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Skyllberg, 2007; Xia et al., 1997) while the conttibn of thiol groups in Cu
binding to HA is negligible (Karlsson et al., 2008hus differences in isotope
behavior might be attributable to contributionsddferent binding sites which
are not accounted for in the NICA-Donnan model. WEileOM complexes
show only one C atom in the second coordinationl ¢X& et al., 1997; Julliot
et al., 2003), Cu-OM complexes show 2-4 C atoms énsitcond coordination
shell (Karlsson et al., 2006; Xia et al., 1997X&S analysis. This may indicate
the simultaneous contribution of different funcbgroups in the inner-sphere
complexation of a Cu atom and a higher contributibohelate complexes.

Cu and Zn may have different coordination humberaqueous solution and at
binding sites of humic substances (HS). For Cu ineags solution a sixfold
coordination is proposed (Korshin et al., 1998;nkeg et al., 2000) while in
another study only a fivefold coordination is asednjPasquarello et al., 2001).
Copper bound to OM seem to occur in sixfold cooralmeonly (Karlsson et al.,
2006; Pasquarello et al., 2001). Zinc occurs ifiogilxcoordination in aqueous
complexes (Sarret et al., 1997), but for bindingdtd, fourfold coordination is
observed (Sarret et al., 1997) in addition to tbeitating sixfold coordination
(Juillot et al.,, 2003). Harding (1999) extractedutes from the Cambridge
structural database and reported coordination ntsmbem 4-6 for Cu in
aqueous complexes, carboxylic complexes and plemolmplexes. For Zn,
coordination numbers of 4-6 were reported in agee@omplexes and
carboxylic complexes and of 4-5 in phenolic compkexHarding et al., 1999).
As the coordination environment of the atom has iacal effect on isotope
fractionations (Schauble et al., 2009), also d#ffees in complex structures may
explain different isotope fractionations by orgarmmplexation of Cu and Zn.
The cupric ion, Ct and Cu bound to IHA were not the only species which
occurred during the experiment. In addition, Cu(@Hnd Cu(NQ)y* species
contributed up to 0.27 % and 0.5- 10%, respectjvielythe total Cu and ca. O-
7% and ca. 10% to dissolved Cu species over thestigated pH range. Also
these inorganic complexes might have effect on rebsefractionation factor
between dissolved and bound species. The influelicEWNO3)* seems,
however, to be small because the fractionation fadit not change over the
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studied pH range although the contribution of Cu(NO®) the total dissolved
Cu strongly decreased with increasing pH (Fig. B-)e hydroxo-complex
Cu(OH)*is only a minor species and therefore likely haggligible influence
on the fractionation factor.

IV. Differences between observed isotope fractionatemvéen Cu and Zn might
also be attributed to the different humic acidsduaed the different dominance
of binding groups and the insolubilization of thenfic acid in our study. The
insolubilization of the aldrich humic acid seemssignificantly decrease the
number of phenolic-type groups (Seki and Suzuki95)9but not to alter
generally the complexing properties of the funaiogroups of the IHA. This
can be seen from the fact that NICA-Donnan paraméiets. B2) used by Saito
et al. (2004) for describing Cu binding to normadid¢h humic acid also show a
good match for Cu binding on IHA. However, IHA is anifecially modified
material used as a model substance for HA becdusgperimental advantages
and thus it is not clear if findings can directly toransferred to natural HA.

V. There is the possibility that changes in Cu isotdjaetionation because of
different bond strengths of functional groups ae $mall to be detected with
our method. Considering the given precision of iIsotope measurements and
the fact that differences between LAS and HAS alkgetl because at the given
Cu concentration even at pH 6.9 only 35% of adsofheevas bound to HAS, it
is still possible that LAS and HAS have differeridtionation factors even if
there is no indication for that in our study.

The differences in isotope behavior of Cu and Znindubinding to organic and
oxy(hydr)oxide surfaces indicate further need sksrch to improve our knowledge of
trace metal binding to OM and of mechanisms drivisgtope fractionation during
sorption.
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8  Supporting material Section B

8.1 Complement to materials and methods.

8.1.1 Characterization of IHA and pH measurements

Elemental composition of the IHA was determineddby combustion with a CHNS
analyzer (Vario EL, Elementar Analysensysteme, Hatrmany). Iron, Al and Ca
contents of the IHA were measured after digestiorhveibncentrated HNOin a
microwave oven (MARS5Xpress, CEM Corp., Matthews, NGhwi flame AAS (AA
240 FS, Varian, Palo Alto, CA). The IHA contained 64§ g* C, 253 mg g N, 3.5 mg
g’ S, 428 pg dFe, 111 pg g Al, and 228 pg § Ca. The pH was measured with an
InoLab® pH720 pH-meter and a Senfix4l Plus electrode (WTW, Weilheim-
Schongau, Germany) which was calibrated directly lgefoeasurement. As solutions
were not buffered, pH changes occurred during egatiitn. We only used the pH after
equilibration for our interpretations (Tab. B-1).

8.1.2 Materials

All reagents used for the preparation of the isetepmples were of Rotipuran®
supra (Carl Roth, Karlsruhe, Germany) or trace $®lg¢luka, Seelze, Germany)
quality, A Na salt of humic acid was obtained inheical quality (Aldrich, Steinheim,
Germany) and purified as described above, Nain@s of trace select® (Fluka, Seelze,
Germany) quality, Cu(N¢). hemipentahydrate was of 99.99+% metal basis quality
(Aldrich, Steinheim, Germany). Water was taken fromkA GenPure UV (TKA,
Niederelbert, Germany) water purification system avak of>18 MQ cm quality.
Purifications were performed under clean air cood# in a clean bench and

evaporation was done in boxes supplied with hdpeadd air.

8.1.3 Additional information about Cu isotope measurements

Copper isotope ratios were measured with a Finnigptune (ThermoFisher)

multiple collector inductively-coupled plasma maggctrometer (MC-ICP-MS) similar

to the method described in Bigalke et al. (2010)e Bamples were introduced with a
combination of a cyclonic and a Scott double pgps-tspray chamber. Aluminum

cones were used to avoid influence of Ni cones ensfiike. A Ni spike (NIST 986)

60



B Copper isotope fractionation during complexatioth insolubilized humic acid

was used for mass bias correction (Markl et al. 62Q0 et al., 2009). Masses 60 (Ni),
61 (Ni), 62 (Ni), 63 (Cu), 64 (Zn+Ni), 65 (Cu), an@6 (Zn) were detected
simultaneously. The correction was performed acogrth the certified?Ni/®°Ni ratio
(0.138600) of NIST 986 that was added to all samples the Cu standard prior to
measurement and by applying the exponential law.tadard (NIST 976) was
measured between every three samples (Bigalke,e2Cdl0). Samples and standards
were introduced in 2% HN{at concentrations of 300 ng'@Cu and 1000 ng fNi.
The 8°°Cu value of the samples was calculated as the timviaf the isotope ratio of
the mass bias corrected samples from the averagepes ratio of the mass bias
corrected bracketing standards (Li et al., 2009).

8.1.4 Speciation modeling

Values for NICA-Donnan parameters were taken from tberature and are

summerized in Tab. B-2. The details about the NICAx3n model and describtion of
the imput parameters can be found in the literaiBenedetti et al., 1995; Kinniburgh
et al., 1996).

Table B-2. NICA-Donnan parameters to describe QGulibig on IHA

Qmax  log K" ny° p° log Key” Neu”
Carboxylic-type groups 1.98 3.53 0.659 0.894 2.26 0.421
Phenolic-type groups 0.98 7.95 0.66 0.375 6.96 0.471

2 Data from Weber et al. (2008)Data from Saito et al. (2004)

8.2  Kinetics of Cu sorption to IHA

To examine equilibrium time in the experimentaluge sorption of Cu to IHA was
measured at eight time steps between 2 hours arays. &or every time step, three
replicates were set up according to the procedwssitbed in the material and methods
part. The samples were shaken, centrifuged, andicoland IHA were separated at the
given time. Copper concentrations were measuredlitisn. Equilibrium was reached
after 24 to 48 hours (Figure B-4).
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Figure B-4. Kinetics of Cu sorption on IHA. The pHhe end of the experiment was 4.7. Error bars

represent 2SD of the three individual replicates.

8.3  Reversibility of Cu sorption to IHA

To check for reversibility of Cu sorption to IHA, rpbion-desorption experiments were
performed on eleven samples. Sorption-desorptipemrxents were performed after a
method modified from Fowl and Fein (2000). Sorptiexperiments were done as
described above at pH values between 6 and 9 tweeatimplete sorption of Cu.

Samples were shaken for three days to achieve lequim. After three days, diluted

HNO; was added to lower pH values and initiate desorp@mples were again left
three days on a shaker to reach equilibrium. Atie period, IHA was separated from
solution and Cu concentrations and pH were measunedsoiution. Measured

concentrations and calculated Cu sorption fit wledl sorption curve predicted by the
NICA-Donnan model (Figure B-5), indicating reverdtyilof Cu sorption to IHA.
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Figure B-5. Reversibility of Cu sorption to IHAaBk crosses represent measured values after
desorption, the grey line represents modeled vadfiise NICA-Donnan model with input parameters
from Table B-2. Error bars represent 2SD of measwaet error.

8.4  Solubilisation of IHA

To proof that IHA was not solubilized during the eppeent and that IHA was
completely separated from solution by centrifugatithe sorption experiment was at
pH between 3.1 and 5.7. After separation of IHA frartuson, DOC was measured in
solution. No measurable DOC (0.26 + 0.74 MgDIOC, n = 8) and no significant
difference from blank samples (0.84 + 0.74 M@DC, n = 2) which were shaken for
the same time without IHA was found. The fact that Di©@Gamples even tended to be
lower compared to blank values may be caused bytigorpf DOC originating from
water and leaching of polypropylene vessels to IHA

8.5 Estimation of specific fractionation for low affinity sites (LAS) and high
affinity sites (HAS)
Data from Equation B-4 were fitted manually in aduttio the fitting using Excel-
Solver. The manual fitting was done by varyifCugas.-solutiony andA*°Cuas.solution)
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to obtain a slope of unity and a Y axis intersecter in a measuredf°’Cusouon VS.
modeledd®*Cusouion plot (Figure B-6 and Tab. B-3). The best fit wdsritified by
starting with a coarse scan &T°Cu of 0.1%. steps to identify regions were the Y axis
intersect was minimized and continuing with a fimel avery fine scan in this regions
(grey marked in Tab. B-3). At IO\Ax65Cu(LAS-SO|uﬁon) the Y axis intersect was negative
when the slope was 1 and became more positive with increashitCuy as-solutiony The
values where the Y axis intersect reacke@ and slope was 1 were identified at
A®°CUg as-solution) = 0.265 and\**Cuyias solutiony= 0.267.

0.00

1y =0.9991x + 0.000035
-0.05 F1R2=0.8552
-0.10

-0.15
-0.20
-0.25
-0.30
-0.35
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65
measured A Cuﬁnal solution-starting solution

65
modeled A Cuﬁnal solution-starting solution

Figure B-6. Plot of measureff*Cufinal solution-starting solution values versusdaledA®*Cufinal
solution-starting solution (according to equatiord 4°°CuLAS-solution andi®®CuHAS-solution values
were optimized to approach a slope of unity andaxi¥ intersect of 0. Figure shows optimal fit with
A°*CuLAS-solution = 0.267 and®®CuHAS-solution = 0.265. Error bars on the Y axiereo the 0.06%o

(2SD) long-time reproducibility of the measurement.
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Table B-3. Manual fit off®®Cuy as solution) @Nd4%Clpas soluionfO Obtain a slope of unity and a Y axis

intersect of 0.

A¥Cugas-solion %0 A*CUgias solution %o Slope Intersection R
coarse
0.200 0.200 1.33( 0.00( 0.85¢
0.2(0 0.300 1.12¢ -0.0(6 0.85¢
0.200 0.400 0.96¢ -0.011 0.861
0.200 0.500 0.85: -0.01F 0.861
0.300 0.1C0 1.16€ 0.01Z 0.83¢
0.300 0.200 1.00¢ 0.00¢ 0.85(
0.300 0.300 0.881 0.00( 0.85¢
0.300 0.400 0.79( -0.00¢ 0.85¢
0.400 0.000 1.02¢ 0.02( 0.81¢
0.400 0.1C0 0.€09 0.01¢ 0.83¢
0.400 0.200 0.81% 0.00¢ 0.84¢
fine
0.2€0 0.2€0 1.027 0.00( 0.85¢
0.2€0 0.270 1.00¢ -0.001 0.85¢
0.2€0 0.2€0 0.99¢ -0.001 0.85¢
0.2€0 0.2<0 0.98: -0.002 0.857
0.270 0.240 1.027 0.00: 0.85¢
0.270 0.250 1.01¢ 0.007 0.85¢
0.270 0.2€0 0.99¢ 0.00( 0.85¢
0.270 0.270 0.08¢ 0.00( 0.85¢
0.2€0 0.270 1.01¢ 0.00: 0.85:
0.2€0 0.240 1.002 0.00: 0.85:
0.2€0 0.250 0.98¢ 0.00: 0.85¢
0.2€0 0.2€0 0.97¢ 0.007 0.85¢
very fine
0.26¢ 0.26¢ 1.001¢ 0.000( 0.855:
0.26¢ 0.26¢ 1.001 -0.000: 0.855¢
0.26¢ 0.267 0.998’ -0.000: 0.855¢
0.26¢ 0.26¢ 0.997¢ -0.000: 0.855¢
0.267 0.26: 1.001¢ 0.000: 0.8552(
0.267 0.26¢ 1.000¢ 0.000: 0.855:
0.267 0.26¢ 0.999: 0.000( 0.855:
0.267 0.26¢ 0.997: 0.000( 0.855:
0.26¢ 0.261 1.0022 0.000: 0.855;
0.26¢ 0.26: 1.000¢ 0.000: 0.855;
0.26¢ 0.26: 0.999¢ 0.000: 0.855:
0.26¢ 0.26¢ 0.998" 0.000: 0.855:
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1 Abstract

Copper is an essential micronutrient for all orgars but may also be a pollutant.
We studied the natural abundance of stable Cupsotatios in four soils to test whether
8%°Cu values can be used as a tracer for biogeochkepriceesses in hydromorphic
soils. Two of the soils were affected by stagnantewaand the other two by
groundwater. We determined standard soil propegies Cu partitioning into seven
fractions of a sequential extraction. Copper staméope ratios were measured in total
soil digests with multicollector inductively-couplglasma mass spectrometry. Copper
concentrations in the study soils were low to ave&g84 mg kg'). The variation in
Cu isotope ratios was up to 0.6%o in an individuall the organic layers of two of the
profiles had lighte®®°Cu values than the mineral soil, indicating isotéetionation
of Cu during soil-plant—soil transfer. In the miaesoil, Cu isotope ratios showed
distinguishable variations of up to 0.45%.. The ieattdistribution of the

8°°Cu values, which paralleled that of the poorly aiste to crystalline Fe oxide
ratios, offers the first hints that Cu isotope aatiin soils may be influenced by
alternating redox conditions. We conclude that atins in8°°Cu in soils are large
enough to be distinguished and may be indicativebiofeochemical cycling and
geochemical processes. In particular, Cu isotopesranight be helpful to trace long-
term processes such as element transport and cadwhtions, which are difficult to

assess otherwise.
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2 Introduction

Copper is an essential micronutrient for plantsmats, and humans; however, it
may also be a pollutant if it occurs at high conicagions in the soil (Alloway, 1995).
Therefore, knowledge of Cu cycling in soils is riggd both for guaranteeing proper
nutrition and to control possible risks arisingrfr@&Cu pollution.

Copper is a redox-sensitive transition metal anfbusd as a trace element in most
soils at an average concentration of 30 mg lkeqd in a range of 2 to 100 mg kglt
occurs predominantly as €uvhile also Cii species and elemental Cu may be present
(Artiola, 2005; Grybos et al., 2007; Weber et alg02). In soils, Cu is mostly
complexed by organic matter, incorporated in argbdued to Fe oxides and primary or
secondary silicates. Only small parts are found iaklyebound exchangeable forms.
The particular Cu speciation differs, however, amosgils with different
physicochemical properties (Dube et al., 2001; Wlek al., 2005). Organic substances
can adsorb or complex Cu with different stabilitresiching from relatively weakly
bound complexes at surface sites to inert complakegraparticle binding sites (Senesi
et al., 1986; Osterberg et al., 1999). Metal oxy(hgxides may adsorb or occlude Cu
either as a free ion or as an organo—metal con{@lesacio et al., 2001). At low redox
potentials in hydromorphic soils, Fe oxides areuced and release associated metals
including Cu; however, frequently changing redox dibons may also cause the
enhanced fixation of Cu in Fe oxy(hydr)oxides (Gomt al., 2007). In the presence of
Fe’*, CU* can be transformed to €in reducing environments (Matocha et al., 2005),
which may also alter its binding type and its ma¥iliOne possible effect of Cu
reduction may also be precipitation as Cu(s) (Grydtoal., 2007). The increase in pH
during chemical reduction reactions may cause ¢lease of dissolved organic matter,
which also enhances metal mobility (Grybos et ald720Weber et al. (2009) reported
formation of elemental Cu and unanoparticles in flooded soils, which can enhance
Cu mobility. But in unflooded soils, Gl might also be reduced to elemental Cu
nanoparticles by plants. The formation of Cu namtigdas by plants is thought to be a
defense mechanism against Cu toxicity and may ootyr in polluted soils (Manceau
et al., 2008).
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Many attempts have been made to improve our uratetstg of trace metal
behavior in soil. For Cu, the most common toolsassess its fate are sequential
extractions to study the binding of metals to vasicsoil constituents (Bacon and
Davidson, 2008). Other approaches to assess Cuatipadn soil include infrared and
electron spin resonance spectroscopy (Senesi, et986), extended X-ray absorption
fine structure spectroscopy (Alcacio et al., 20¢hange with added isotopically
labeled Cu (Ma et al., 2006), and voltammetry t@suee dissolved Cu in soil solution
(Pelfrene et al., 2008). But there are still seiepen questions in our understanding of
Cu behavior in the highly complex soil system. Tisigarticularly true for the long-
term effects of transport and redox processes iinasdime scales up to hundreds or
thousands of years, which are experimentally ncgctly accessible. Investigation of
stable isotope ratios, which integrate the effedtsuxh long-term processes, might
therefore be a useful tool to further the underditam of the biogeochemical cycling of
Cu in the environment.

The measurement of “traditional” stable isotopeteays (C, H, N, O, and S) has
become a well established analytical tool for eciolgnvestigations over many years
(Fry, 2006; Tiunov, 2007). After early measuremehys thermal ionization mass
spectrometry (TIMS; Shields et al., 1965), with fhet introduction of multicollector
inductively-oupled plasma mass spectrometry (MCMSP around 1992 (Walder and
Freedman, 1992) the exploration of “non-traditi6riaavier isotope systems (Fe, Cu,
Zn, etc.) developed rapidly, providing new toolgyeplogic, environmental, and many
other fields of research (Douthitt, 2008). Variationsstable isotope compositions are
usually expressed as per mil (%o) difference retativ a standard reference material.
For Cu, this difference is expressed relative te tbference material NIST 976
(National Institute of Standards and Technology, i@aitburg, MD) a$®°Cu values
(see below for exact definition).

Up to now, most studies of Cu isotope ratios haveesded geochemical questions
(Albarede, 2004). Li et al. (2009) reported t6&Cu values of granites clustered mostly
between -0.4 and 0.4%. but can reach values as lgh5%o. in rare cases, while
Othman et al. (2003, 2004) found that terrestrisialia and other mantle rocks cluster
tightly around 0%.. These rocks are common bedrdeksoil development and may
reflect the starting point of the development®u in soils. Another important parent
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material for soils is loess, which is frequentlyraded to surficial layers from which
soils develop. Chinese loesses B&tCu values of 0.01 and —0.02%o (Li et al., 2009).
Thus, the parent rocks of soil formation may diggdame Cu isotope variations, but
they mostly cluster around 0%o. (Fig. C-1).

8% Cuyysro76[%00]

-4 -2 0 2 4 6

Oceans dissolved T,% o I
Rivers dissolved ¥
River particulate ,§
Sediments §,9

Loess #,11

Granites #

Basalts #,11,1%

Ores and minerals 1,§8§

Figure C-1. The’®*Cu values of natural materials. For some materiafdly a few measurements have
been previously published (e.g., three valuesdess). Therefore, the real variation in nature nhigé
larger than shown in this figure:. Bermin et al. (2006); } Vance et al. (2008); § Petit et al. (2008);
Marechal et al(1999); # Li et al. (2009); 11 this study; 1} Archer and Vance (2004); §§ Asael et al.
(2007).

Although the Cu isotope fractionation in soils has yet been studied, it is known
that several processes that take place in soilsec@u isotope fractionations (Fig. C-2).
Variations of up to 5.4%. were found in hydrothermalds after partial oxidation of
primary Cu(l) to secondary Cu(ll) minerals. Franations of up to 3%. were reported
during mineral precipitation in ore-forming enviraants (Markl et al., 2006; Maher
and Larson, 2007). These findings were confirmeldoratory experiments. Zhu et al.
(2002) observed fractionations with*°Cucyay-cuay Of 4%o (i.e., a difference in the
8°°Cu value between the educt Cu(ll) and the produ¢t)®fi4%o) after CG" reduction
with iodine. Ehrlich et al. (2004) reported a fiaogtion of A**Cucyq-cus) Of 3%o after
formation of covellite from aqueous Cu(ll). In geale the extent of equilibrium isotope
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fractionation is inversely correlated with the teargiure at which the reaction takes
place (Marechal and Sheppard, 2002; Ehrlich eR@b4).

A% Cua.1)[%o0]
_4 -2 0 2 4

Adsorption on oxy(hydr)oxides, abiotic
A(oxy(hydr)oxide-solution) 1,},§
Binding on bacteria surface
A(bacteria-solution) §,,#

Copper reductive precipitation, abiotic
A(Cu()-Cu(ID) 11,3

Copper oxidative leaching, abiotic
A(Cu(I)-Cu(D)) #,88

Crystallization

A(crystall-solution) Y

Incorporation into protein
A(protein-solution) 11 _

Translocation in plants
A(shoots-roots) ##

Figure C-2. Fractionation of Cu isotopes by diffiereprocesses. Gray bars show the minimum
fractionation observed, black areas show the irakrof observed fractionation. T Balistrieri et al.
(2008); ¥ Clayton et al. (2005); § Pokrovsky et al. (2008); § Borrok et al. (2008); # Mathur et al. (2005
71 Ehrlich et al. (2004); 11 Zhu et al. (2002); §§ Asael et al. (2005); 11 Li et al. (2008); ## Jouvin et al.
(2008).

Furthermore, biological transformation may fracéten Cu. For instance, it was
shown that the uptake of Cu into proteins causexctifmations of up to
A% CUprotein-solutiony Of 2% (Zhu et al., 2002), while the fractionatiory lsurface
adsorption of Cu to different microorganisms was g@épendent (Pokrovsky et al.,
2008). There was only weak fractionation at pH 4 td&, differences of -0.6 to
-1.8%o in thed®Cu values £65CUpacteria-solution) Occurred between the bacteria and
solution in acidic solutions of pH 1.8 to 3.3. Mat et al. (2005) reported that Fe-
oxidizing bacteria may deplet®Cu of their environment because of preferential
sorption of isotopically heavy CUA{’Cusoiid-solution)~ 3%o) to Fe oxides formed at their
surfaces. The preferential sorption®&u on Fe and Al oxy(hydr)oxides was confirmed
in other studies wittA**Cusoiid-solutiony b€tween 0.35 and 1.3%. (Clayton et al., 2005;
Balistrieri et al., 2008; Pokrovsky et al., 2008lhe effect of organo complexation - one
important process to which Cu is subject in soiln-88°Cu is unknown but organo
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complexation of Zn and Fe resulted in isotope foaetions with the heavier isotopes
enriched in the organically complexed form by 0(Z4 on humic acid, only at pH > 6)

and 0.60%o (Fe on siderophores), respectively, uadeilibrium conditions (Dideriksen

et al., 2008; Jouvin et al., 2009).

The initial studies of Jouvin et al. (2008) indmdtisotope fractionation of Cu
isotopes between plant roots and shoots, with a teplef the heavy isotope of
AB5ClUroots-shoots) Of 0.41%0. More detailed information is availabler fFe and Zn
isotopes. Guelke and von Blanckenburg (2007) reddHat different uptake strategies
of plants may cause opposite directions in Fe mdtéractionation. In a tropical
watershed, thé%Zn of deeper soil horizons differed by 0.5%. frone tiopsoil. In the
same watershed, isotope fractionation up to +0.5%wdxen the soil and plant
(depending on the plant part) was found (Viers et a007). A plant-induced
fractionation of stable Zn isotope ratios was alkows in laboratory experiments
resulting in isotope differentiation between distipdant parts, with heavier isotope
composition in roots than in shoots (Weiss et2005), in seeds than in leaves, and in
roots than in leaves (Moynier et al., 2009). Butréhis a need for further studies to test
if similar fractionations occur for Cu.

Our overall objective was to explore the potentialCof isotope ratios to trace the
behavior of Cu in soils and to answer the quest{gn$ there is a measurable isotope
fractionation of Cu among different soil horizor() if the §°°Cu in organic soil
horizons is lighter than in the mineral soil be@usf plant-induced isotope
fractionation, and (iii) if changing redox condit® affect the3®*Cu values of
redoximorphic soils because of changing Cu speciagand mobility, which may also
fractionate Cu isotopes.

The potential Cu fractionation cannot be interptetgthout detailed knowledge of
soil properties and chemical Cu forms in soil. Wearacterized the study soils
physically and chemically (by determining textupé, cation-exchange capacity, base
saturation, and C, N, and Fe concentrations) anditipaed soil Cu into seven
operationally defined fractions with a sequentietra&ction procedure. The fractions of
the sequential extraction procedure were not andly@eCu isotopes because artificial

fractionation of isotope ratios by the extractismprobable.
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3 Materials and methods

3.1  Sampling sites and soils

Soil samples were taken from two soils affected tagrsant water and two soils
affected by groundwater (Table C-1). All four soilsowed hydromorphic properties
(i.e., bleached zones and Fe oxide mottles). This stassify as a Skeleti-Stagnic
Luvisol (IUSS Working Group, 2006) or Aeric Epiaquéfoil Survey Staff, 2006), a
Stagnic Cambisol or Aeric Epiaquept, a Calcari-Hudteysol or Fluvaquentic
Humaquept, and a Dystric Gleysol or Humic Endoaqué&pée soil morphology was
described according to FAO (2006).

The Skeleti-Stagnic Luvisol, Stagnic Cambisol, &tric Gleysol were located in
the Variscan mountain area in slope positions. Ilnilast central European soils, three
of the four studied soils (the Skeleti-Stagnic lamj Stagnic Cambisol, and Dystric
Gleysol) developed from periglacial cover beds ciimgy of up to three solifluctional
layers. The fourth soil (the Calcari-Humic Gleysd¢veloped from fluvic material.

The Skeleti-Stagnic Luvisol was located in Idsteear Wiesbaden in Germany. The
organic layer had a depth of 5 cm and consistetlvof horizons. The mineral soil
consisted of six horizons that are characterizedhbyformation of brown-colored Fe
oxy(hydr)oxides in the upper soil horizons and itifeience of stagnant water and clay
illuvation in the lower soil horizons, as demonstthby the presence of clay cutans on
ped surfaces. The deepest two horizons were impétenda water. The soil had
developed from three different layers, with the Istvéayer consisting mainly of
weathered bedrock (slate), while the two upper lagergained varying contents of
loess and tephra from the volcanic eruption of Lilegia Laach (Laacher See tephra).
These substrates had initially variable clay caigtemwhich might explain why the
lessivation was not reflected in large textural casts between elluviated and illuviated
horizons (Table C-2). To account for differéftCu values among parent materials and
to identify changes in th8®°Cu values caused by pedogenesis, pure slate, laeds,
Laacher See tephra were sampled from outcrops grabitie near the studied soil. The
slate and loess were sampled in Idstein, the Laagertephra was sampled at Hohe
Wurzel near Wiesbaden (Stuckrad et al., 2008).
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The Stagnic Cambisol was located approximately 1nartheast of Chata Slana
Voda, near Oravska in Slovakia. The organic layerandépth of 7.5 cm and consisted
of three horizons; the mineral soil had four hongd¢Table C-2). The Ah horizon was
characterized by humus accumulation; the Ahg, Bgtli B Bg2 horizons showed
stagnic properties (mottling); the Il Bg2 horizonsaiempermeable and had developed

from a different geologic layer.

Table C-1.Soil type, location, altitude, slope, bedrock, et and vegetation of the study sites

Temp- Vegetat-

Soil type Location Altitude Slope Bedrock Age Rairdll ;
erature ion
m January/
FAO above mmyrt  July
sea level [°C]
Skeleti- Germany earl
Stagnic  50°13'N, 400 6° slate D M 700-800 0-18 beech
> 0n s evonian
Luvisol 8°16'E
Slovakia sandstone Eocene spruce
SlBgNC  49°56N, 800 oW tyschwith 1990 7.16 horsetail
19°26'E mudstone and moss
mudstone
Calcari- Geormc?my
Humic 49°56'N, fluvic alder, and
8°04'E 88 0° . Pleistocene 500- 600 O - 18 '
Gleysol materials grass
Dystric Slovakia spruce
49°22'N, o granite and . ’
Gleysol 19°37°E 630 2 sandstone Pliocene 700-800 -7-18 blueberry,
and moss

The Calcari-Humic Gleysol was sampled in Grol3-Wirtterm, near Mainz in
Germany, next to a small creek. The organic layer daepth of 3 cm consisting of
weakly decomposed leaves. There was an irregulaicaedistribution of organic C
concentrations in the upper mineral soil, indicgtihat the soil developed from fluvic
sediments. The lower horizons showed the influenceflaftuating groundwater
(mottling), with the lowest horizon indicating pennest reducing conditions (gray
color).

The Dystric Gleysol was sampled approximately 4 kortheast of Trstena in
Slovakia. The organic layer had a depth of 14.5am consisted of three horizons
(Table C-2). The great depth of the organic layet the high organic C concentrations
in the Ah horizon were probably attributable to fregt waterlogging and low pH. The
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deeper two soil horizons showed the influence of moskic groundwater (i.e.,
mottling even in the permanently wet horizon). Th8IR horizon had developed from
a different geogenic layer.

The Stagnic Cambisol and the Dystric Gleysol wereaaly described in Lobe et al.
(1998) and the Skeleti-Stagnic Luvisol was descrii®y S. Stickrad (personal
communication, 2008). Tables C-1 and C-2 summasie conditions and soil

properties.

3.2  Sampling and sample preparation

The soil profiles were macroscopically characterizedhe field and each horizon
was sampled in a representative way. The samplesaieteed and sieved to <2 mm.
For Cu isotope analyses and to determine totalri@uFee concentrations, the samples
were ground in a planetary mill.

Texture was determined with the pipet method afterdestruction of organic matter
with H2O,, dispersion with NgsO15:6HO, and wet sieving of the sand fractions
(Schlichting et al., 1995). The pH was measured.1lnmol " CaC} at a soil/solution
ratio of 1:2.5 after equilibration for 2 h with dags electrode; the C, N, and S
concentrations were determined by dry combustioh @itCHNS analyzer (Vario EL,
Elementar Analysensysteme, Hanau, Germany). The Sewtvatons were detected
with a sensitive infrared detector. The effectiaian-exchange capacity (ECEC) was
determined as the sum of the charge equivalent€apfK, Mg, Na, Mn, and Al
extracted with 1 mol't NHsNOs; base saturation (BS) was calculated as the sutheof
charge equivalents of Ca, Mg, Na, and K divided Iy ECEC and expressed as a
percentage.

Copper was sequentially extracted using the meth@eien and Brimmer (1989) to
assess operationally defined Cu fractions in the ®riefly, for the sequential
extraction 2 g of air-dried soil was extracted withrél each of: 1 mol't NH4NO; for
24 h (Fraction 1, readily soluble and exchangealilehol I'* NH,OAc at pH 6.0 for 24
h (Fraction 2, specifically absorbed and other weabdund species), 0.1 mol*l
NH,OH-HCI + 1 mol T* NH4OAc at pH 6.0 for 0.5 h (Fraction 3, bound to Mn @sj
0.025 mol ' NH, ethylenediaminetetraacetic acid at pH 4.6 for 1.8 faction 4,
bound to organic matter), 0.2 mot Bmmonium oxalate at pH 3.25 for 4 h in the dark
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(Fraction 5, bound to poorly crystalline Fe oxide&)L mol T* ascorbic acid in 0.2 mol
I™* ammonium oxalate at pH 3.25 for 0.5 h in hot wakeagtion 6, bound to crystalline
Fe oxides), and 67% HNG 50% HF (3:1) (Fraction 7, residual). Fraction® btwere
extracted at room temperature, Fraction 6 was exitlaat 96°C, and Fraction 7 was
digested at 200°C under pressure in a microwave. AMefractions except Fraction 7
were centrifuged at 2500 rpm for 15 min and filtesgdh blue ribbon (Whatman
Schleicher and Schuell, Kent, UK, 2n retention) filter paper after extraction. After
every extraction step except for Fractions 1 andthg, sample was rinsed once
(Fractions 2, 4, 5, and 6) or twice (Fraction 3)hw@5 ml of 1 mol ' NHsNOs
(Fraction 2), 1 mol't NH4OAc (pH 6, Fraction 3), 1 moli NH,OAc (pH 4.6, Fraction
4), and 0.25 mol'f ammonium oxalate (pH 3.25, in the dark, Fracticangl 6) for 10
min. The extracts and rinses were combined.

Total Fe concentrations were measured in total thgesith concentrated
HF/concentrated HN© (1:3). Poorly crystaline and crystalline Fe fianos were
measured in Fractions 5 and 6 of the sequentialaebidn. The ratio of poorly
crystalline to crystalline Fe concentrations iserefd to as Forly crystalinéFErystaline
This ratio is different than the frequently usedalaxe-extractable Fe/dithionite-
extractable Fe (FB8-ey), which would approximately correspond to the ratidhe sum
of Fe extracted with Fractions 1 to 5 divided by $hen of Fe extracted with Fractions 1
to 6 of the sequential extraction procedure. Theigion of a triplicate measurement of
the Foorly crystalindFerystaline ratio (Ay) was 15.2% (2 RSD) and was calculated using

the error propagation law:

x1+ —i (C-1)

2

wherex; represents the E&ry crystaineconcentration ang, the Festaiine cONcentration,
AXx1 is the relative standard deviation of the triglee measurement of the 5@y crystaline
concentration, andx;, is the relative standard deviation of the tripgeceneasurement of

the FeystalineCONCENtration.
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Copper concentrations were determined by electnothleratomic absorption
spectrometry (ETAAS; Unicam Solaar 989, Thermo SdienWaltham, MA) and the
concentrations of Fe, Ca, K, Mg, Na, Mn, Al were meaduby flame atomic
absorption spectrometry (AAS 240 FS, Varian, Palo ,ATtA).

The accuracy of the Cu concentration measuremergsavdrolled by measuring the
total digests of the certified reference matet@RM) 7003 (a silty clay loam) from the
Czech Meteorology Institute (Brno, Czech Repubdioyl basalt of the Columbia River
(BCR-2) and granodiorite silver plume (GSP-2) rafieee materials from the United
States Geological Survey. We determined a concénraf 27 + 2.5 mg kg Cu (2
standard deviations [SDj,= 3) for CRM 7003 (certified value, 29.1 + 0.8 mg kCu),
16.8 + 1.2 mg kg Cu (2 SD,n = 8) for BCR-2 (certified value, 19 + 2 mg KgCu),
and 38.8 + 3.9 mg kg Cu (2 SDn = 5) for GSP-2 (certified value, 42 + 4 mg kgu).
The reproducibility of replicate digestions and sw@aments of the reference materials
was always<10% (2 RSD). The accuracy of the sequential extmagirocedure could
not be controlled with a CRM because of the lacksa¢h a material. Therefore we
processed CRM 7003 three times. The precision efsthm of fractions was 13% (2
RSD), with all sums of concentrations of the sevetions falling in the range of
+10% of the certified value. For each sample, weekéeé whether the concentrations of
all seven fractions deviated >20% from the coneioins measured in the total digests.
If so, the results were discarded and the samplgvweessed once more.

For isotope analysis, 200 to 500 mg of ground wai$ weighed in a ceramic crucible
and ashed at 450°C overnight. The sample was traedféo a microwave digestion
vessel and digested at 200°C under pressure in xunai of concentrated
HF/concentrated HN (1:3) in a microwave oven (MARS5Xpress, CEM Corp.,
Matthews, NC). The acid was evaporated to drynesd; df HNO; was added to drive
out the remaining HF and again evaporated to dsynése sample was redigested in 10
mol I HCI with some drops of #D, at 200°C under pressure to remove any remaining
fluorides and then transferred to Savillex (Minmét®, MN) vials, evaporated again,
and redissolved in 7 moll HCI and 0.001% LD, for purification on the anion
exchange resin. The total digests were purified @ MP-1 Biorad resin after a
protocol modified from Marechal et al. (1999). Thesin was cleaned before
purification by leaching sequentially with 10 ml g0, 10 ml of 7 mol1* HCI, 10 ml
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Table C-2Selected properties of the study soils from GernzenaySlovakia

Soil Horizon Depth Color Sand Silt Clay Gravel ECEC BS OC N S CaCO; pH Fe

11— L — mmolkg® % % % mgkd % (Cach 9 i(g
?) Ah 3 10YR2/2 53 242 115 590 90 45 7.80.6 252 0 3.7 28
% 2.5YR 56
a Bw 20 5/4 99 302 120 480 50 24 0.90.1 0 4.0 32
L 2.5YR 61
2 Bwg 50 6/4 97 229 114 560 50 9 0.50.1 0 3.8 43
n 2.5YR 34
.% Il Bgtl 75 6/4 76 256 92 580 30 53 0.30.1 0 4.0 27
EJ IIBgt2 115 10YRG6/5 150 229 62 560 40 23 0.30.1 38 0 3.9 47
Y NIBgt3 >115 10YRG/5 96 148 46 710 40 67 0.20.1 34 0 4.3 28
o © Ah 5 5Y 2/1 100 610 290 0 130 17 6.60.4 224 0 3.2 9
% _Lé) Ahg 8 2.5Y4/2 100 640 260 0 80 22 2.60.2 114 0 3.6 25
g % Bgl 29 25Y5/3 170 580 260 0 60 41 0.70.1 48 0 3.8 15
O Bg2 >29 10YR5/6 135 522 243 100 70 61 0.40.1 53 0 4.0 37
o Ah 7 25Y3/2 260 610 120 0 - 100 5.2 0.2 252 26 6.9 20
g o Bh 35 25Y4/3 70 680 250 0 - 100 4.0 0.2 187 22 7.0 24
_E 2 Bl 60 10YRS5/3 120 660 220 0 - 100 3.1 0.0 110 22 7.0 19
§ 8 BI2 80 2.5Y4/4 140 670 180 0 - 100 2.5 0.1 115 17 7.1 18
< 2.5YR 439
o Br >80 5/2 70 690 240 0 - 100 3.6 0.1 21 7.1 19
5YR 424
23 Ah 15 1,7/1 203 245 252 300 160 12 9.90.6 0 3.2 9
g E‘ BI1 20 2.5Y 4/4 217 266 217 300 110 13 2.00.1 75 0 3.6 12
0o 2.5YR 37
11 BI2 >20 5/4 105 295 105 500 50 28 0.30.0 0 3.8 22

6.
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of H,0, 10 ml of 0.5 mol HNOs;, and 10 ml of HO. Because of the low Cu to high
matrix ratio, one single purification run was nofffisient to achieve good matrix
separation. The whole purification procedure wasetioee repeated for each sample.
After the second purification, the sample was dried #e residue treated with 200

of concentrated HN@and 200ul of 30% HO, to destroy organic compounds released
from the resin and drive out any remaining HCI. Akeme reaction time, the sample
was evaporated and redissolved in 2% HND isotope ratio measurement.

Recovery was checked for every sample to rulesmibpe fractionation on the resin
(Marechal and Albarede, 2002). Recoveries were clieekth ETAAS and samples
that did not show recovery of 100 + 5% were discdrd@ll reagents used for the
preparation of the isotope samples were double sleboof suprapure (Merck,
Darmstadt, Germany) or trace select (Fluka, Seelzen&w®/) quality. Water was taken
from a TKA GenPure UV (TKA, Niederelbert, Germany) waterification system and
was 0f218 MQ cm quality. All critical steps were performed undéran air conditions
in a clean bench, evaporations were done in boxeplisd with high-efficiency
particulate filtered air. Copper blanks for the \Wéhprocedure were 6.6 = 9.9 (2 SD) ng
compared with at least 500 ng of Cu in the sample range of the Cu isotope
signature observed in nature reaches from —3.84/Mf%o0 (Asael et al., 2007; Marechal
et al., 1999, Fig. C-1). As our samples clusteuado0%., contamination in the sample
may deviate by a maximum of ~ 6%.. Thus a contanonadf 6.6 ng Cu would affect
the Cu isotope ratio with a maximum of 0.075%., whishhalf of the measurement

uncertainty we give.

3.3  Copper isotope measurements

Copper isotope ratios were measured with a Finnigpiune (Thermo Scientific,
Waltham, MA) MC-ICPMS with high mass resolution eépities (Weyer and
Schwieters, 2003). All Cu isotope ratios were exmeésass®°Cu values relative to

NIST 976 isotope reference material according toaqn C-2.
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65 63
565CU[%o]=[( Cu/* Cul —1]*1000

(65CU/63CU)NIST976 (C-Z)

Masses 60 (Ni), 61 (Ni), 62 (Ni), 63 (Cu), 64 (Zn H,N&85 (Cu), and 66 (Zn) were
detected simultaneously. Nickel was used for insémiiad mass-bias correction of the
measured”Cu/l*Cu ratio (Ehrlich et al., 2004; Li et al., 2009; Mbet al., 2006). The
correction was performed according to the certiff@di/*°Ni ratio (0.138600) of a
natural Ni standard (NIST 986) that was added tosathples and the Cu standard
before measurement and by applying the expondatialAdditionally, after every third
sample, the NIST 976 was measured as a kind of satgidard bracketing. Th&Cu
values were calculated as the deviation of the potatio of the mass-bias corrected
samples from the isotope ratio of the mass-biaected bracketing standards (Li et al.,
2009). The samples and standards were measured HNAD5 with concentrations of
300ug kg™* Cu and 100Qug kg™ Ni in low resolution and 60Qg kg™ Cu and 200Qig
kg™ Ni in high resolution.

The samples were introduced with a combination oy&onic and a Scott double
pass-type spray chamber. Membrane desolvating izebuhtroduction systems were
avoided because of previously described problenis mass-bias instabilities (Archer
and Vance, 2004). Aluminum cones were used for thesunements to avoid any
potential effect of Ni cones on the spike. Samplese measured in both low- and high-
resolution modes. The high-resolution mode was msacgsfor some initial samples
where interfering Ti was not completely separatednftou. Where Ti separation was
not sufficiently good, mass interferences suci?ag’N, “°Ti*°0, *Ti*°0, and**Ti*®0
may occur orf?Ni, ®3Cu, and®®Cu, respectively. These interferences shift thesunesl
isotope ratio to more negative values because @fTihinterference of°Ni and the
absence of such an interference on m#sE, which cause an overcorrection of
measured values. The Finnigan- Neptune high-resolutiode, with a mass resolution
power of ~10,000 MXM (Weyer and Schwieters, 2003), was sufficient sohee these
interferences. Some samples with sufficient Ti s#fg@an were measured with both
high- and low-resolution modes and the respecegailts were indistinguishable (Table
C-3). The sample purification procedure was adjustede carefully by rinsing eight
times with altogether 10 ml of 7 mofIHCL + 0.001% HO, after sample application
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on the resin. After adjustment of the purificatiorogedure, the mean Ti/Cu ratio was
reduced from 289 in the not purified samples t®2Qi®= 18) after the two column
purifications.

All samples were measured at least twice. For santipdéshowed abnormal values
or large differences between the two measuremeraspple preparation and
measurement were repeated. A Cu inductively-cougdeasma standard (Merck,
Darmstadt, Germany) was used as an in-house stamah@ctk for intra-day and long-
term reproducibility. The long-term reproducibility this standard was 0.07%. (2 SD,
= 20). To check for reproducibility of the sampléstee CRMs (BCR-2, GSP-2, and
CRM 7003) and selected samples were repeatedlysteigeand purified two to five
times and each extract was measured independerathlg TC-3). Reproducibility was
determined as two times the standard deviationlaheasured values and was always
better than 0.15%. (2 SD). To test for accuracy ef itieasurement, the BCR-2 basalt
was independently digested, purified, and measured fimes and the GSP-2
granodiorite twice (Table C-3). We measureif*Cu value of 0.22 + 0.06%. (2 SB,=
5) for BCR-2, which differs from the 0.07 £ 0.08 %ported by Archer and Vance
(2004) for BCR-1. We assume that this differencghnibe attributable to isotope
inequality of BCR-1 and BCR-2. For the GSP-2 graadt, no$®Cu values have
been published to date, but the measured value26f00.03%. ( = 2) fits well in the
range of —0.4 to 0.4%o reported for granites fromltachlan Fold Belt (Li et al., 2009).
The loess sample measured as bedrock for the B8&demic Luvisol had®°Cu values
of —=0.10 £ 0.04%o, which is similar to the 0.03 aralG2%. reported for Chinese loess
(Li et al., 2009). The silty clay loam CRM 7003 ha8®Cu value of 0.21 + 0.11%o (2
SD,n=4).
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Table C-3. Copper concentration$Cu values of the soil samples and reference méserigandard

deviation of replicate measurement, and resolutimde of the Multicollector-ICP-MS device

Soil Horizon Cu Cﬁ:];igFIatlon 565CUN|ST976[%0] 2SD Re;?)l(;]gon
Oi 12.9 -0.10 0.03 LR
Oe 16.4 -0.10 0.01 LR
Ah 16.7 -0.15 0.06 HR
Skeleti-Stagnic Bw 13.8 -0.17 0.10 HR
Luvisol Bwg 20.2 -0.10 0.01 HR
Il Bgtl 12.3 0.04 0.09 HR/LR
Il Bgt2 14.7 0.02 0.07 HR
Il Bgt3 12.1 0.16 0.21 HR/LR
Laacher
Parent Lake Tephra 5.8 -0.03 0.05 LR
materials Loess 17.8 -0.10 0.04 LR
Slate 16.4 -0.15 0.16 LR
Oi 12.2 -0.34 0.18 LR
Oe 16.7 -0.23 0.11 LR
Stagnic Oa 13.8 0.08 0-19 HR
Cambisol Ah 9.5 -0.13 0.16 LR
Ahg 7.8 -0.06 0.10 LR
Bgl 8.2 0.02 0.07 HR
Il Bg2 19.8 -0.09 0.09 HR
Oi 16.1 0.13 0.09 HR
Ah 34.2 -0.08 0.04 HR
Calcari-Humic Bh 31.8 0.03 0.01 HR
Gleysol BI1 14.0 -0.08 0.12 HR
BI2 9.0 0.12 0.06 HR
Br 15.1 0.13 0.04 HR
Oi 7.3 -0.26 0.15 LR
Oe 11.7 -0.21 0.13 LR
. Oa 9.1 0.20 0.21 LR
Dystric Gleysol 6.2 0.10 0.02 LR
BI1 5.7 0.33 0.08 LR
BI2 5.4 -0.12 0.08 LR/HR
Silty Clay 7003 26.2 0.18 0.13 HR
Loam (CRM 7003 26.5 0.29 0.00 HR
7003, Czech 4443 28.5 0.20 0.12 HR
Meteorology
Institute) 7003 25.9 0.16 0.06 LR
CulCP Cu ICP - 0.84 0.07 LR/HR
BCR-2 1 16.2 0.21 0.08 LR
BCR-2 2 15.9 0.22 0.03 LR
BCR-2(CRM,  prepos 17.4 0.18 0.11 LR
USGS)
BCR-2 4 16.9 0.24 0.00 LR
BCR-2 5 17.3 0.25 0.04 LR
GSP-2 (CRM, GSP-21 38.7 0.24 0.00 LR
USGS) GSP-2 2 37.4 0.26 0.04 LR
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4 Results

Copper concentrations in the soil samples rangesdss 5 and 34 mg kY (Fig. C-

3; Table C-3) and therefore in the lower range dfired Cu concentrations in soil. The
organic layers always had concentrations similatheo mineral soil, with the highest
concentrations in the Oe horizon if it was presehe Tu concentrations in the Skeleti-
Stagnic Luvisol were similar in all horizons excdpt the Bwg horizon, where an
elevated Cu concentration occurred (Fig. C-3; Tab®). In the Stagnic Cambisol, the
Cu concentrations did not vary much among the wuarisoil horizons except for a
twofold higher Cu concentration in the Il Bg2 hamg which developed from a
geologically different solifluctional layer. In theCalcari-Humic Gleysol, Cu

concentrations showed the highest variation, wigh&i concentrations in the Ah and
Bh horizons than the horizons affected by groundwaide Dystric Gleysol had

slightly higher concentrations in the organic layekan in the mineral soil, but Cu
concentrations were similar in all mineral horizons.

The sequential extraction of Cu in the mineral sevealed that Fraction 7 (residual)
was the main pool in most horizons, comprising 28Q&6 of total soil Cu. Fractions 5
and 6 (bound to Fe oxides) contained 10 to 50%hef d0il Cu, while Fraction 4
(organically bound) varied from 3 to 60%, and F@wd 1 to 3 exchangeable,
specifically absorbed, and bound to Mn oxides) akvegntained only a minor part of
the soil Cu (2-17%, Fig. C-4). The two Slovak s¢ile Stagnic Cambisol and Dystric
Gleysol) always had >50% of their total Cu in Frawti7, while the Skeleti-Stagnic
Luvisol showed elevated Cu concentrations in Frastib and 6. The Calcari-Humic
Gleysol had its highest Cu concentrations in Foac.

The Foorly crystalindFerystatiine ratios might be indicative of crystallization catmmhs
and thus of the frequency of waterlogging. The nforquently the soil is waterlogged,
the less crystalline is the Fe oxide pool and tighdr is the Forly crystalindFEcrystaliine
ratio. In the Skeleti-Stagnic Luvisol, thep5&y crystaiind Ferystaiine ratios were higher in
the Bwg and Il Bgt horizons than in the Ah and Bw hons and decreased sharply in
the Il Bgt2 and Il Bgt3 horizons because of a éfioéd increase in crystalline Fe
concentration and a simultaneous halving of pocnygtalline Fe concentrations. In the
Stagnic Cambisol, the highest,ky crystalineF€erystaline ratio occurred in the Bgl horizon
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(Fig. C-5). The Calcari-Humic Gleysol showed littlearstion in  F@oory
crystalline.lFecrystaIIine ratios. The F&orly crystalliné Fe.rystalline ratios in the Dystric Gleysol
shifted from low values in the Ah to high valueshie BI1 horizon, and an intermediate

value in the Il BI2 horizon.

Skeleti-Stagnic Luvisol Stagnic Cambisol

-1
mg kg Cu mg kg'!' Cu
0 10 20 30 40
8 L L 81
- (3
Ah
-10
20 Bw
230
.40 4
.50 Bwg
g
13} _60 =
=}
= T -
g 70 [IBgtl
.80
290
-100
-110 IIBgt2
-120 I1IBg
Parent
material Dystric Gleysol
20 30 40
0 40 e Diataiaai s 8:_:
i ey sy —0i o - ®_ o __] Oa
0 = Ah
-10 4 Ah
20 3 [ SR e i 2] 1
30 3 Bh BI2
g 403
= =50 3
g' -60 +---- Bll
70 3
80 4---- BI2
90 4
-100 4
-110 2 Br

Figure C-3. Copper concentrations in the soil horig (Cu concentrations fok slate, ¥ loess, ands
tephra of the volcanic eruption of Lake Maria Laacbpresenting the mixed parent materials in the
periglacial cover beds from which the Skeleti-Siadmuvisol developed). Error bars represent 10% of
the mean, i.e., two times the relative standardatien, which is the precision of the analytical thed

used.
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Skeleti-Stagnic Luvisol Stagnic Cambisol

Cu concentration mg kg™! Cu concentration mg kg™!
0 5 10 15 0 5 10 15 20
| IR R P SR PEETE B SES ST S A SR
Ah @ — i H
L AhHH
Bw = 7 .
T Ahg I
- Bwg ] H
(=}
N i i
8 B
nBgtt HH
Bg1
Il Bgt2 -
J H
1Bg2 || [
mBegts H H
rrrr e EnE I LR R BRI BLAE RN RS R
0] 5 10 15 0 5 10 15 20
Calcari-Humic Gleysol Dystric Gleysol
0 10 20 30 0 2 4 6
PPN BT B A e e L S A
An ] &=
F — Ah
c - _ —
o e —
£ BN Fy b BI —_—
(=] VT ——]
T = -
BI2 ]
) ne2 it H
Br H
0 10 20 30 2 4 6

Hfacion1 [0 Fracton? [T Fractind [ ] Fraciond ] Frecton 5 [/7] Fraction® ] Fraction 7

Figure C-4. Copper concentrations in the seventioms of the sequential extraction of Zeien and
Brimmer (1989). Fractions are thought to represéh} readily soluble and exchangeable, (2)
specifically absorbed and other weakly bound spedi@) bound to Mn oxides, (4) bound to organic
matter, (5) bound to poorly crystalline Fe oxidé®) bound to crystalline Fe oxides, and (7) residua
fractions.

The §°°Cu values in all horizons ranged between —0.34 aB8%. The highest
variation in8°*Cu in an individual soil was 0.59%o in the Dystrice@$ol (Table C-3;
Fig. C-5). The heavy°Cu isotope was depleted in the organic layers ofDistric
Gleysol and the Stagnic Cambisol compared with rtiweeral soil. The Oi and Oe
horizons hads®*Cu values between -0.34 and -0.21%.. Only the Oi bariaf the
Calcari-Humic Gleysol had a positié8°Cu value of 0.13%.. Thé®°Cu values of the
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Oa horizons were more similar to the mineral soihttathe Oi and Oe horizons. The
Stagnic Cambisol and the Calcari-Humic Gleysol sholitee variation in3°°Cu values

in the mineral soil. The Skeleti-Stagnic Luvisolealed a trend to heavig?Cu values

in the temporally waterlogged subsoil. This carlm®texplained by th&*°Cu values of
the parent rock (slate) or admixed componentsltkss or Laacher See tephra because
these materials were isotopically lighter than teep®r soil horizons (Fig. C-5). The
Dystric Gleysol showed a marked shift 3°Cu values between the BI1 and Il BI2

horizons.

5 Discussion

5.1  Variation in Cu isotope ratios in the soil system

The maximum Cu isotope variation in an individuail profile was 0.59%. in the
Dystric Gleysol, with a maximum Cu isotope variatof 0.45%. in the mineral soil and
0.46%0 between the Oi and Oa horizons in the orgayers. These differences were in
a range that can be distinguished with the precisio0.15%. (2 SD) reached by our
method. Copper isotope variations in soils shownalai range as observed for Fe and
Zn isotopes. Thes°’Fe values varied by 0.3%. in total digests of saspi®m
redoximorphic soils and by ~1.15%. in samples frood®ls (Wiederhold et al.,
2007a,b). Other researchers repoid®ée variations between 0.3 and 0.9%. among the
various horizons of different soils (Fantle and DaBa2004; Emmanuel et al., 2005;
Thompson et al., 2007). The maximum isotope vaniatind®®Zn in deeply weathered
tropical soils were ~0.7%o (Viers et al., 2007).

Sequential extraction is an established procedargain information about the
partitioning of soil Cu among differently reacti@ pools (Bacon and Davidson, 2008)
and may offer valuable information if coupled wiflu isotope investigations. Isotope
effects may be much bigger in the labile Cu poolsese chemical reactions and
transport of Cu occur, while the residual Cu pogdresenting the isotope ratios of
parent rock, which vary comparatively little, majutk these effects. For Fe, sequential
extraction procedures were used to investigatesithipe composition of different soil
Fe pools. In these studies, an isotope variationpofo >3%. §°'Fe) between different
fractions was reported (Wiederhold et al., 2007a, b)
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Fantle and DePaolo (2004) reported differences.@%0(°%Fe) between bulk and
leached fractions (0.5 mol'l HCI). These fractionations are far larger than ¢hos
observed in total digests. Sequential extractioacg@dures have to be developed
carefully, however. Extraction steps may artifigiafractionate isotopes because of
kinetic and equilibrium effects, as described fa (Wiederhold et al., 2006). No
reliable procedure has yet been developed thatbleas proven to be sufficiently
specific for defined Cu pools and that does notltes artificial isotope fractionation.
Therefore, no Cu isotope measurements were donequestial extracts in our study.
The development of such an extraction procedureldhue a future step to deepen our

understanding of Cu biogeochemistry in the soiteays

5.2  Copper isotope ratios in the organic layer

As Cu isotope ratios differ between roots and shawith, the shoots depleted $ACu
(Jouvin et al., 2008), fractionation during trandgpo plants seems probable. For Zn, a
similar shift in stable isotope ratios was repofftedn roots to shoot. Zinc fractionation
between roots and shoots seems to depend on Zraspecdn the solution from which
plants take up their nutrients, usually the soluson (Weiss et al., 2005; Moynier et
al.,, 2009). Similarly, the Fe stable isotope ratiosplant compartments depend on
uptake mechanisms and hence speciation of asshildie (Guelke and von
Blanckenburg, 2007). Fractionation during transliocais explained by diffusion and
cross-cell membrane transport for Zn (Moynier et 2009) and redox reactions and
fractionation during incorporation into organic molles for Fe (Guelke and von
Blanckenburg, 2007). In the light of these consatiens, we expected a lighter isotope
composition of the organic soil layers comparechwiite mineral soil because organic
horizons result from plant litter. The organic layd# two of the four studied soils was
depleted in®Cu compared with the Ah horizons (Fig. C-5). We ssjgtwo
explanations for this finding: (i) plants take up @om the soil solution, and if this
plant-available Cu pool was isotopically differerrh the Cu in the total soil digests,
plants would recycle Cu to the organic layer vigetitfall, which would isotopically
differ from the total Cu of the solid mineral sodind (i) Cu isotopes are fractionated
during translocation in plants as shown by Jouvimle(2008) and also fractionation
might occur during uptake such as has been obsdovege and Zn isotopes (Guelke
and von Blanckenburg, 2007; Weiss et al., 2005krd@ky et al. (2008) furthermore
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reported that light Cu can accumulate at the sarfasficmicroorganisms at acidic pH,
which might also contribute to the retention of tigu in the organic horizons during
organic matter turnover. In our study, organic homs under coniferous vegetation
showed lighter isotope signatures than organic basainder deciduous trees (Table C-
1), which had similar or even more positdféCu values compared with the underlying
Ah horizons (Fig. C- 5). These differences mightendeen caused by different tissue
structures responsible for water and nutrient trartsp coniferous and deciduous trees
and these different plant anatomic properties migtiience Cu isotope fractionation.
While most coniferous trees have a more primitiyeem consisting of tracheids only,
the xylem of most deciduous trees consists of g@shand trachea. Trachea have larger
diameters than tracheids, and cell walls hinderingzbntal transport of water and
nutrients are reduced or even absent. These vegstelms often have lengths in the
range of several centimeters up to 1 m and carhrepd¢o 10 m. In contrast, tracheids
are small and each cell is bordered by cell wallgjch have pits through which
transport takes place. We speculate that water angta@sport is faster and contact to
surfaces reduced in tracheas compared with tragheiich may reduce the interaction
of Cu with the cell surfaces during transport, l@sg in less fractionation of Cu
isotopes. Copper deposition from the atmospherehtmadso have an impact on Cu
isotope patterns in organic layers. Wilcke and DolE995) estimated the mean
atmospheric Cu deposition in Germany at 5.3 mgyn® (range: 1.2-17 mg m-2 ).
The isotope pattern of Cu deposition seems to a@eparthe source and varies without a
particular trend (Gale et al., 1999; Matielli et &006). Therefore, the direction of the
expected shift ir5®°Cu values of soils affected by Cu deposition frdva atmosphere
cannot be generally predicted. The influence ofodémn on metal concentrations in
soils is usually indicated by elevated metal cotregions in the organic layer compared
with the mineral soil (Filipinski and Grupe, 1990pke et al., 1998; Wilcke et al.,
1999). This is the case for the two Slovakian sailsich showed also comparatively
light 8°°Cu values in the organic layer. Thus, the inputathospheric Cu with a
sufficiently different isotope ratio from that dfd soils might have an influence on the
8°°Cu values of soil organic layers. Copper conceioinatin the organic layers were
low (in the range of normal background concentratjcArtiola, 2005), however, and

comparable to those in the mineral soil (Fig. C-3).
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Especially near industrial emitters and in agricdt areas, Cu contamination
because of anthropogenic input is possible. Whtkistrial emitters release Cu as a
byproduct, a broad range of intentionally appli@mpounds including pesticides and
slurries may include substantial amounts of Cu (kidex et al., 1997; Epstein and
Bassein, 2001).

Where an Oa horizon was present, its isotope commositas more similar to the
mineral than to the organic horizons; the Oa hoszewen tended to be isotopically
heavier than the underlying Ah horizons (Fig. CBased on the assumption that Oi
horizons show a similar Cu isotope signature totplasiverse processes might explain
isotope differentiation between Oi and Oa: (i) dunifferent stages of decomposition,
plant components with different stabilities willggeentially decompose and release Cu
that corresponds to the isotope signature of tlewmposed part; (ii) soil organisms
might transport metabolized Cu between differentzams; (iii) kinetic and equilibrium
effects may occur because of sorption effects dumiansport between horizons under
non-steady-state conditions (Mikutta et al., 20@8) (iv) the Oa horizon consists of
organic matter that has been disintegrated, maraohl and condensed to a broad
mixture of compounds offering diverse sites for ah@bmplexation. In the latter case,
the findings of Dideriksen et al. (2008) and Jowstiral. (2009) for Zn and Fe isotopes
suggest an enrichment of heavy isotopes in thenorgamplexed form due to stronger

bonding under equilibrium conditions.

5.3  Copper isotope gradients in individual soils

The Skeleti-Stagnic Luvisol showed a shiftsfiCu values to more heavy isotopes
with increasing soil depth (Fig. C-5). Because 8ieleti-Stagnic Luvisol developed
from different geologic layers (periglacial coveeds), this shift might be related to
different §°°Cu values in the various parent materials (slaiesd, and Laacher See
tephra), which are mixed to different degrees inghaglacial cover beds. Therefore,
we determined the Cu isotope composition of allgheent substrates. TB&Cu values
of the three parent substrates ranged between add3-0.15%o, all being isotopically
lighter than the B horizons of the geogenic layiérand 1ll. Thus, the difference in
8°°Cu values between the lower and upper mineral hasizannot be explained by the

mixture of parent materials. This was particulatlg tase for the lowest horizon (Il
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Bgt3) of the Skeleti-Stagnic Luvisol with8°Cu value of 0.16%. although this horizon
was developed exclusively from slate witt3’8Cu value of —0.15%. (Fig. C-5). Thus,
our results demonstrate that pedogenetic Cu isofogionation occurs in soils.
Surprisingly, the higher Cu concentration in the Blayizon of the Skeleti-Stagnic
Luvisol was not associated with a marked changé®igu. Because mixing of the
periglacial cover beds did not always result in anbgeneous distribution of Cu in
solifluctional layers, the initial Cu concentrat®aof soil horizons may vary. The Cu

partitioning in the Bwg horizon of the Skeleti-Staghuvisol (Fig. C-4) shows that
the concentration peak in total Cu concentratioss caused by elevated Cu
concentrations in the residual fraction and carrefioee be explained by a locally
increased Cu concentration as a consequence ofmodeneous mixing of the three
different parent substrates of this horizon (slédess, and Laacher See tephra). The
Stagnic Cambisol did not show distinguishable Citoige signatures among the mineral
horizons. Even the deepest horizon, which develdimed a different geogenic layer, as
illustrated by the much higher Cu concentration theldifferences in Cu partitioning
among the seven fractions of the sequential extra¢Fig. C-2 and 3) had a similar
8°°Cu value as the other mineral horizons (Fig. CTle lack of isotope fractionation
might be attributed to little vertical and late@l transport in this soil.

The Cu isotope ratios in the mineral soil of thdc@a-Humic Gleysol showed only
small isotope variations around 0%, which again sstg that little vertical
redistribution of fractionated Cu took place. Inntrast to that, large shifts in Cu
concentrations are observed in this profile, whinght point to the fact that either the
Cu concentrations reflect different Cu concentratiof the various deposited fluvic
materials or transport of Cu in the profile was asgociated with isotope fractionation.
Only in the BI2 and the Br horizons, which are thestnstrongly water-affected
horizons, can a slight shift to heavier Cu isotemmnatures be seen (Fig. C-5). The
Dystric Gleysol is influenced by oxic groundwatedatid not develop a permanently
reduced horizon characterized by gray color like Bn of the Calcari-Humic Gleysol.
With respect to the Cu isotope signature, espgdia#l shift between the BI1 and Il BI2
horizons is striking because both horizons seenhaee developed under similar
conditions. As the BI1 and Il BI2 of the Dystric @&®l| developed from different
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geologic layers, a difference in the initial Cutgme composition is a possible reason
for this shift.

5.4  Copper geochemistry and isotope fractionation in tB mineral soil

As total digests of soil horizons were analyzed Gor isotopes, only differences in
isotope signatures of the parent material and g@Esethat cause redistribution of Cu
among horizons can be traced. Thus, the only bicugical processes that can be
detected with stable Cu isotope ratios are thossirmgumobilization and translocation
of fractionated Cu. Although the vertical distritmuti of Cu does not indicate the
transport of large quantities of Cu in all the stadsoils, such transport may still have
occurred and vertical or lateral illuvation mighdavile compensated eluviation of Cu.
Furthermore, the transported species usually rieguitom the less strongly bound Cu
fractions in soil might show distinctly different Gsotope ratios than the less reactive
but quantitatively dominating Cu.

In the studied soils, large portions (10-50%) ofae bound to oxy(hydr)oxides, as
indicated by Fraction 5 and 6 of the sequentiataexion (Fig. C-2). As the soils are
influenced by stagnanic water or groundwater, redmdiion fluctuate as indicated by
the redoximorphic features that were visible inf@lir profiles (Vepraskas, 1992).

Under reducing conditions, (i) reductive dissolutimihmetal oxy(hydr)oxides and
(i) release of organic matter during waterloggirggaaconsequence of the associated
increase in pH affect Cu speciation (Grybos et &072. This change in Cu speciation
may, on the one hand, fractionate Cu isotopes dushéanges of redox state, ad- and
desorption processes, and organo complexation offGuirovsky et al., 2008; Zhu et
al., 2002). On the other hand, it may also influeGBoemobility by precipitation of Cii
and CU compounds and elemental Cu of low solubility, add desorption processes,
or complexation with organic ligands (Grybos et 2007). Additionally, redox-induced
concentration gradients are possible driving forfoesmetal transport in the saturated
zone. The mobility of Cu under reducing conditiomss been intensively studied,
mostly in sediments. In general, pore water conaéiotrs of Cu, and thus mobility,
decrease at low Eh values in the presence of alaialbecause of the formation of
CuS and Cb and coprecipitation and adsorption on Fe sulf{@®pson et al., 2000;
Billon et al., 2001; Du Laing et al., 2007). Aparbr the sulfide-bound Cu fractions, a
considerable part remains bound to organic mattaret al., 2001). The formation of
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sulfide compounds seems to follow distinct cyclegh primary reduction of available
(poorly crystalline) Fe, followed by reduction of $Oonly after Fe reduction is
complete, because of competition among the resesticrobial communities (Lovley
and Phillips, 1987). If redox conditions changexic, pH decreases, metal sulfides are
oxidized, and metals are released, causing incrggsbre water concentrations (Du
Laing et al., 2007; Grybos et al., 2007). But costirgy results were found by Miao et
al. (2006), who reported increased mobility of Cu dadiments under reducing
conditions and a decrease of mobility when condstichanged to oxic. Weber et al.
(2009) reported formation of elemental Cu collosisortly after flooding of soil.
Colloids of elemental Cu were successively repldne€uyS colloids with continuing
time under flooded conditions. These colloids k€epin the soil solution and therefore
relatively mobile. The question remains, howeverwaat extent these findings are
transferable to natural soil. Even if few researstgive Cu concentration data for the
solid phase of sediments, we have the impressidritlibasediments and soils studied to
date have shown higher Cu concentrations than ady soils. The sediments studied
by Yu et al. (2001) had concentrations of up to 1888kg " and the sediment-derived
soil used by Du Laing et al. (2007) in a lab experimhad 109 mg k¢ Cu;
furthermore, the S concentrations and the amountgdnic matter might be higher in
sediments than in soils. Delaune and Smith (198%rted total S concentrations of 1.8
g kg for freshwater and 3.6 g kgS for saline sediments, while Du Laing et al. (2007)
reported total organic C values of 10.5%, both oicilare substantially higher than in
the redox-influenced horizons of our study soilalflé C-2). Besides S concentrations,
S speciation and redox dynamics also may be submbtardifferent in soil than in
sediment. In soils, redox conditions often changeghart intervals and on a small scale.
Redoximorphic features become visible if reducingnditions are prolonged or
repeated because of the redistribution of Fe andnMhe soil. The reduced Fe and Mn
ions are redistributed among depletion and accumulaones at soil pore surfaces and
in soil peds because of small-scale redox gradenteay be leached from the horizon
where reduction took place to deeper horizons (\&ars 1992). Nodules that form in
redoximorphic soil as a result of metal accumutatadso show enrichment of Cu
compared with the surrounding soil matrix, which pgobably attributable to the
incorporation and adsorption of Cu to Mn and Fe(bygr)oxides (Dowding and Fey,
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2007; Timofeeva and Golov, 2007). If oxy(hydr)oxida® dissolved under reducing
conditions, associated Cu is released a$".Asotope fractionation of Cu can result
from subsequent redox reactions of?C(lL) or by indirect effects of lowered redox
potential (2): 1. If C&" is not reduced to Cuor elemental Cu, it may react with organic
matter and any remaining oxy(hydr)oxides, leavitg tCu in solution relatively
depleted ir*>Cu (Pokrovsky et al., 2008), or it may form,Suln the case that €uis
reduced to Cl it may be further reduced to elemental Cu, sizdal by complexing
agents such as those observed in seawater (MafiétZia, 1983) or bound in sulfides
(CwS; Simpson et al.,, 2000). If reduced Cu forms msle® Cu compounds or
elemental Cu, these immobile fractions would beogmglly lighter than the oxidized
species (Zhu et al., 2002). If Cwas stable under reducing conditions, it would be
isotopically lighter (Zhu et al., 2002). If the eake of organic matter during
waterlogging as a consequence of the associateghsernn pH controls Cu mobility in
soil (Grybos et al.,, 2007), complexed mobile fracsiovould probably be heavier
because of the stronger binding environment, ag/stior Fe and Zn (Dideriksen et al.,
2008; Jouvin et al., 2009).

One motivation of our study was to find out if charggsoil redox conditions cause
detectable variations in tH&°Cu values of water-influenced soils. Consideringfalir
profiles, no consistent trend was visible that sufgpthis idea. The Skeleti-Stagnic
Luvisol and the Calcari-Humic Gleysol showed a slighift to heavies®°Cu values in
the lower water-influenced horizons, which would basistent with the findings for Fe
isotopes in soil showing an enrichment of heavytoiges under anoxic weathering
conditions (Fantle and DePaolo, 2004; Thompson.e2@07). In the Stagnic Cambisol
and the Dystric Gleysol, a shift to slightly heavé8°Cu values in the water-affected
horizons is visible, which is interrupted in theegest horizons (Fig. C-5) and could
also be a result of the different geologic layem f which the horizons developed. If
we interpret our data such that Cu isotopes tershifo to more heavy®°Cu values in
redoximorphic soils, this would probably point a¢ goresence of more mobile reduced
Cu forms in the redoximorphic soil sometime durirggdox cycles. This idea is
supported by a recent study of Weber et al. (2008 found mobile reduced Cu
colloids in flooded soil. This interpretation, hoveey has to be confirmed by further
studies.
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5.5 Cirystallinity of Fe oxy(hydr)oxides and Cu isotopeatios

Iron oxy(hydr)oxide crystallinity in soils is infenced by time and the conditions of
soil development. Furthermore, the presence of meg@ompounds that hinder
crystallization and redox alternations influencegstallinity (Cornell and Schwertmann,
1996). Because the most pronounced changes irgke sail profile were found in the
water-influenced horizons and thepbsgy crystaiind Férystaiine ratios did not follow the
typical gradient of higher ratios in the upper kons (Cornell and Schwertmann,
1996), we suggest that redox changes governed Linisyaof the Fe oxy(hydr)oxide
pool in our study soils. There are different view®at how redox processes affect the
crystallinity of soil Fe oxy(hydr)oxides. Fiedlend Sommer (2004) assumed inhibition
of Fe oxy(hydr) oxide crystallization under redwrirtonditions, while recently
Thompson et al. (2006) found evidence for increasirystallization because of redox
oscillations. We observed the highest,o5§ crystaiindF€rystatine ratios in horizons in
which the changes in redox conditions were most &atjumainly in horizons above
water-saturated or impermeable horizons (i.e., 11Bg the Skeleti-Stagnic Luvisol,
Bgl in the Stagnic Cambisol, BI2 in the Calcari-Har@leysol, and BI1 in the Dystric
Gleysol, Fig. C-5). In contrast, the permanently exaaturated or impermeable
horizons showed decreasedydo® crystalinéFeurystaline ratios in three of the four soils,
probably linked to prolonged reducing conditionsheTvertical distribution of the
Féhoorly crystalindF€rystalineratios paralleled that of tHé°Cu values (Fig. C-5). Exceptions,
however, were the deeper horizons of the Skeletirfitdgivisol where the gradient of
the F@oorly crystalindF&rystatine ratio showed contrasting behavior. The mostly simil
gradients for Fe crystallinity and®Cu values suggest that these parameters are
controlled by similar processes (e.g., redox preegsor that Fe oxy(hydr)oxides affect
the Cu isotope ratio, for example by adsorptioncdese these findings were not
consistent, however, they need to be confirmed kiéu studies.
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6 Conclusions

1. The Cu isotope ratios in the four studied soilsgegharound 0%o. relative to
NIST 976 and showed detectable variations of up &6d).which cannot be
explained as a mixture of the isotope compositibthe parent materials and
thus demonstrate biogeochemical Cu fractionatidouiik soils. These variations
had a similar size as observed for Fe or Zn is@apéhe literature.

2. Organic horizons tended to have light&iCu values than mineral soils because
either the Cu in the solil solution that is takenhypplants is isotopically lighter
than in the bulk soil or because of plant-induaedtionation during uptake and
translocation within the plant. Copper depositioonf the atmosphere might
also influence the Cu isotope signature, althoumferof our study sites showed

indications of strong Cu contamination by depositimm the atmosphere.

3. There were first hints at a relationship between xemmditions and Cu isotope
ratios; however, further efforts are necessary lgefur stable isotope ratios can
potentially be used as a predictor of long-ternoredonditions. Our pilot study
of stable Cu isotopes in soils demonstrates thais@upe fractionation occurs
in the soil-plant—water system. Our findings indicé#tat Cu isotopes may
provide a new proxy for elucidating biogeochemiacalgesses and may initiate
further investigation of Cu isotope variations mils. Stable Cu isotopes are
promising for studying the cycling of Cu betweensand plants, assessing the
fate of Cu in polluted soil, and further improvimmyr knowledge about Cu
behavior during long-term pedogenic processes.

Especially helpful might be the development of @equate sequential extraction
procedure that avoids artificial isotope fractiomas, the study of nodules in
hydromorphic horizons, and the analysis of soilgoh to further elucidate the fate of
Cu under changing redox conditions in field studlesboratory experiments focusing
on Cu isotope fractionation during complexationdsganic matter, adsorption on clay

minerals, chemical reduction and reoxidation ofl samples, and plant-induced
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fractionation could be helpful to interpret the eb&d Cu isotope variations in the soll

and to reveal the potential of Cu isotope ratioa asw biogeochemical tracer.
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1 Abstract

Copper stable isotope ratios show fractionationaaious biogeochemical processes
and may trace the fate of Cu during long-term pedetic processes. We assessed the
effects of oxic weathering (formation of Cambisads)d podzolization on Cu isotope
ratios @°°Cu). Two Cambisols (oxic weathered soils withoutormsty vertical
translocations of soil constituents) and two Pod@iss showing vertical translocation
of organic matter, Fe and Al) were analyzed for Cocentrations, partitioning of Cu in
seven fractions of a sequential extraction addCu values in bulk soil. Cu
concentrations in the studied soils were low (1.83Tg ¢*) and mainly associated
with strongly bound Fe oxide- and silicate-ass@dabrms. Bulkd*>Cu values varied
between -0.57 and 0.44 %o in all studied horizonse Th horizons had on average
significantly lighter Cu isotope ratios (-0.21%opththe A horizons (0.13%o) which can
either be explained by Cu isotope fractionationirdurcycling through the plants or
deposition of isotopically lighter Cu from the atsphere. Oxic weathering without
pronounced podzolization in both Cambisols and akilyedeveloped Podzol (Haplic
Podzol 2) caused no significant fractionation ia #ingle profiles, while a slight trend
to lighter 8°°Cu with depth was visible in all four profiles. Ttisthe opposite depth
trend of 8°Cu values to that we observed in hydromorphic s@itsls which show
indication of redox changes because of the inflaesfcwater) in a previous study. In a
more pronounced Podzol (Haplic Podzol &5°Cu values and Cu concentrations
decreased from Ah to E horizons and increased atgaper in the soil. Humus-rich
sections of the Bhs horizon had higher Cu conctat® (2.8 pg g) and a heavier
3°°Cu value (-0.18%0) than oxide-rich sections (1.9 gily -0.35%0) suggesting Cu
translocation between E and B horizons as organcdbuplexes. The different depth
distributions in oxic weathered and hydromorphidssand the pronounced vertical
differences ind°>Cu values in Haplic Podzol 1 indicate a promisimgeptial 0f3°°Cu
values to improve our knowledge oft the fate of @uring long-term pedogenetic

processes.
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D Stable Cu isotope fractionation in soils durinicaveathering and podzolation

2 Introduction

Copper in soil deserves scientific attention beeatiss an essential micronutrient
but can also be a potentially toxic pollutant aghhiconcentrations (Alloway, 1990).
Copper occurs in unpolluted soils in concentratiohapprox. 30 pggand varies in a
range of 2-100 pg Y(Artiola, 2005). Copper may be present in soil Esnental Cu,
Cu" and Cd" but C#" is the dominating form (Artiola, 2005; Weber et 2009). The
CU?* ion may adsorb on negatively charged surfacefagfroinerals and organic matter
(OM), be incorporated in the crystal structure @fycininerals, or may be bound at the
surface or on inner binding sites of oxy(hydr)osidevhile a part remains in mostly
silicatic unweathered minerals derived from therbekl (lldefonse et al. 1986; Alcacio
et al., 2001; Artiola, 2005; Contin et al., 200The speciation of dissolved Cu in soil
solution depends on pH and availability of intenagtisubstances. The dominating
species are CGliions, hydroxo-, carbonato- and sulphato-complexesin the presence
of organic acids chelates of Cu (i.e. polydentatgano-complexes, Artiola, 2005).
Dissolved and colloidial species can be transpartebe soil and cause a redistribution
of Cu in the profile (Keller and Domergue, 1996).&Eémntal Cu and Cumainly form
under reducing conditions when oxygen supply inl gsi suppressed, i.e. by
waterlogging (Artiola, 2005; Grybos, 2007; Weber &t 3a009). During prolonged
waterlogging, Cx8 may form (Weber et al., 2009). Reduction of Chowever, can
also occur in oxic environments by plants as pneslp described for contaminated
soils (Manceau et al., 2008).

Cambisols are one of the most widespread soil tgpéise world. They form under
oxic weathering conditions and cover approx. 1lkobi hectares with a dominance in
the temperate regions (IUSS Working Group WRB, 200Bhese soils are
comparatively young and developed in regions whichrewander influence of
glaciations during the Pleistocene, or in mounteagions as a consequence of
continuous erosion. Cambisols are characterizedth®y beginning of horizontal
differentiation in the subsoil as indicated by des in color or clay and carbonate
concentrations (IUSS Working Group WRB, 2006). Posiablow zonal distribution in
some boreal and temperate regions but also occuhentropics on sandy parent



materials (IUSS Working Group WRB, 2006). Podzols eharacterized by acid
bleaching of an upper subsurface horizon becaudeaching of Fe oxy(hydr)oxides
and OM. This bleached horizon overlies a dark acdatiom horizon characterized by
the input of the leached humus and Fe compoundsamed by a reddish horizon in
which mainly oxides of Al, Fe, and Mn (the sesqui@sidaccumulated (IUSS Working
Group WRB, 2006). Also Cu and other trace metaldrareslocated to a smaller extent
from the leached horizon to the accumulation herizduring podzolization
(Schwertmann et al., 1982; Wilcke et al., 1996;aleet al., 1997; Nikonov et al., 1997;
Kotowski, 1998).

The natural abundance of Cu isotope ratios may eva tool to increase our
knowledge about Cu cycling in soil. Copper isotopelsydromorphic soils (soils which
show indication of alternating reduction and oxidatiprocesses because of the
influence of water) show variations #°Cu values of up to 0.6%. and cluster around
0%o (Bigalke et al., 2010a). Common rocks like b&séd0.02 to -0.21%o0; Archer and
Vance, 2004; Li et al., 2009) and loess (-0.1 tO1%o; Li et al., 2009; Bigalke et al.,
2010a) cluster around 0%.. While most granites glsieerally cluster close to 0%o. in a
relatively narrow range between —0.4 and +0.4%., @elatotal variability was found (-
0.46 to 1.51%o, Li et al., 2009) and is assumeddachused by secondary processes.
Thus, these parent materials for soil formatiomsée show limited variations in Cu
isotope ratios. In contrast, large variationsdfiCu values are found for ores and
minerals ranging between -3.44 and 7.74%. (Asaell.et2807; Gale et al., 1999;
Marechal et al., 1999). However, the number of aedyof common parent materials
for soil development is still limited and the abowentioned ranges 08°°Cu values
may therefore not be representative for the endginge in nature.

The effects of some biogeochemical processes ons@ope ratios have been
investigated in laboratory experiments. Adsorptdi€Cu on Fe and Al oxy(hydr)oxides
causes fractionation @®®Cloxy(nydroxide-solutionfrom 0.34 to 1.26%. (Balistrieri et al.,
2008; Clayton et al., 2005; Pokrovsky et al., 20@8¥tudy of Cu isotope fractionation
during complexation with insolubilized humic acieivealed preferential complexation
of heavy Cu £%°Cuna-solution0.26 + 0.11 %o; Bigalke et al., 2010b). Binding aacteria
surfaces can cause different fractionationsAGCupacteria-solutionyfanging between -1.8

and 0.6%0 depending on pH, bacterium species, antoammental conditions (Borrok
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D Stable Cu isotope fractionation in soils durinicaveathering and podzolation

et al., 2008; Pokrovsky et al., 2008). Mathur e{2005) even found®*Cu enriched by
up to 3% in metal precipitates on bacteria surfazmapared to the aqueous medium.
The most pronounced isotope fractionation was obseduring reduction of Gii to
Cu" (A®Cucyrcuny = -4.1 to -2.8%0; Ehrlich et al., 2004; Zhu et &002) or oxidation
of reduced Climinerals to C& (A*°Cucuicuy = 0.94 to 3%o; Asael et al., 2005; Mathur
et al., 2005). But also plants fractionate Cu ipet during internal translocation
(A% CUootshooty = 0.41%o, Jouvin et al., 2008) and uptake from shé (Zhu et al.,
2010), which may influence the Cu isotope compasitd organic surface horizons of
soils.

While in a previous study we assessed the influeficedox variations because of
waterlogging in hydromorphic soils and assumed weterlogging shift$°°Cu values
towards heavier Cu isotope compositions (Bigalkalgt2010a), nothing is known of
Cu isotope fractionation in well aerated soils likee widespread Cambisols and
Podzols. The only other transition metals for whigtural abundance stable isotope
ratios in oxic soils were studied up to now are Fé Zn. Wiederhold et al. (2007)
investigated one Cambisol and two Podzols for Femofractionation in total digests
and using a sequential extraction procedure. SPffiee values in total digests varied by
approx. 1.15%. with the lightest isotope ratios ire tBh horizons. The sequential
extraction procedure was used to determine theadtepe composition of different soll
Fe pools finding variations of up to >3%s (Fe) among different fractions (Wiederhold
et al., 2007). Other authors repori&dFe variations between 0.3%. and 0.9%. among
the various horizons of different soils (Fantle d»ePaolo, 2004; Emmanuel et al.,
2005; Thompson et al., 2007). The maximum variatiorstable Zn isotope ratios
(8°°Zn) in deeply weathered tropical soils was ca. O(Kéers et al., 2007).

The objectives of our study are (I) to investig#te influence of vegetation and
atmospheric input on th&*°Cu values of organic horizons, (Il) to gain insigfito
3°°Cu behavior during oxic weathering of soils, (11¢) improve the understanding of
the fate of Cu during podzolization and (IV) to carg Cu isotope variations in oxic
weathered soils to those in hydromorphic soils takem the literature (Bigalke et al.,
2010a). We hypothesize that the natural abundahstble Cu isotopes can be used to

draw conclusions on long-term biogeochemical prasedsiring soil genesis.



As the interpretation of®°Cu values in soils also require knowledge of gersoa
properties and of Cu forms in soil, we combined Qur isotope analyses with the
determination of selected soil properties relatethe fate of Cu and partitioned soil Cu
into seven operationally defined fractions with eguential extraction procedure.
Because an artificial fractionation of isotopeaatby the sequential extraction is likely,

only concentrations and no isotope ratios were geted in the extracts.

3 Materials and methods

3.1  Study soils

Four soll profiles were sampled according to theidgmorphic horizons. The soils
are a Skeletic Cambisol (Cambisol wl0 vol.% gravel up to a depth of 1m) and a
Dystric Cambisol (Cambisol with a base saturatiom, a coverage of the effective
cation-exchange capacity by the charge equivalentdla, K, Mg, and Ca, <50 %
between 0.2 and1.0 m depth) and two of the soilstaplic Podzols (Podzol with no
other specific characteristics; IUSS Working Group BYR2006). The Skeletic
Cambisol and the Haplic Podzol 1 were sampled in @eymnwhile the Dystric
Cambisol and the Haplic Podzol 2 were sampled in&iawv(Table D-1). All four soils
are located in the Variscan mountain area in slopgitipns and developed from
periglacial cover beds consisting of up to threilsotional layers (produced by slow
soil movement downslope during the periglacial pBrioThe soil morphology was
described according to FAO (2006).

The Skeletic Cambisol is located in Idstein neaeSdaden. The organic layer has a
depth of 3 cm and consists of one horizon only. Theeral soil consists of three
horizons with high gravel content. While the twagpap mineral horizons (Ah and Bw)
developed from a solifluctional layer in which bedk (slate) is mixed with loess and
Laacher See tephra, the lowest horizon (IICR) deezdofrom bedrock alone. The
Dystric Cambisol is located approx. 3 km south ofridatovo. The organic layer has a
depth of 7 cm and consists of three horizons. Timeral soil has four horizons. Haplic
Podzol 1 is located near Affolterbach, ca. 35 knthemast of Mannheim. The organic
layer has a depth of 10 cm and consists of two tnsizThe mineral soil consists of six
horizons which show the typical Podzol charact@sstif a strongly bleached E horizon
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D Stable Cu isotope fractionation in soils durinicaveathering and podzolation

above a well developed Bhs horizon. The 1IBhs harihas a strong brown color and
patchy accumulations of humic substances. Beshuiedulk [IBhs horizon, spots with
dark black color and spots with strong red color weampled. It was assumed that
spots with dark color represent accumulations ehibunatter, while spots with strong
red color are enriched in Fe oxy(hydr)oxides, whis confirmed by the measured C
and Fe concentrations (Tab. D-2). The spots arbdumn referred to as 11Bhs humic
and lIBhs oxidic, respectively. The soil develogeain three solifluctional layers (I-
[11). While the main component of all three layassweathered bedrock (sandstone)
different amounts of loess might be mixed in the typer layers (1, 11). The uppermost
soil layer (1) shows depletion of fine particlesalgl Table D-2). The Haplic Podzol 2 is
located in the Roh&cska valley in the Zapadné Tdting organic layer has a depth of
7.5 cm and consists of three horizons. The mire#lhas three horizons, revealing the
consequences of leaching in the AEh and accumalatithe Bhs horizons (Tab. D-2).
Macroscopic observations imply that podzolizationswass advanced in the Haplic
Podzol 2 than in the Haplic Podzol 1. The Haplic Pb&zand the Dystric Cambisol
were already described in Lobe et al. (1998) andHaplic Podzol 1 was part of an
excursion of the German Soil Science Society mgef@05. Tables D-1 and D-2

summarize site and solil properties.
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Table D-1. Soil type, location, altitude, sloperqra rock, climate, and vegetation of the studgssit

Soil type Location Altitude Slope Bedrock Age Rainfall TZE?SF Vegetation
m January /
FAO above mm yr' Jul 0();/
sea level uly [*C]
. Germany
Skeletic on
Cambisol 20 131N 400 12° slate early 700- 0/18 beech
8°16'E Devonian 800
Slovakia
Dystric  49°23" N ) spruce,
Cambisol 19°29° E 1100 13°  sandstone IE:?cSeCrr]]e %L%%% -7/16 blueberry,
Y and fern
Haplic Germany
Podzol 1 490353 N 404 10° sandstone &y~ 1000- 0/18 pine
8°50" E Triassic 1300
: Slovakia spruce,
podbar2 491N 1400 oge gnodionte 898 1200 o blueberry,
19°45" E 9 unknown 1400 and fern

3.2  Sampling and sample preparation

The soil profiles were macroscopically characterigethe field and each horizon
was sampled in a representative way. The samplesairedeied and sieved to <2 mm
(fine earth). The fraction >2mm is gravel. For Gotope analyses and to determine
total Cu and Fe (kg concentrations, samples were ground in a planetallywith
agate sample beakers. The texture was determindd thé “pipet method” after
destruction of organic matter with,8,, dispersion with NgsO15 - 6HO (Schlichting
et al., 1995). This method separates clay (<0.068 and silt (0.002-0.063 mm) by
their sedimentation time in water, while the san@8.- 2 mm) fraction is determined
by wet sieving (Table D-2). Mass fractions of the imas texture classes were
determined gravimetrically by weighing the wholecfian (sand) or aliquots extracted
with a pipet after different sedimentation timesAiterberg cylinder (silt, clay). The pH
was measured in 0.1 mot CaC} at a soil:solution ratio of 1:2.5 after equilibaatifor
two hours with a glass electrode. Total C and Nceatrations were determined by dry
combustion with a CHNS analyzer (Vario EL, Elementamalysensysteme, Hanau,
Germany). The effective cation-exchange capaciGHE) was determined as the sum
of the charge equivalents of Ca, K, Mg, Na, Mn, AdaH extracted with 1 M
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NH4NOs. Base saturation (BS) was calculated as the sutmeotharge equivalents of
Ca, Mg, Na and K divided by ECEC and expressed rioge.

Copper was sequentially extracted with the methadesdn and Brimmer (1989) to
assess operationally defined Cu fractions in &riefly, for the sequential extraction 2
g of air-dried soil were extracted with 50 ml of edcM NHsNOs, 24 h (fraction 1,
readily soluble and exchangeable), 1 M /Jkhcetate, pH 6.0, 24 h (fraction 2,
specifically absorbed and other weakly bound spgced M NHOHHCI + 1 M
NH4O-acetate, pH 6.0, 0.5 h (fraction 3, bound to Mrdeg), 0.025 M NEEDTA, pH
4.6, 1.5 h (fraction 4, bound to organic matter®, Bl NHs-oxalate, pH 3.25, 4 h in the
dark (fraction 5, bound to poorly crystalline Feides), 0.1 M ascorbic acid in 0.2 M
NHs-oxalate, pH 3.25, 0.5 h in the hot water bath (feec6 bound to crystalline Fe
oxides) and 67% HNO+ 50% HF (3:1) (fraction 7, residual). Fraction$ Mwere
extracted at room temperature, fraction 6 was etddaat 96°C, and fraction 7 was
digested at 200°C under pressure in a microwave.Mérfractions except fraction 7
were centrifuged at 2500 rpm for 15 minutes aneériil with blue ribbon filter paper
(Whatman Schleicher and Schuell, Kent, England, 2gtemtion) after extraction. After
every extraction step except for fractions 1 anth&,sample was rinsed once (fractions
2, 4,5, and 6) or twice (fraction 3) with 25 mlloM NH4NO; (fraction 2), 1 M NHO-
acetate (pH 6, fraction 3), 1 M NB-acetate (pH 4.6, fraction 4) and 0.25 M NH
oxalate (pH 3.25, in the dark, fraction 5 and 6) ¥0rminutes. Extracts and the rinses
were combined. This method is an optimization ofuanber of previous methods
(Zeien, 1995).

Total Cu and Fe concentrations were measured ih dajasts with concentrated
HF: concentrated HN$X1:3). Fe concentrations were also measured irirdogions 5
and 6 of the sequential extraction, which are thoughrepresent poorly-crystalline
(fraction 5, similar to the traditional oxalate edt but without the easily extractable Fe
pools) and crystalline oxy(hydr)oxides (fractiondmilar to the traditional,dithionite
extract but without the easily and oxalate-extraleteFe pools). Analogously to the
conventionally used oxalate-extractable Fe/dithepixtractable Fe (BG#e;) ratio
(Cornell and Schwertmann 1996) as measure of theatlipity of pedogenic Fe oxides
we calculated the ratio of fraction 5/(fraction 5fraction 6) further referred to as
Fasis+6 (Table D-2). Copper concentrations were determinedlégtrothermal atomic
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absorption spectrometry (ETAAS, Unicam Solaar 988erimo Scientific, Waltham,
USA) and the concentrations of Fe, Ca, K, Mg, Na, Mhwere measured by flame
atomic absorption spectrometry (FAAS, AA 240 FS, VariBalo Alto, USA). The
accuracy of the Cu concentration measurements wasotled by measuring total
digests of the certified reference material (CRMD3 (Silty Clay Loam) of the Czech
Meteorology Institute (Brno, Czech Republic) andRBEZ reference material from the
United States Geological Survey (USGS, Reston, USA)defermined values of 28.6
+ 2.9 pg ¢ Cu (two standard deviations, 2SD, n=2) for CRM 7003t{ited value,
29.1+ 0.8 ug g Cu) and 16.8 + 1.7 pg'gCu (2SD, n = 2) for BCR-2 (certified value,
19 + 2 ug ¢ Cu). The accuracy of the sequential extractiorcgdare could not be
controlled with a certified reference material hes=a of the lack of such a material.
Therefore we processed CRM 7003 three times. Poecdd the sum of fractions was
13% (2RSD). If the sum of the concentrations ogallen fractions of a sample (Fig. D-
2) deviated by >20 % from that of the total digest{Table D-3), the results were
discarded and the sample was processed once more.

The digestion and purification procedure for Cutope analysis is described in
detail in Bigalke et al. (2010a). Briefly, the sdegpwere ashed at 450°C overnight and
thereafter totally digested in a microwave oven (MA&RXpress, CEM, Matthews,
USA) using HF and HN® The extracts were purified according to a methedlifired
from Marechal et al. (1999). Because of the low Guntatrix ratio, one single
purification run was not sufficient to achieve goowhtrix separation. The whole
purification procedure was therefore repeated fehesample. Recovery was checked
for every sample to rule out isotope fractionatmnthe resin (Marechal and Albarede,
2002). Recoveries were checked with ETAAS and sampleish did not show a
recovery of 100 + 5% were discarded. All reagentsdufor the preparation of the
isotope samples were double subboiled, of suprall@raok, Darmstadt, Germany),
Rotipuran® supra (Carl Roth, Karlsruhe, Germany),trace select (Fluka, Seelze,
Germany) quality. Water was taken from a TKA GenPure U¥XA, Niederelbert,
Germany) water purification system and was=08 MQ cm quality. All critical steps
were performed under clean air conditions in a cleamch, evaporations were realized

in boxes supplied with hepa filtered air.

114



D Stable Cu isotope fractionation in soils durinicaveathering and podzolation

3.3  Calculations and statistical evaluation

Soil Cu storages were calculated for O horizons hadt50 cm layer of the mineral
soil, which is assumed to be the main rooting zoReols were calculated by
multiplying Cu concentrations of the single horigomith volume (depth of horizon
times m?2), soil density and fraction of soil finetarial (<2mm) and are expressed as kg
ha.

Data from this study were compared with data fromaBig et al. (2010) to assess
the potentially different Cu isotope fractionatialuring oxic and water-influenced
weathering regime. To check for significant differes of mear®®>Cu values among
soil horizons t tests were performed with SPSS BS(Sinc., Chicago, lllinois, USA).
For the t test, differences between A and the stdxseihorizons of every profile were
calculated. The mean of the differences betweendAsaibsurface horizons in the oxic
weathered soils were tested against the mean ofiffieeetices between the A and the
subsurface horizons in the hydromorphic soils agdirest 0. Differences between
horizons and no®®°Cu values of the horizons were used for calculatiecause
inherited Cu isotope variations from the substrétessoils developed from could mask
Cu isotope fractionation by biogeochemical proces3ée Kolmogorov-Smirnov test
was used to check for normal distribution of theadats as a precondition for the t test.
Significance was set at P<0.05.
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Table D-2. Selected properties of the four studlg so

Base-
Soil Horizon Depth Sand Silt Clay Gravel ECEC saturation Gg N pH Fes Fes. Fess16 Faot
cm g kg mmol kg* % -gkg- CaCh ---g kg'--- g kg*
Skeletic Ah? 3 7€ 1671 78 67¢ 136.¢ 68. 12 4 41 1E  16.C 0.0¢ 20.
CarbiSl Bw” -45 141 10z 74 682 66.€ 14.F 1¢ 1 3.7 3.6 22 0.1€ 31.¢
IR >4E 58 20 8 912 25,2 45.1 1 0 3¢ 14  16.2 0.0¢ 26.7
Ah® -5 55€  23¢  20¢ 0 95.% 6.5 38 2 31 2.4 6.5 0.3€ 12.¢
Dystric Bw1® -25 51C 22€ 164 10C 49.€ 7.4 17 1 3.8 4.8 9.1 0.52 14.€
Cambisol Bw2" -43 504 22F 17z 10C 36.¢ 8.4 12 1 4C 4.2 9. 0.44 16.7
ct >43 22¢  10€ 65 60C 35.€ 7.7 11 1 4C 3. 9.4 0.41 15.¢
Ah® -8 76 167 4 62 91.€ 97.2 83 3 3¢ 0.1 1.2 0.0¢ 2.7
AEh -15 83t 97 3 65 18.2 44.. 27 1 3.2 0.0 1.1 0.0% 2.2
= -50 831 93 2 74 3. 25.¢ 3 0 37 0.C 1.2 0.01 2.C
Il Bhs' -75 747 13€  10€ 15 43.¢ 2.6 1¢ 1 3¢ 4.1 9.C 0.4€ 9.¢
. Il BCs™ -90 687 94 64 15¢ 5.6 1.C 4 0 4z 0.2 1.¢ 0.1¢ 2.7
Haplic lCR*  >10C 62t 88 127 168 4.F K 2 0 4E 0.2 2.1 0.1C 3.
Podzol 1
Il Bhs'
oxid 50-75 - - - - - - 10 0 - - - - 13.0
Il Bhs'
humic  50-75 - - - - - - 32 - - - 10.0
Haplic AhE™ -4 437 29 17C 10C 101.€ 5.6 67 4 3. 0.7 1.4 0.52 8.C
Podzol 2 Bhe' -18 33C 21F 154 30C 100.7 3.6 65 3 3.6 9.2  12( 0.77 17.¢
Bs? -38 41¢ 18 92 30C 56.2 5.¢ 42 19 3¢ 15f  18.€ 0.82 26.1

(a) Ah, mineral surface horizon with accumulatidro@anic matter; (b) Bw, mineral subsurface harizath development of color or structure; (c) Rdtmek; (d) C,

horizon relatively unaffected by pedogenetic preess (e) E, eluvial horizon, loss of silicate clapn and aluminum; (f) Bhs, mineral subsurfaceizmr with

accumulation of sesquioxides and organic matt@r3ég mineral subsurface horizon with accumulatbeesquioxides.
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3.4 Copper isotope measurements

Copper isotope ratios were measured with a Finnigptune (ThermoFisher)
multiple collector inductively-coupled plasma masgsectrometer (MC-ICP-MS) with
high mass resolution capabilities (Weyer and Sctesse 2003). All Cu isotope ratios
were expressed a@5°Cu values relative to NIST 976 reference materi@beding to
Equation D-1.

65 63
565CU[000]:{( Cu/™ Cul —1}*1000

(65CU/63 Cu)NISTQ?B (D-1)

The method is described in detail in Bigalke et(2010a). Briefly, a Ni standard
(NIST 986) was used for instrumental mass bias coore¢Ehrlich et al., 2004; Li et
al., 2009; Markl et al., 2006). The correction wasf@rmed according to the certified
®2Ni/**Ni ratio (0.138600) of a natural Ni standard (NIS869 and by applying the
exponential law. Additionally, standard sample bedtlg was applied, by measuring
NIST 976 after every third sample. T6BCu values were calculated as the deviation of
the isotope ratio of the mass bias-corrected sarfpden the isotope ratio of the mass
bias-corrected bracketing standards (Li et al.,9200he high mass resolution mode
was necessary for some initial sample analyses whimdering Ti was not completely
separated from Cu. Titanium in the sample may cauass interferences such as
BTN, *°Tit%0, +Ti%0, and *°Ti*®0 on ®Ni, ®®Cu and®°Cu, respectively. These
interferences shifted the measured isotope ratindoe negative values, because of the
Ti interference off?Ni and the absence of such interference on ffaswhich cause
an overcorrection of measured values and the tvesferences of'Ti*°0 and**Ti'°0
on ®Cu and®Cu. To test the influence of Ti on Cu isotope rati@asurements,
mixtures of Cu (NIST 976), Ni (NIST 986) and Ti wareeasured with different Cu/Ti
ratios and corrected®Cu values are displayed in Table D-4. The Finniyaptune
high resolution mode, with a mass resolution power 40,000 MAM (Weyer and
Schwieters, 2003), was sufficient to resolve thederferences. Some samples with
sufficient Ti separation were measured with bothhhégnd low resolution mode and
reproducibility was not substantially different fnothat of samples measured either in
the high or low resolution modes (Tab. D-3). The danmurification procedure was
adjusted after the Ti interferences were noticederAfidjustment of the purification



procedure the mean Ti/Cu ratio was reduced from i@2he not purified samples to
0.02 (n = 11) after the two-step purification

A Cu ICP standard (Merck, Darmstadt, Germany) was aseah in-house standard
to check for intra-day and long-term reproduciiiliThe long-term reproducibility of
this standard was 0.06%. (2SD, n = 49). Ev8BCu value given in Table D-3 and
Figure D-3 is the mean of at least two replicatesussments. The BCR-2 and the SCL
7003 reference materials were digested, purified medsured two times to test for
accuracy of the measurement. We measured BCR-20wlih+ 0.09 %o (2SD / n = 2)
and SCL 7003 with 0.14 + 0.02%0 (2SD / n = 2), whishcomparable to the values
reported in Bigalke et al. (2010a).

Copper blanks for the whole procedure were 4.9 {®SD) ng compared to at least
250 ng of Cu in the sample. Because some samplesamdy digested and purified one
time, error bars in Figure D-3, D-4 and D-5 show @&0%vhich is the mean 2SD of the
samples and reference materials and is similahéoréproducibility of our in-house
standard. If measured 2SD were bigger than 0.09%sndasured 2SD was given.
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D Stable Cu isotope fractionation in soils durinicaveathering and podzolation

Table D-3. Copper concentration®’Cu values of the soil and reference samples, asalution of the
Cu isotope measurements with MC-ICP-MS

Soil Horizon Cu 3% Cuist o76) 2SD n? Resolution
Mg gl %o %o
Oi/0¢ 9.5 0.19 0.09 1 HR
Skeletic Ah 12.9 -0.02 0.09 1 HR
Cambisol Bw 9.8 -0.07 0.09 1 HR
IR 7.4 -0.32 0.09 1 HR
of 10.8 0.12 0.09 1 LR
o¢ 27.6 -0.29 0.09 2 LR
. od 12.6 -0.11 0.09 1 HR
Czﬁgi'scol Ah 43 0.08 0.09 1 HR
Bwl 45 0.05 0.09 3 LR/HR
Bw2 6.4 -0.02 0.16 3 LR/HR
C 4.8 -0.05 0.09 1 HR
o 5.2 -0.45 0.09 1 LR
o¢ 8.5 -0.01 0.09 1 LR
Ah 5.8 0.44 0.09 1 LR
AEh 3.5 0.18 0.09 1 LR
. E 1.4 -0.57 0.09 2 LR
PHoﬁrz"('J‘l’l Il Bhs 1.8 -0.29 0.09 1 LR
Il BCs 1.8 -0.42 0.09 2 LR
Il CR 3.5 -0.39 0.13 2 LR
Il Bhs oxidic 1.9 -0.35 0.18 2 LR
Il Bhs humic 2.8 -0.18 0.09 1 LR
of 10.6 -0.20 0.14 2 HR/LR
o¢ 16.0 -0.23 0.09 1 LR
Haplic od 22,5 -0.21 0.09 1 LR
Podzol 2 AEh 2.7 -0.04 0.09 2 LR
Bhs 3.2 -0.07 0.09 2 LR
Bs 1.9 -0.13 0.09 2 LR
CRM BCR-2 16.8 0.18 0.09 2 LR
CRM SCL 7003 28.6 0.14 0.09 2 LR

(&) n is the number of independent digestions amdigations, every purified sample was measured
twice; (b) Oi, slightly decomposed organic mati{g); Oe, moderately decomposed organic matter; (d)
Oa, highly decomposed organic matter.



Table D-4. Influence of Ti/Cu ratio in the samplerneasured@®*Cu

TilCuratio  §®Cupistere)%o 2 SD %

0.00 0.00 0.01
0.10 -0.12 0.03
0.50 -0.50 0.10
1.00 -0.92 0.08

(a) based on two to four measurements.

4 Results

The Cu concentrations in the studied soils rangstdiden 1.4 and 27.6 ug @nd
were thus at the low end of natural background cdamagons (Fig. D-1, Tab. D-3,
Artiola, 2005). The Cu concentrations in the orgalaiyers were higher than in the
mineral soil except in the Skeletic Cambisol. Ie tmineral soil, Cu concentrations
ranged between 1.4 and 12.9 |ig while in the organic horizons concentrations rahge
between 5.2 and 27.6 pg.gln the Skeletic Cambisol, Cu concentrations wér t
highest in the Ah horizon (surface mineral horizathverganic matter). In the mineral
soil, Cu concentrations decreased with increaseghd The Dystric Cambisol had its
highest Cu concentration in the O (organic) horizasmsle Cu concentrations in the
mineral soil varied little. In the Haplic Podzol@u concentrations were the highest in
the Oe (moderately decomposed organic) horizon (Big., Table D-3), decreased
strongly in the E horizon (mineral horizon from whiEe, Al and organic matter was
leached), increased again in the IIBhs (mineraizbor with accumulation of organic
matter and oxy(hydr)oxides, roman numbering indsalithological layering with |
assigned to the uppermost layer), and finally iaseel slightly in the IIIRC horizon
(weathered bedrock). Fractions of the IIBhs horieoniched in oxy(hydr)oxides had
Cu concentrations similar to bulk [IBhs horizons,ileHractions enriched in organic
matter had higher Cu concentrations (Table D-3)e Hhaplic Podzol 2 had comparable
high concentrations in the O horizons as the HapdidzBl 1. In the mineral soil of
Haplic Podzol 2, Cu concentrations increased fronin A&irface mineral horizon with

organic matter showing beginning leaching of FeaAdl organic matter) to Bhs and
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D Stable Cu isotope fractionation in soils durinicaveathering and podzolation

decreased again in the Bs horizon (mineral horizavith accumulation of
oxy(hydr)oxides).

In the sequential extraction, the largest part @f €u appears in fraction 7
(residual) which contained between 26% of total Cwéathered slate (IICR, Skeletic
Cambisol) and 94% of total Cu in weathered sandsfioii®C, Haplic Podzol 1; Fig. D-
2). Fractions 5 & 6 (bound to pedogenic Fe oxidegjether contained the second
largest part with between 3 % (lIlIRC, Haplic Podzolad 70% (IICR, Sleletic
Cambisol) of total Cu. Fraction 4 (organically bdun0- 29%) had the largest
contribution to total Cu in A horizons and deciegscontributions with increasing
depth down to 0% in weathered bedrock (IIIRC, Hapbd#®l 1). Fractions 1, 2, and 3
(exchangeable, specifically absorbed, bound to Mdes, respectively) together only
contributed 0-11% to total Cu in mineral horizowsth largest contributions to total Cu
usually in the A horizons, but also e.g., in thedfizon of the Haplic Podzol 1

The 8% Cu values in the studied soil horizons ranged betw@é7 and 0.44%o. (Tab.
D-3, Fig. D-3). The most pronounced variation of %a®accurred in the Haplic Podzol
1. In the other soils, total variationsdffCu values were between 0.30%. in the Skeletic
Cambisol and 0.37%o. in the Dystric Cambisol. The kaBbdzol 2 showed a variation
of 0.19%e.. In all four soils, organic layers hadghter Cu isotope composition than the
underlying mineral topsoils. In the mineral soilrizons of the Skeletic Cambisol, the
Dystric Cambisol and the Haplic Podzol 2, #ieCu values decreased consistently with
depth. In the Haplic Podzol 3°°Cu values increased from the Oi to the A horizod an
strongly decreased in the E horizon. In the Il BBs,was isotopically heavier than in
the E horizon but deeper in the soil the Cu becagan isotopically lighter (Tab. D-3,
Fig. D-3). The3®Cu value of the mineral horizons and the organic @xide-rich spots
of the lIBhs horizon of the Haplic Podzol 1 correlatsignificantly with the organiC
and Cu concentrations (Fig. D-4). There was an dviaed of increasingly lighter
5°°Cu values with increasing depth (Figs. D-3 and DFbe mears®°Cu value of the A
horizons was significantly heavier than of the suldsmrizons (p = 0.006, Fig. D-6).

To assess the influence of biogeochemical cycling®Cu values in soil samples,
Cu storage in the main rooting zone in mineral €50 cm depth) and organic layers
were calculated and Cu storage in biomass was estinfabm the literature. If an
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aboveground dry biomass of 300 Mg'béstanding vegetation was assumed based on a
study of (Heinrichs and Mayer, 1980) , who found andl 324 Mg hd in beech and

Skeletic Cambisol Dystric Cambisol
Cumgkg! mg kg! Cu
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Figure D-1. Total Cu concentrations of the soil izons (black dots). Up and down pointing triangles
represent spots enriched in oxy(hydr)oxides anditisobstance, respectively. Error bars represent tw

times the relative standard deviation, which ispiecision of the used analytical method.

spruce forest respectively in a middle mountairmaneGermany, which is climatically
and pedologically similar to our study region. Cepggoncentrations in plants were
estimated from Cu concentrations in Oi horizons whariginate from relatively

unaltered plant litter (Table D-5).
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Skeletic Cabisol Dystric Cambisol
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Figure D-2. Copper concentrations in the seventfoars of the sequential extraction of Zeien and
Brimmer (1989). Fractions are supposed to repregBnteadily soluble and exchangeable, (2)
specifically adsorbed and other weakly bound sge¢i bound to Mn oxides, (4) bound to organic
matter, (5) bound to poorly crystalline Fe oxidé®,bound to crystalline Fe oxides and (7) residual

fractions. Please note the different scalings efXhaxes.

5 Discussion

As we analyzed total digests of soil horizons for i§atope ratios, only inherited
differences in Cu isotope signatures of the panegiterial and processes which cause
redistribution of Cu among horizons can be tracedabise horizon-internal processes
do not change the overall Cu isotope signal ofahele horizon. Sequential extractions
may be a useful tool to get further information @bCu isotope variation in soil, but
may artificially fractionate Cu isotopes becauseiogtic or equilibrium effects during
extraction. Artificial isotope fractionations migtésult from the failure of an extraction
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step to selectively extract all Cu in the addreskadtion. Consequently, the used
extraction procedure must be carefully checked aajdsted in terms of selectivity,
extraction yield and effect on Cu isotope ratioarr€ntly, no such method is available
for Cu. We therefore did not determine Cu isota®s in the sequential soil extracts.
We selected Cambisols representing a wide-spreadpgof soils showing oxic
weathering without pronounced vertical translocatbdmmetals and Podzols, in which
in contrast, a pronounced vertical translocatiometals occurs within the soil profile.
The studied Haplic Podzol 1 and the Haplic Podzalhawed different degrees of

differentiation.

Skeletic Cambisol
885Cuyysto76[”00] Dystric Cambisol

-0.5 0.0 0.5 -0.5 0.0 0.5

0 ot /(\)goe

-10 .
5 20 220 4
g 1 Bw B L T T
£ 30 g -30 4

-40 L v~

-50 ] T T T T T T T T T T IICR _50 L T T T

05 0.0 05 -0.5 0.0 05
Haplic Podzol 1 Haplic Podzol 2

e e U 0.5 0.0 0.5
10 PR [T SN S TR S N TR SO ST S N R

c
lAn
"|AEn

Depth cm

Depth cm

_| uBhs

_J1IBCs
IIIRC

Figure D-3. Copper isotope compositiaf?°Cu values) in the soil horizons. Filled black cirslshow
6%Cu values, up and down pointing triangles represgtts enriched in oxy(hydr)oxides and humic

substance, respectively.
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5.1  Copper isotope ratios in the organic layer

In all studied soils, O horizons contained isotolpycighter Cu associated with
usually higher Cu concentrations than the undeglydnhorizons (Fig. D-3, Tab D-3).
We assume that these differences are either caledfractionation during
biogeochemical cycling of Cu in the plant-soil gyatand/or by deposition of Cu from
the atmosphere.

O horizons consist of differently decomposed orgamatter originating mainly
from leaf litter. First studies about Cu fractionatduring uptake and transport in plants
showed that light Cu is taken up preferentially bg plant and that the extent of
fractionation depends on soil properties (Zhu gt24110). During transport in the plant,
Cu was found to be fractionated between roots andtshwith shoots beeing
isotopically lighter A®Cugoot.shooyy Of 0.4%%0; Jouvin et al., 2008) while leaves are
enriched in the heavy isotopes compared to stegab(.3 %. (Zhu et al., 2010). Thus,
uptake of Cu in the mineral soil, cycling in theupi and accumulation in the organic
layers might be one reason for Cu isotope diffea¢ioh in soil. Biogeochemical
cycling might also be responsible for elevated Gucentration in the organic layers, as
plants are able to concentrate metals in orgamedws (Goldschmidt, 1937).

One the other hand, Cu concentrations in the ordagyers were strongly elevated
(Fig. D-3) and might also be caused by anthropog@nimputs, which are accumulated
in the organic layers as a consequence of the aifyhity of Cu to organic matter
(Filipinski and Grupe, 1990; Wilcke et al., 1999)s All study soils were located in
remote areas far from direct Cu inputs most prab&hl sources are diffuse inputs from
the atmosphere (Nriagu and Pacyna, 1988).

Copper enrichment factors in the organic layer udated as the depth-weighted
mean Cu concentration of all O horizons divided bg Cu concentration of the C
horizons (as no C horizon was available for HaplidZeb 2, the Bs horizon of this soil
was used to calculate enrichment factors) in thdystwils were 3.5 and 10.5 for the
two Slovakian soils (Dystric Cambisol and Haplic Pold?) and 1.3 and 2.1 for the two
German soils (Skeletic Cambisol, Haplic Podsol 1peesvely. If we compare these
factors to those reported by Reimann et al. (2002.4 in uncontaminated soils which
were attributable to plant cycling alone, we can assthat the two German soils are
relatively unpolluted, while the two Slovak soils mbg affected by metal deposition
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from the atmosphere possibly originating from irtdas regions in Poland, Czech
Republic, and local industrial sources (Lobe ef #098). As thed*Cu value of
deposition from the atmosphere is unknown, we areahtet to assess the influence of
these inputs on th&°Cu values of the organic layers.

The two Slovak soils and the German Skeletic Camisisoled similar differences
in 8°°Cu values between O and A horizons, while the diffezerbetween O and A
horizons of the Haplic Podzol 1 were stronger andidataed by the heavy Cu isotope
signal in the A horizons. However, the Haplic Podzgkherally showed a different Cu
isotope pattern from the other soils which mightabeonsequence of the pronounced

podzolization.

Table D-5. Copper storages in aboveground bioa®@sand mineral horizons.

Aboveground Mineral soil
biomass O horizons (0-50 cm, k Contribution to total
(estimated, (kg ha') ¢m. kg storage
kg ha) ha')

Skeletic Cambisol 2.8 0.4 18.3 15.0
Dystrsic 3.2 15 27.6 14.7
Cambisol

Haplic Podzol 1 1.6 0.8 13.2 15.4
Haplic Podzol 2 3.2 2.3 10.3 34.8

5.2  Copper concentrations and isotope ratios in the Cabisols

Two Cambisol profiles were investigated for Cu concaions, Cu partitioning in
seven operationally defined fractions, and Cu igetoatios. The Skeletic Cambisol
showed a gradient in Cu concentrations between than@lhlICr horizons (Table D-3,
Fig. D-1). The Cu concentrations in fractions 1-Zrdased with increasing depth
because of decreasing organic matter concentrafmds weathering intensity. The
Dystric Cambisol had similar Cu concentrations Ihharizons (Fig. D-1). The Cu
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partitioning between the seven sequential extracieps revealed the typical pattern of
decreasing Cu concentrations in fractions 1-4 ameasing Cu concentrations in
fractions 5-7 with increasing depth (Fig. D-2). Tban be attributed to input of organic
matter and increased weathering in the upper hasizén the Haplic Podzol 2, the
podzolization process was less pronounced thaneirHtplic Podzol 1 and the depth
distribution of thed®®Cu values was more similar to the two Cambisol pesfi
Although the vertical distribution of Fe concentoas indicated podzolization in the
Haplic Podzol 2 and also Cu translocation can bermasd from Cu concentrations
(Table D-2), this process did not seem to affecdtfi€u values strongly, as the vertical
distribution 0f3*°Cu values was similar to that of the Cambisols.

The individuald®°Cu values of all mineral soil samples of the Cawisisind the
Haplic Podzol 2 overlap within uncertainties. Thelyohorizon with a markedly
different 8°°Cu value beyond the mean+2SD ranges was the |ICRdmmwf the
Skeletic Cambisol. However, this horizon developednfianother periglacial cover bed
than the overlying horizons (see above) and thasdifierence in thé®°Cu value of
between this and the other mineral soil horizonshinlge inherited from the parent
materials and is no evidence for biogeochemicaligotope fractionation in the soil.
Even if no clear differences i®°Cu values can be seen in the individual Cambisol
profiles and the Haplic Podzol 2 (Fig. D-3), an ollen@nd of increasingly lighter
3°°Cu values with increasing depth exists (Figs. D-8 Br5). The subsoil horizons
were, on average, significantly Cu isotopically tigghthan the A horizons (p = 0.006;
Fig. D-6). This depth trend might indicate smalltegme fractionation during weathering
and biogeochemical cycling. Possible explanationghHis trend include:

1. During weathering of primary minerals, the released<Jartly
incorporated into pedogenic minerals such as clagrals and oxides
(Contin et al., 2007) and partly bound to catiocfeange sites (Alcacio et
al., 2001; Artiola, 2005), which fractionates theibd Cu towards a heavier
Cu isotope composition (Li et al., 2008; Pokrovskl., 2008) leaving light
Cu mobile and possibly leached.

2. Biogeochemical cycling might change the Cu isotop@position of mineral
horizons by removing light Cu isotopes in the maioting area and transfer



them to the organic horizons because it is knowat, @u isotopes are

fractionated during plant cycling (Jouvin et alp80Zhu et al., 2010).
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Figure D-4. Relationship between (a) C concentratiand (b) Cu concentrations adtCu values

To assess the influence of plant-induced Cu isotiopetionation on Cu isotope
ratios in the mineral soil, we estimated the variGusstorages in aboveground biomass,
organic layer, and mineral soil. Because (i) abovegd biomasses for forests reported
in the literature vary much (Finer et al., 2003; iimhs and Mayer, 1980; Weis et al.,
2009), (i) Cu concentrations in the plants depemd soil properties and Cu
concentrations (Kabata-Pendias and Pendias, 2@ad)(iii) Cu concentrations in the
different plant parts may differ (Heinrichs and Mgy&980) our estimate of the Cu
storage in aboveground biomass is a rough approximérable D-5). The comparison
of Cu in plants and organic horizons and Cu poahineral soil (main rooting zone of
0-50 cm depth) revealed that between 15 and 34%taifCu in this pool was stored in
plants and organic horizons (Table D-5). Considetinggfact that the organic Cu pools
have a limited lifespan and that organic layerstareed over several times during soll
development (Gaudinski et al., 2000) it is likehatttbiogeochemical cycling affects
3°°Cu values in the mineral soil. Especially the stefaorizons, which are most

strongly rooted may display influence of biogeocleatcycling.
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Figure D-5. Depth distribution off°Cu values of all four soils. Samples in whi€fCu values deviate

markedly from the regression line include the Ahafad E (b) horizons of the Haplic Podsol 1.

5.3  Copper concentrations and isotope ratios in the Pambls

The investigated Podzols showed the typical featoifethe podzolization process
with a translocation of Fe, organic C, and increggH from the E to the Bhs horizon
(Tab. D-2). There are numerous explanations fontbbilization and immobilization of
Al, Fe, Si and organic substances, which are extelysdiscussed in the literature
(Farmer, 1982; Lundstrom et al.,, 2000; Sauer et 2007). Because the vertical
distribution of 3°°Cu values in Haplic Podzol 2 was more similar to thétthe
Cambisols than to that of Haplic Podzol 1 we disadiske Cu isotope ratios in Section
4.2 above together with the Cambisols.

While soil description is based on Fe, Al, and orfganatter transport, to a smaller
extent also transport of trace metals like Cu taltase from E to B(h)s horizons (Keller
and Domergue, 1996; Wilcke et al., 1996; Jersakl.et1897; Nikonov et al., 1997,
Tyler, 2004). For Cu, organic complexation is assdras the dominating mobilization
mechanism. Therefore, mobilization of Cu depends dissolved organic matter
concentrations in soil solution (Berggren, 1992 tdveski, 1998). A transport of Cu
from the E to the Bhs horizon in the Haplic Podzskg&ms likely because the E horizon
had the lowest Cu concentration (1.4 |ig gompared to 3.5 pg'gn the AEh and 1.8
1g glin the Bhs) in the whole profile and organic-righoss in Bhs horizons showed



higher Cu concentrations (2.8 pd)ghan the bulk Bhs horizon (1.8 pgd)g which
might point on illuvation of Cu complexed with orga acids. The sequential extraction
showed that in the Bhs horizons, Cu was to a largene associated with fractions 4-6
which represent organically and oxy(hydr)oxide-bou@d than in the over- and
underlying horizons further supporting our assumpwf vertical Cu transport during
podzolization.

The Haplic Podzol 1 showed a strong variatiod®iCu values among O, A, E, and
B horizons (Fig. D-3). This variation might be pgrtlaused by differences in isotope
compositions of the three solifluctional layersnfrevhich this soil developed. The first
layer (Ah, AEh and E horizon), developed from sandstand loess and is depleted in
fine material, the second layer (Bhs, Bs horizosp aleveloped from sandstone and
loess potentially with a different sandstone/la@g® than in the uppermost layer, while
the third layer developed from sandstone bedrodk ¢towever, the main component
of all layers was the sandstone and strongest warg@abccurred between Ah and E
horizons which developed from the same lithologlager strongly suggesting that the
observed variation i8°°Cu values is attributable to biogeochemical preessn soil.
The E horizon had the most negatdeCu value of the whole soil which might indicate
preferential leaching of isotopically heavy Cu. hssumption is supported by the fact
that the 11Bhs horizon showed a heavier isotope asitipn than the E and the 1IBCs
horizons (which developed from the same layer a&s ItBhs horizon), indicating
preferential illuviation of the heavy Cu isotopAs complexation of Cu with organic
acids causes a Cu isotope fractionatidXt Cunsolubiized humic acid-solutign Of 0.27%o
(Bigalke et al., 2010b) direction and extent ofiaaon in Cu isotope ratios between
eluvial E and illuvial B horizons might indicate raplexation of heavy Cu in the E
horizon and leaching of the complexes to the Bhszbos. The assumption of Cu
transport as organic complex is further supportedhe finding that the organic-rich
spot of [IBhs horizon had a heavi&‘Cu value and a higher Cu concentration than the
bulk of the 1IBhs horizon in line with the literati(Berggren, 1992, Kotowski, 1998).
Finally, the close correlation of the orgaficand Cu concentrations with th&Cu
values of the mineral horizons and the organic- ardle-rich spots of the IIBhs
horizon of the Haplic Podzol 1 (Fig. D-4) again sesgjg that Cu fractionation is
attributable to organo-complexation.
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In contrast to the differences in Cu isotope cositmn of E and B horizons, we do
not have a definite explanation for the strongetdéhce in Cu isotope composition of
the A (i.e. Ah, AEh) and the other mineral horizamshe Haplic Podzol 1. In principle,
biogeochemical fractionations, differences in thbstrates and contamination might be
possible fractionating processes. As the Haplic Blotiavas located directly under a
tree, plant-induced fractionation of Cu isotopesu(n et al., 2008; Zhu et al., 2010) is
one possible explanation for pronounced differering®°Cu values of the A and the
other mineral soil horizons. Copper storage in fslaand organic layers comprised
approx. 15% of the total Cu in the ecosystem dowh@m mineral soil depth (Table
D-5). The Cu pool in aboveground biomass and orgkayers is periodically turned
over at much shorter temporal scales than pedogefies, year-decades vs. centuries
to millennia). Consequently, large proportions ddrp-available Cu will be cycled
through the plants. Given the low Cu concentrationghe study soils and the small
plant-available percentage of total Cu (fractior, Fig. D-2), a strong influence of Cu
cycling through plants on th&°Cu values of the A horizons of the Haplic Podzol 1
seems possible.

Another explanation for the hea®°Cu values in the A horizons of might be an a
priori heavier 3°Cu value of the substrates from which this horizavedoped.
However, as Ah and E horizons developed from the sarstrate, this would imply an
even more pronouncesd Cu isotope fractionatiorhé E horizon. Furthermore, the
main component of all substrates the soil develofpech was sandstone, which is
assumed to be relatively homogeneous.

Finally, the Haplic Podzol 1 shows a base saturatibnearly 100% in the Ah
horizon. This high base saturation is caused byh legchangeable Ca and Mg
concentrations, which is uncommon at the low pH (tha&sé metals” should already
have been leached) and might indicate that thensamlaffected by liming in the past. If
this lime contained Cu with a heaw/°Cu value, its application might also have

contributed to the observed Cu isotopical compmsiaf the A horizon.
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5.4

Comparison of Cu isotope pattern in Cambisols, Pod#s, and

hydromorphic soils

Bigalke et al. (2010a) determined Cu concentrafiodSCu values and Cu

partitioning in seven fractions of a sequentiak&ction in a set of four hydromorphic

soils with the same methods as in this study. Taepd a significant variation &>Cu

values of up to 0.6%. in whole soils (including ongalayer and mineral soil), while the

maximum variation in mineral soil was 0.45%.. Variasoin organic layers were

attributed to biogeochemical cycling of Cu, whilenaspheric contamination could not

be excluded as possible source. Variation8®iGu values of the mineral soil horizons

were assumed to be affected by alternating redodigons in the soils. Comparing the

findings of Bigalke et al. (2010a) to those of tstigdy it can be summarized that:

1. O horizons of the Slovak soils investigated by Bigadt al. (20104, i.e. a

Stagnic Cambisol and a Dystric Gleysol) had a &gl@u isotope signal in line
with the four soils investigated in this study.clontrast, two hydromorphic
German soils did not have lightCu in the O horizons. Bigalke et al.
(2010a) suggested physiological differences betwieerduous and
coniferous trees as possible reason for diffed&i@u values in O horizons of
the soils. This assumption is not confirmed byghesent study were O
horizon originating from litter of both deciduousdaconiferous trees (Tab. D-
1) showed lighted®Cu values than the A horizons (Tab. D-3). Considgaith
eight solil profiles in the light of the first stedi of Cu isotope fractionation in
plants (Jouvin et al. 2008, Zhu et al., 2010) ifyimibe assumed that
biogeochemical cycling is the main factor determgrd*>Cu values of O
horizons. However, the elevated Cu concentratiossine of the O horizons
imply that atmospheric Cu contamination is preseisbme of the soils and

might affect the®°Cu values of O horizons to different degrees.

. The depth trend af*>Cu values in the oxic weathered soils was different t

that previously observed in hydromorphic soils hgaike et al. (2010a). The
significantly heavier measf°Cu value of the A horizons than in the subsoil
horizons of the oxic weathered soils (p = 0.006) a@@osite to previous

observations for the hydromorphic soils, in whd&PCu values of A horizons

were significantly lighter than of subsoil horizqps= 0.011, Fig. D-6). This
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supports the assumption of Bigalke et al. (2010a) agsumed that redox
induced processes like changes in pH, release ahargnatter, reduction of
Fe oxy(hydr)oxides and changes in Cu redox stateeirsubsoils during
waterlogging significantly affed®>Cu values. The differences in the vertical
distribution of3*°Cu values in the mineral soils among oxic weathserel,

the Haplic Podzol 1, and the hydromorphic soils igjalike et al. (2010a)
suggest thab’>Cu measurements are capable of differentiating @mon
different soil genetic processes. However, more lget&inowledge of the
individual effects of all contributing biogeochemi@rocesses is needed

before ou®>Cu values can be safely used as tracers of sadtipeprocesses.

0.2

3 § hydromorphic
E soils

0.0 5

-0.1 3

02

0.3 3
] A oxic weathered

Differences in 8%Cu
of A and subsoil horizons

0.5
0.6 3 ==

Figure D-6. Mean differences if°Cu values between A and subsoil horizons of hydmeinmand oxic
weathered soils. Error bars represent 95% confideintervals. Data for hydromorphic soils were taken
from Bigalke et al. (2010a). Please mind that tleans refer to differences between one A and various

subsaoil horizons of four of each of hydromorphid axic weathered soils.

6 Conclusion

l. Organic horizons show a lighter Cu isotope signah tha A horizons in
all four profiles. One possible reason is plant-retliisotope fractionation of
Cu and recycling to the soil but tB&Cu values might also be affected by
deposition of Cu from the atmosphere.
. Inthe Cambisols, and Haplic Podzol 2 differenceiGu values among

the mineral soil horizons of individual soils weréghin measurement
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uncertainty. However, there was an overall signifi¢egrid of increasingly
lighter 3°°Cu values with increasing mineral soil depth, whighassume to be
caused by isotope fractionations during weatherntjax biogeochemical
transformations.

1. The Cu isotope fractionation, concentration antridhistion in the Haplic
Podzol 1 indicates that Cu was transported veryigalthe soil. Furthermore, it
is suggested that Cu transport during podzolizatimours predominantly in
form of Cu complexed by organic acids.

IV.  The depth distribution a3*>Cu values in the Cambisols and the Haplic
Podzol 2 differed from that in the Haplic PodzoTlrhis is probably attributable
to different soil genetic processes, i.e. oxic wedtly without pronounced
vertical Cu transport vs. podzolization with pronoed vertical Cu transport.
Furthermore, the depth distributionsdICu values differed between oxic
weathered hydromorphic soils in the literature. TRERCu might be a
promising tracer to detect different soil genetiogesses.

Overall the results of our study indicate the pa&gnbf Cu stable isotope
investigations to gain new insights in the fate af @ the environment. However,
information about Cu isotope fractionation duringny environmental processes like
weathering of minerals, transport and biogeochenaigaing are still limited, rendering
interpretation of3*°Cu values in the complex soil-plant system difficilherefore,
there is a future need for elucidating Cu isotopactfonation by the involved
biogeochemical and transport processes. This alolves the development of new
tools like a suitable sequential extraction techaidor isotope investigations and the
analysis of soil solutions which reflect the reaetportion of Cu in soil and faster

responds to change of physico-chemical soil comktthan the solid phase.

7 Acknowledgements

Prescribed by the regulations of the internet shieli (ArchiMed) this section had to
be deleted for data protection reasons. | wanhaok all people listed in the printetd

version.

134



D Stable Cu isotope fractionation in soils durinicaveathering and podzolation

8 References

Alcacio, T. E., Hesterberg, D., Chou, J. W., MartinDJ Beauchemin, S., and Sayers,
D. E., 2001. Molecular scale characteristics of Quflonding in goethite-
humate complexesseochim. Cosmochim. Acss, 1355-1366.

Alloway, B. J., 1990. Heavy metals in soils. Blackiklalsted Press, Glasgow, New
York.

Archer, C. and Vance, D., 2004. Mass discriminatiorrexction in multiple-collector
plasma source mass spectrometry: an example usingn@ Zn isotopesl.
Anal. Atom. Spectroml9, 656-665.

Artiola, J. F., 2005. Speciation of copper in thvionment. In: Cornelis, R. (Ed.),
Handbook of elemental speciation 2 - species in tve@ment, food, medicine
and occupational healtldohn wiley & Sons, Chinchester.

Asael, D., Matthews, A., Bar-Matthews, M., and Halicz, R0O07. Copper isotope
fractionation in sedimentary copper mineralizatiphinma Valley, Israel).
Chem. Geol243 238-254.

Asael, D., Matthews, A., Bar-Matthews, M., Halicz, Lhrkch, S., and Teplyakov, N.,
2005. Redox fractionation of copper isotopes inirsedtary conditions.
Geochim. Cosmochim. Ads8, A216-a216.

Balistrieri, L. S., Borrok, D. M., Wanty, R. B., aitidley, W. I., 2008. Fractionation of
Cu and Zn isotopes during adsorption onto amorptea($ll) oxyhydroxide:
Experimental mixing of acid rock drainage and ambigver water.Geochim.
Cosmochim. Act#&2, 311-328.

Berggren, D., 1992. Speciation of Copper in Soiufiohs from Podzols and Cambisols
of S SwedenWater Air Soil Poll62, 111-123.

Bigalke, M., Weyer, S., and Wilcke, W., 2010a. $atopper isotopes: A novel tool to
trace copper behavior in hydromorphic sa8isil Sci. Soc. Am. J4, 60-73.
Bigalke, M., Weyer, S., and Wilcke, W., 2010b. tgut fractionation of Cu during

complexation with humic acidgnviron. Sci. Tech4, 5496-5502.

Borrok, D. M., Ridley, W. I., and Wanty, R. B., 2008otopic fractionation of Cu and
Zn during adsorption onto bacterial surfacégochim. Cosmochim. Act#,
A99-a99.

135



Clayton, R. E., Hudson-Edwards, K. A., and Houghtonl..$ 2005. Isotopic effects
during Cu sorption onto goethit€eochim. Cosmochim. Acs8®, A216-a216.

Contin, M., Mondini, C., Leita, L., and De Nobili, M2007. Enhanced soil toxic metal
fixation in iron (hydr)oxides by redox cyclégSeodermal40, 164-175.

Cornell, R. M. and Schwertmann, U., 1996. The iroidex : Structure, properties,
reactions, occurrence, and uses. VCH, Weinheim ; New.Yor

Ehrlich, S., Butler, I., Halicz, L., Rickard, D., Qad, A., and Matthews, A., 2004.
Experimental study of the copper isotope fractimmabetween aqueous Cu(ll)
and covellite, CuSChem. Geol209 259-269.

Emmanuel, S., Erel, Y., Matthews, A., and Teutsch,2005. A preliminary mixing
model for Fe isotopes in soilBhem. Geol222, 23-34.

Fantle, M. S. and DePaolo, D. J., 2004. Iron isotdactionation during continental
weatheringEarth Planet. Sci. LetR28 547-562.

FAO. 2006. Guidelines for soil description. Food awgticulture Organization of the
United Nations, Rome.

Farmer, V. C., 1982. Significance of the presencallophane and imogolite in podzop
Bs horizons for podzolization mechanisms: A revi&ail Sci. Plant Nutr24,
571-578.

Filipinski, M. and Grupe, M., 1990. Distribution ofithogenous, Pedogenous and
Anthropogenous Heavy-Metals in Soils (in Germad).Pflanz. Bodenkunde
153 69-73.

Finer, L., Mannerkoski, H., Piirainen, S., and Stavt, 2003. Carbon and nitrogen
pools in an old-growth, Norway spruce mixed foresteastern Finland and
changes associated with clear-cuttiRgrest. Managl174 51-63.

Gale, N. H., Woodhead, A. P., Stos-Gale, Z. A., Walder,and Bowen, I., 1999.
Natural variations detected in the isotopic compasitof copper: possible
applications to archaeology and geochemistiy.J. Mass Spectrom84, 1-9.#

Gaudinski, J. B., Trumbore, S. E., Davidson, E. Ad Zheng, S. H., 2000. Soil carbon
cycling in a temperate forest: radiocarbon-basdunates of residence times,
sequestration rates and partitioning of flux@egeochemistrl, 33-69.

Goldschmidt, V. M., 1937. The principles of distrilout of chemical elements in
minerals and rocksl. Chem. Soc. Londpf55-673.

13¢€



D Stable Cu isotope fractionation in soils durinicaveathering and podzolation

Grybos, M., Davranche, M., Gruau, G., and Petitjeam2@®07. Is trace metal release in
wetland soils controlled by organic matter mobilioy Fe-oxyhydroxides
reduction?]. Colloid Interf. Sci314, 490-501.

Heinrichs, H. and Mayer, R., 1980. The Role of foregjetation in the biogeochemical
cycle of heavy metald. Environ. Qual9, 111-118.

lldefonse, P., Manceau, A., Prost, D., and Groke, Q4. T., 1986. Hydroxy-Cu-
Vermiculite Formed by the Weathering of Fe-BiotiggsSalobo, Carajas, Brazil.
Clay. Clay Miner.34, 338-345.

IUSS Working Group WRB, 2008Vorld Soil Resource Reports No. 1620, Rome.
Jersak, J., Amundson, R., and Brimhall, G., 1997.c8ranetal geochemistry in
spodosols of the northeastern United StateBnviron. Qual26, 511-521.
Jouvin, D., Louvat, P., Marechal, C., and Beneddtti, F., 2008. Fractionation of

copper isotopes in plant&eochim. Cosmochim. Aci2, Ad441-a441.

Kabata-Pendias, A. and Pendias, H., 200rhce elements in soils and plantSRC
Press, Boca Raton, Fla.

Keller, C. and Domergue, F. L., 1996. Soluble andi@date transfers of Cu, Cd, Al,
Fe and some major elements in gravitational wateesRodzol.Geodermar1l,
263-274.

Kotowski, M., 1998. The role of organic matter arddnanum in zinc and copper
transport through forest podsol soil profiles. Pawlowski, L., Gonzales, M. A.,
Dudzinska, M. R., and Lacy, W. J. EdLhemistry for the Protection of the
Environment 3Plenum Press Div Plenum Publishing Corp, New York.

Li, J., Zhu, X. K., and Tang, S. H., 2008. Experinanstudy on Cu isotope
fractionation during crystallization and reductianlow temperaturesseochim.
Cosmochim. Actd2, A540-a540.

Li, W. Q., Jackson, S. E., Pearson, N. J., Alard,a®d, Chappell, B. W., 2009. The Cu
isotopic signature of granites from the LachlandMBElt, SE AustraliaChem.
Geol.258 38-49.

Lobe, I., Wilcke, W., Kobza, J., and Zech, W., 198kavy metal contamination of
soils in Northern Slovaki&Z. Pflanz. Bodenkundksl, 541-546.

Lundstrom, U. S., van Breemen, N., and Bain, D., 200@ podzolization process. A
review. Geoderméd4, 91-107.



Manceau, A., Nagy, K. L., Marcus, M. A., Lanson, \&egoffroy, N., Jacquet, T., and
Kirpichtchikova, T., 2008. Formation of metallic gy nanoparticles at the
soil-root interfaceEnviron. Sci. Techno#i2, 1766-1772.

Marechal, C. N., Telouk, P., and Albarede, F., 1#9®cise analysis of copper and zinc
isotopic compositions by plasma-source mass speetrg. Chem. Geoll156
251-273.

Marechal, C. and Albarede, F., 2002. lon-exchangetifsnation of copper and zinc
isotopesGeochim. Cosmochim. Ads®, 1499-1509.

Markl, G., Lahaye, Y., and Schwinn, G., 2006. Copgetapes as monitors of redox
processes in hydrothermal mineralizati@aochim. Cosmochim. Act&, 4215-
4228.

Mathur, R., Ruiz, J., Titley, S., Liermann, L., Budd., and Brantley, S., 2005. Cu
isotopic fractionation in the supergene environm&ith and without bacteria.
Geochim. Cosmochim. Ac8®, 5233-5246.

Nikonov, V. V., Lukina, N. V., and Frontaseva, M. V.,910 Trace elements in the Al-
Fe-humus podzolization proce&siras. Soil Sci30, 1181-1192.

Nriagu, J. O. and Pacyna, J. M., 1988. Quantitativeegsrent of Worldwide
Contamination of Air, Water and Soils by Trace-Msthlature333 134-139.

Pokrovsky, O. S., Viers, J., Emnova, E. E., Kompamsg. |., and Freydier, R., 2008.
Copper isotope fractionation during its interactienth soil and aquatic
microorganisms and metal oxy(hydr) oxides: Possibteuctural control.
Geochim. Cosmochim. Acia, 1742-1757.

Reimann, C., Englmaier, P., Flem, B., Gough, L., ddm, P., Nordgulen, O., and
Smith, D., 2009. Geochemical gradients in soil O#wri samples from
southern Norway: Natural or anthropogemigipl. Geochen24, 62-76.

Sauer, D., Sponagel, H., Sommer, M., Giani, L., J&nand Stahr, K., 2007. Review
Article Podzol: Soil of the Year 2007 A review on @gsnesis, occurrence, and
functions.J Plant. Nutr. Soil Sc170 581-597.

Schlichting, E., Blume, H. P., and Stahr, K., 19BBactical course in soil sciendgn
German). Enke, Stuttgart.

13¢€



D Stable Cu isotope fractionation in soils durinicaveathering and podzolation

Schwertmann, U., Fischer, W. R., and Fechter, H., 19Bfce-Elements in
Pedosequences .1. 2 Braunerde-Podsol-Sequencedaten (8 German).Z.
Pflanz. Bodenkundéd45 161-180.

Thompson, A., Ruiz, J., Chadwick, O. A., Titus, Mnd Chorover, J., 2007. Rayleigh
fractionation of iron isotopes during pedogenesisi@ a climate sequence of
Hawaiian basaltChem. Geol238 72-83.

Tyler, G., 2004. Vertical distribution of major, mmacand rare elements in a Haplic
Podzol.Geodermal19, 277-290.

Viers, J., Oliva, P., Nonell, A., Gelabert, A., Sonde E., Freydier, R., Gainville, R.,
and Dupre, B., 2007. Evidence of Zn isotopic fratioon in a soil-plant system
of a pristine tropical watershed (Nsimi, Camero@ft)em. Geol239, 124-137.

Weber, F. A., Voegelin, A., Kaegi, R., and KretzsaenmR., 2009. Contaminant
mobilization by metallic copper and metal sulphic®loids in flooded soil.
Nature Geosc2, 267-271.

Weis, W., Gruber, A., Huber, C., and Gottlein, A., 20&lement concentrations and
storage in the aboveground biomass of limed anonedl Norway spruce trees
at Hoglwald.Eur. J. Forest Red.28 437-445.

Weyer, S. and Schwieters, J., 2003. High precis®isbétope measurements with high
mass resolution MC-ICPM®nt. J. Mass Spectron226 355-368.

Wiederhold, J. G., Teutsch, N., Kraemer, S. M., HallidA. N., and Kretzschmar, R.,
2007. Iron isotope fractionation in oxic soils byineral weathering and
podzolizationGeochim. Cosmochim. Actd, 5821-5833.

Wilcke, W., Baumler, R., Deschauer, H., Kaupenjoh&hn,and Zech, W., 1996. Small
scale distribution of Al, heavy metals, and PAHs in aggregated Alpine
Podzol.Geodermarl, 19-30.

Wilcke, W., Guschker, C., Kobza, J., and Zech, V99 Heavy metal concentrations,
partitioning, and storage in Slovak forest and krawils along a deposition
gradient.J. Plant. Nutr. Soil. Sd62 223-229.

Zeien, H., 1995. Chemische Extraktionen zur Bestimgnder Bindungsformen von
Schwermetallen in Bodden.Bonner Bodenkundliche Abhandlungeh?,

Rheinische Friedrich-Wilhelms-Universitat Bonn, Gany, 284 p.



Zeien, H. and Brimmer, G. W., 1989. Chemical extoactd determine the chemical
forms of heavy metals in soil (in Germaijitt. Deutsch. Bodenkund. G9,
505-510.

Zhu, X. K., Guo, Y., Williams, R. J. P., O'Nions, R., Katthews, A., Belshaw, N. S.,
Canters, G. W., de Waal, E. C., Weser, U., Burges¥K.Band Salvato, B.,
2002. Mass fractionation processes of transitiomaimsotopesEarth. Planet.
Sc. Lett200, 47-62.

Zhu, X. K., Li, S. Z., Luo, Y. M., and Wu, L. H., 201CQopper isotope fractionation by
higher plants. Geochim. Cosmochim. Acta 74, A1234.

14C



141



E Stable Cu and Zn isotope ratios
as tracers of sources and
transport of Cu and Zn in

contaminated soil

Moritz Bigalke ™", Stefan Weye?, Jozef Kobz3 Wolfgang Wilcké

!Johannes Gutenberg University Mainz, Earth SysteenB8eiResearch Center,
Geographic Institute, Professorship of Soil Scieho#/Geography, Johann-Joachim-
Becher-Weg 21, 55128 Mainz, Germany,

University of Frankfurt, Institute of Geoscience, ekihoferallee 1, 60438 Frankfurt
am Main, Germany,

3Soil Science and Conservation Research Institutégé#nicka 36, 974 04 Banska
Bystrica, Slovakia,

“Geographic Institute, University of Berne, Hallerssea42, 3012 Berne, Switzerland

"Current address: Institute of Geology and Mineraladyyiversity of Cologne,
Zilpicher Str. 49b, 50674 KoélIn

Geochimica et Cosmochimica Acta, DOI : 10.1016/}.gc2010.08.044



E Stable Cu and Zn isotope ratios as tracers oteswand transport of Cu and Zn in contaminated soi

1 Abstract

Copper and Zn metals are produced in large questior different applications.
During Cu production, large amounts of Cu and Znrafeased to the environment.
Therefore, the surroundings of Cu smelters are ufatly metal-polluted. We
determined Cu and Zn concentrations and Cu andattesisotope ratio{°Cu, 5°°Zn)
in three soils at distances of 1.1, 3.8, and 5.3flam a Slovak Cu smelter and in
smelter wastes (slag, sludge, ash) to trace soaraksransport of Cu and Zn in soils.
Stable isotope ratios were measured by multicolteogtuctively coupled plasma mass
spectrometry (MC-ICP-MS) in total digests. Soilsrevéneavily contaminated with
concentrations up to 8087 ug €u and 2084 pgyzn in the organic horizons. The
5°°Cu values varied little (-0.12 to 0.36%# soils and most wastes and therefore no
source identification was possible. In soils, Cu dme isotopically lighter with
increasing depth down to 0.4 m, likely because dfilggium reactions between
dissolved and adsorbed Cu species during trangfh@rinelter-derived Cu through the
soil. The 8°Znrmm Vvalues were isotopically lighter in ash (-0.41%o)d aorganic
horizons (-0.85 to -0.47%o.) than in bedrock (-0.28%&ayl slag (0.18%o) likely because
of kinetic fractionation during evaporation and shallowed for separation of smelter-
Zn from native Zn in soil. In particular in the @mjc horizons large variations &°Zn
values occur, probably caused by biogeochemicatifnaation in the soil-plant system.
In the mineral horizons, Zn isotopes showed onlyomshifts to heavied®*zZn values
with depth mainly because of the mixing of smetterived Zn and native Zn in the
soils. In contrast to Cu, Zn isotope fractionatibetween dissolved and adsorbed
species was probably only a minor driver in prodgdime observed variations &°Zn
values. Our results demonstrate that metal stabtepe ratios may serve as tracer of

sources, vertical dislocation, and biogeochemieabior in contaminated soil.
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2 Introduction

Toxic metals can be released into the environmgnaiithropogenic processes.
Copper and Zn emissions from metal processinglaemajor sources of these metals
in the atmosphere (Pacyna and Pacyna, 2001; NriagglPacyna, 1988). In the direct
surroundings of Cu smelters, the environment iguemtly heavily contaminated
(McMartin et al., 1999; Wilcke et al., 1999). Metahre emitted in gaseous or
particulate form and may be deposited to the sarfaontaminating waters and soils
(Dudka and Adriano, 1997). However, they can alstrdmesported in soils, and finally
contaminate groundwater (Alloway, 1990).

Copper and Zn in dust was reported to be assoamrthds and O depending on the
ore and processing step from which it was emitteat¢®n, 2002b). Williamson et al.
(2004) observed chalcopyrite (CukgSZn,SnQ, gunningite ([Zn, Mn]S@H.0),
zincite (ZnO), and sphalerite (ZnS) as the main @di Zn minerals in dust and snow
samples near a Cu smelter in Karabash (Russia), vidatean (2002b) observed
chalcopyrite (CuFe$, chalcocite (CiS), covellite (CuS), cuprite (GOQ), tenorite
(Cu0O), and metallic Cu(0) as the main Cu speciedust from a Cu-Ni smelter in
Monchegorsk (Russia). During the smelting processt & emitted to the atmosphere
and may reach the soil by dry or wet depositiorsdif is under forest, dust particles
may adsorb onto plant surfaces, be washed to thdwoain events or reach the soil
with litterfall (Nieminen et al., 2004). Barcan (2nr) percolated organic layer material
contaminated with dust from a Ni-Cu smelter andnested that Cu would need 100-
200 years to leach from organic layers into theemahsoil. McMartin et al. (1999)
reported that most of the metals emitted from altemevere fixed in the organic layers
and only reach the mineral soil at strongly poliusites. Zinc oxide (ZnO) from filter
dust experimentally amended to field soils was d&sb completely within nine
months. Half of the Zn re-precipitated as Zn-layerdauble hydroxide or Zn
phyllosilicate, while the other half was adsorbedefatively little mobile organic and
inorganic soil particles (Voegelin et al., 2005).

Transport of Cu and Zn in soil occurs in dissoleeatolloidal form (de Jonge et al.,
2004; Keller and Domergue, 1996). In soil solutio@is, and Zn mostly exist as €u
and Zri*. Depending on pH and interacting substances, hydrétxgdrogen)carbonato-
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, Sulfato-, and organo-complexes may also be ptegsenarious mixtures (Artiola,
2005; de Jonge et al., 2004; Giunther and Kasten6i5). Dissolved Cu and Zn
species may adsorb on negatively charged surfdadayominerals and organic matter,
and may be strongly bound at the surface of oxy{loyities as outer- or inner-spheric
complexes or occluded in the oxides (Alcacio et20Q1; Artiola, 2005; Contin et al.,
2007; Dube et al., 2001, lldefonse et al., 1986).ddmdducing conditions, sulfides of
Cu and Zn may form (Artiola, 2005; Glnther and Kaktdz, 2005).

A recent review suggested Cd, Cu, and Zn isotopeewagools to trace the sources
of metals in the environment (Weiss et al., 20@@nilarly, Fe isotopes have been used
for this purpose (Borrok et al., 2009; Majestiakt 2009). Copper does not fractionate
during the smelting process, probably becausesofiigh boiling temperature, so that
smelting products reflect the mineralogical diffezes of the processed ores (Gale et
al., 1999; Mattielli et al., 2006). However, beca@e ores and minerals show a wide
range of isotope ratios, with*°Cu of -17 to +10%. (Mathur et al. 2009), which is far
larger than the isotope fractionation in naturalssgca.1%. with clustering around 0%o,
Bigalke et al., 2009), it is possible that Cu staidotope ratios of anthropogenic
emissions are different from those of natural soils

Zinc isotope ratios have already been successfidd to distinguish between
anthropogenic and natural metal sources (Chen,e2@09; Cloquet et al., 2006; Sivry
et al., 2008; Sonke et al., 2008). There are indina that the boiling point of Zn in Zn
minerals is below the temperatures used in metatiymtton with a blast furnace.
Consequently, Zn is evaporated and the Zn vapaseplsaenriched in light Zn isotopes,
while the residues of the smelting process are leedicn heavy Zn isotopes (Mattielli
et al., 2009). Because of the isotopic fractiomatiothe vapor phase, Zn emitted to the
atmosphere is isotopically light and different fr@dm in soils and rocks (Mattielli et al.,
2009), while Zn released from waste dumps is iso#dlgicheavy and can be
distinguished from native Zn in sediment cores riGiet al., 2008). One first study
reported that the isotope ratio of Zn pollutionward a metal smelter also depends on
distance from the smelter. They assumed that heasrhelter heavy Zn blown out from
waste dumps and ores contaminates the surroundhragidition to isotopically light Zn
originating from the emissions of the smelting @mes; while at greater distances only
the latter light Zn is deposited (Mattielli et a@2009). As smelter-emitted Cu and Zn
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enter soils from the surface, a separation of apthgenic from native Cu and Zn with
the help of the natural abundance of stable metadopes might help to better
understand transport of these metals in soil.

The objectives of our study are () to trace sosi@eCu and Zn emissions with the
help of their stable isotope ratios and (ll) to @aeand Zn stable isotopes to assess the

vertical transport of smelter-derived Cu and Zisai.

3 Materials and methods

3.1  Sampling site

Copper production in Krompachy (Slovakia) startedl®37 and is still on-going.
Mainly sulfidic Cu ore concentrates, but also scraps processed in the smelter. The
process of metal production from ore starts witloacentration melting step, followed
by converting, fire refining, anode casting, anekcéblytic refining, with at least 99.9%
electrolytic Cu as the product. Since the year 2@00y scrap has been used for Cu
production and parts of the production line werendbaed. During the lifetime of the
smelter, different kinds of filters were used tovemr@ environmental pollution with fly
ashes and S{emissions (Tuan, 2006). Nevertheless, the surroundings of thdteme
are heavily polluted with various metals includi@g and Zn (Wilcke et al., 1999). In
the fly ash emitted during the various smeltinggesses, elements with low boiling
points like Cd, Zn, Pb, and As are enriched congpdrethe ore because they are
volatilized during the smelting process (BarcanQ2) Williamson et al., 2004). In
Krompachy, fly ash from the shaft furnaces cont@ib8-60% Zn, 5-7%Pb, and 2-3%
Sn in the 1950s before new filters were installedr{@n, 2006). Besides emissions
from furnaces and chimneys, dust originating fropemair ore storage and waste
dumps may also contaminate the surroundings oftemsglDudka and Adriano, 1997).
During the lifetime of the smelter mainly local drem Slovinky, Slovakia, and to a
smaller extent also ore from other smaller Slova#t Romanian mines was processed
(Turcan, 2006).
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Figure E-1. Map of the Krompachy area in Slovaldm#ll map) and detailed map of Krompachy area
with location of the smelter and sampled soil pesfi Hatched areas indicate settlements, blacktyies
indicate mountain tops, black line indicates rivehite lines bordered by black lines indicate tha&imm

streets and all numbers indicate height above seel |

3.2  Study soils

Three soils at different distances from the Cu seneh Krompachy were sampled
according to their pedogenetic horizons. Additibnabedrock was sampled from an
outcrop in the city of Krompachy and smelter wadtem a waste dump. All three soils
were located in forests in the southeast (in maimdwdirection) of the smelter (Fig. E-
1). The first soil was a Dystric Cambisol (IUSS WaoikiGroup WRB, 2006) at a
distance of 1.1 km (Dystric Cambisol 1.1), the seteoil was a Dystric Cambisol at a
distance of 3.8 km (Dystric Cambisol 3.8) and thedt soil was a Stagni-Eutric
Cambisol at a distance of 5.3 km from the smelEach of the three soils had an
organic layer on top of the mineral soil, each estivgy of three organic horizons with
total depths of 0.15, 0.13, and 0.04 m, respegtivEhe mineral soil of the Dystric
Cambisol 1.1 and the Dystric Cambisol 3.8 consisied\, B, and C horizons. The
Stagni-Eutric Cambisol was influenced by stagnic watethe two mineral subsoil
horizons (Bwg and Bg). All three soils developed frBarmian tuffite at current mean
annual temperatures of 7°C and mean annual raiofafO0 mm. Vegetation was
dominated by pineRinus sylvestrid.., Dystric Cambisol 1.1) or spruc®i¢ea abies
(L.) Karst., Dystric Cambisol 3.8, Stagni-Eutric Aaisol) and mixed with hornbeam
(Carpinus betulud..) and linden Tilia cordataL.). The waste dump was located to the



west of the smelter. From the waste dump, we colleatgrained slag and a hyaline
tube furnace slag, two different sludges, and akliac heavy solid material.
Additionally, an ash sample was supplied by thef stithe Cu smelter.

3.3  Sampling and sample preparation

The soil profiles were macroscopically characterirethe field according to FAO
(2006) and each horizon was sampled in a representafy from the front of a hand-
dug profile pit. The samples were air-dried andeieto <2 mm. The pH was measured
in 0.1 mol I* KCl at a soil:solution ratio of 1:2.5 after equilibratifor two hours with a
glass electrode. Total C, N, and S concentration® wetermined by dry combustion
with a CHNS analyzer (Vario EL, Elementar AnalysensysteHanau, Germany). The
effective cation-exchange capacity (ECEC) was detetnas the sum of the charge
equivalents of Ca, K, Mg, Na, Mn, and Al extractedhwit mol I* NH4;NOs. Base
saturation (BS) was calculated as the sum of tlaegehequivalents of Ca, Mg, Na, and
K divided by ECEC and expressed in percent. In thenol I* NH;NO; extracts,
concentrations of Ca, K, Mg, Na, Mn, and Al were meedguby flame atomic
absorption spectroscopy (FAAS, AA 400, Varian, PalmAWSA). Soil properties are
summarized in Table E-1.

For Cu and Zn isotope analyses, and to determia¢ @u and Zn concentrations,
samples were ground in a ball mill. For isotope ysialof Cu and Zn, 100-400 mg of
ground sample was weighed in a ceramic crucible shédcaat 450°C overnight. The
samples were transferred to a microwave digestioselesd digested at 200°C under
pressure in a mixture of concentrated HF and corateat HNQ (1:3) in a microwave
oven (MARS5Xpress, CEM, Matthews, USA). Some sampleh@forganic horizons
contained many hardly soluble organic compoundg theare neither ashed nor
dissolved with this method. Therefore, the proceduas modified for these samples.
After ashing overnight the sample was digested ifir& ml HNG; and 2 ml HO, with
a maximum temperature of 225°C for 1 h, after cgpB ml of HF were added and the
microwave program was repeated twice. This procedeselted in clear digests. The
samples were transferred %8avillex vials and evaporated to dryness on a latepl
ml of HNO; was added to drive off remaining HF and again ekated to dryness. The
sample was redigested in 10 mbHCI (with a few drops of kD,) until all solids were
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E Stable Cu and Zn isotope ratios as tracers oteswand transport of Cu and Zn in contaminated soi

dissolved, evaporated to dryness again and redes$dh 7 mol T HCI and 0.001%

H,O; for purification on anion-exchange resin.

Table E-1. Selected soil properties of the threeystoils

C N S
soil/ oo, Depth pH ECEC BS®

Distance cm KCI mmol kg* % g kg'
oi° 15 4.0 221 89 454 20.6 3.3
Dustric o¢é 10 4.0 168 81 357 19.5 35
Cafnbisol od 4 4.6 117 71 279 11.1 2.8
11 km Ahf 0 3.9 111 81 47.8 3.4 0.6
Bw? -10 3.5 77 44 16.8 1.3 0.3
ch <-18 3.4 70 35 8.9 9.1 0.3
oi° 17 4.1 200 91 465 16.2 2.6
Dustric o¢é 13 3.8 181 74 385 16.5 3.0
c ai’nbi' o OF 3 4.1 161 40 240 10.8 2.2
3.8 km Ahf 0 3.2 103 27 31.9 1.6 0.4
Bw? -10 3.1 103 29 19.2 1.2 0.4
ch <-25 3.4 99 27 14.2 1.2 0.4
oi° 4 4.9 391 97 452 18.6 2.7
Stagnic-  O¢' 3 4.5 433 96 361 19.8 3.0
Eutric od 1 4.6 349 93 226 14.2 2.3
Cambisol Ahf. 0 5.2 173 99 29.3 2.1 0.4
5.3km  Bwg -15 4.9 124 94 8.9 0.8 0.2
B¢ <-30 4.9 86 95 6.0 0.7 0.2

(a) ECEC, effective cation exchange capacity; (B) Base saturation; (c) Oi, slightly decomposed
organic matter; (d) Oe, moderately decomposed argamatter; (e) Oa, highly decomposed organic
matter; (f) Ah, mineral surface horizon with accuation of organic matter; (g) Bw, mineral subsugac
horizon with development of color or structure; @) horizon relatively unaffected by pedogenetic
processes; (i) Bwg, mineral subsurface horizon @#elopment of color or structure and influencgd b
stagnic water; (j) Bg, mineral subsurface horizgiuenced by stagnic water.

Copper and Zn were separated from the matrix oftohel digests by exchange
chromatography using AG MP®Biorad resin after a protocol modified from Marekha
et al. (1999). The resin was cleaned before putifingBigalke et al., 2010a). Because
of the low Cu to matrix ratio, one single purificatirun was not sufficient to achieve
good matrix separation for Cu as some Ti remaineithe sample. The Cu purification
procedure was therefore repeated for each samplehwddluced Ti to irrelevant levels

(Bigalke et al. 2010a). For Zn, a single purifioatistep was sufficient. Purity of
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extracts was checked for some selected samples,uviihding relevant concentrations
of interfering elements. After purification, the salmwas dried and the residue treated
with 200 pl of concentrated HN@nd 200 ul of 30% D, to destroy organics released
from the resin and drive off remaining HCI. Afterlaast 3 h reaction time on a hot
plate, the solution was evaporated and samples veglissolved in 2% HN@ for
isotope ratio measurement. Recovery was checkeeviny Cu and Zn sample to rule
out isotope fractionation on the resin (Marechal &tbarede, 2002). Recoveries were
checked with electrothermal atomic absorption spscbpy (Cu, ETAAS Unicam
Solaar 989, Thermo Scientific, Waltham, USA) or nfea atomic absorption
spectroscopy (Zn, FAAS, AA 240 FS, Varian, Palo Alto AYy&nd samples which did
not show recovery of 100 + 6% were discarded. Copper Zn concentrations were
measured in total digests by ETAAS and FAAS. The mypetility of Cu and Zn
concentration measurements was ca. 10% (2RSD) whirctdicated by the size of the
error bars in respective figures. Accuracy of com@ion measurements was checked
by repeated analysis of different reference mdteaad results were always within
10% of the certified values. The used referenceenads with measured and certified
values are listed in Table E-2.

All reagents used for the preparation of the isotspeples were of suprapur
(Merck, Darmstadt, Germany), Rotipufasupra (Carl Roth, Karlsruhe, Germany), or
trace select (Fluka, Seelze, Germany) quality. Waites taken from a TKA GenPure
UV (TKA, Niederelbert, Germany) water purification systand was of >18 K2 cm
quality. All critical steps were performed under clesdr conditions in a clean bench,
evaporations were conducted in boxes supplied vagaltiiltered air. Copper blanks for
the whole procedure were 5.1 £ 5.4 (2SD) ng comptared least 410 ng of Cu in the
bedrock sample. For all other samples the mean &k lwas less than 0.5% of the
amount of Cu in the sample. Zinc blanks were 42@&3%5 (2SD) ng compared to at
least 2408 ng of Zn in the tube furnace slag amtB2¥y of Zn in the bedrock sample.
For all other samples, the mean Zn blank was less €h7% of the amount in the
sample.

3.4  Copper and Zn isotope measurements
Copper and Zn isotope ratios were measured withnaigan-Neptune (Thermo

Scientific, Waltham, MA, USA) multiple collector indtively-coupled plasma mass
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spectrometer (MC-ICP-MS). The samples were introdus@h a dual quartz glass
spray chamber (Thermo Scientific). Aluminum conesengsed to avoid contamination
from the Ni cones. Copper isotope ratios were megswwimilarly to the method
described in Bigalke et al. (2010a). A Ni stand@tST 986) was added to all samples
and the Cu standards prior to measurement and veak fas instrumental mass bias
correction (Li et al., 2009; Markl et al., 2006).abkes 60 (Ni), 61 (Ni), 62 (Ni), 63
(Cu), 64 (Zn+Ni), 65 (Cu), and 66 (Zn) were detectedultaneously. Mass bias was
corrected according to the certifi&dNi/®°Ni ratio (0.138600) of NIST 986 by applying
the exponential law. The use of Ni for mass biasemion of Cu has been used in other
studies before (Ehrlich et al. 2004, Li et al. 20Dkl et al. 2006) because the mass
bias of Cu and Ni is more similar than that of Gul &n, which is commonly used (eg.
Marechal et al., 1999). This is probably attriblgalbo more similar ionisation
temperatures and result in FTGuf3Cu) vs. In (®Ni/°Ni) slopes very close to 1 (Fig.
E-2).

-1.9165
] y=101x- 115
-1.9170 3 r=1.000
19175 3
Z 19180 3
= -1.9185 4
Z :
€ -1.9190 3
= 1
= -1.9195 4
] y=0.98x - 1.18
-1.9200 3 S 0,999
-1.9205 +—+——"7"+7———7——17+
07540  -0.7530  -0.7520  -0.7510  -0.7500
In (¢*Cu / Cu)

Figure E-2. In°®Ni/*Ni vs In®*Cuf*Cu plot of Nist 976 spiked with NIST 986 during tmalytical

sessions (filled and open dots).

After every third sample, the Cu standard (NIST 9%@s measured. Th&*Cu
values of the samples were calculated as the dewiati the mass bias-corrected Cu
isotope ratio of the samples from the mean of thesbias-corrected Cu isotope ratios
of the bracketing standards (Bigalke et al.,, 201l0agt al., 2009). Samples and
standards were introduced in 2% HN& concentrations of 300 ng* €u and 1000 ng
g* Ni. A Cu-ICP standard (Merck, Darmstadt, Germany) waed as an in-house
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standard to check for intra-day and long-term rdpoibility. The long-term
reproducibility of this standard was 0.06%. (2 SD, A9). Every purified sample was
analyzed twice and the mean reported. The averggyedecibility of different aliquots
of samples that were separately digested, purifigdl measured was 0.08%. (2SD),
which is also displayed in the error bars in theurg. Where 2SD of individual
samples was larger than 0.08%., the larger valuesjgayed. All Cu isotope ratios were
expressed a8 °Cu values relative to the NIST 976 isotope referanagerial according

to Equation D-1.

3°°C|%o] :[ (:C“/;CU)SE‘”""‘* —1]*1000
( Cu/ Cu)NISTQ?G (E-1)
A Cu in-house standard was used to correct the mass df Zn isotope
measurements. The Cu standard was 0.84 + 0.06%. (2SD19) different from NIST
976 and the Zn isotope ratios were mass bias-ceddst applying the exponential law.
After every third sample, the Zn standard (IRMM 3y02s measured. Th&®Zn
values of the samples were calculated as the daviaff the mass bias-corrected Zn
isotope ratio of the samples from the mean of thssvbias-corrected Zn isotope ratios
of the bracketing standards. Samples and standeeds introduced in 2% HNfat
concentrations of 1000 ng*gzZn and 300 ng §Cu. The Zn isotope ratios were
measured relative to the Zn isotope reference mhtdRMM 3702 according to

Equation D-2.

(66 Zn/64 Zn) sample *
= ™ -1{*1000 (E-2)
(> Zn/™ ZN) \rumazoz

JGGZnIRMM [%0] = {

The long-term reproducibility of a Zn in-house stard was 0.08%. (2SD, n=10).
Every sample was measured twice and the mean repditedaverage reproducibility
of two to five aliquots of a samples that were safsy digested, purified and measured
was 0.07%. (2SD). The long time reproducibility of08%. is indicated by the
respective error bars in the figures. Where 2SDndividual samples was larger than
0.08%o (2SD) the larger value is displayed. To chiecknass dependency and absence
of interferences>°®Zn was plotted againsi®’zn and 8°®zn (Fig. E-3) and samples

which did not show a proper fit were rejected.
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Figure E-3. Plot of (a)¥°Zn vs.&'Zn and (b) 0f¥°Zn vs.#%Zn of all investigated samples.

Because Zn isotope data are frequently reportegtivelto a Johnson Matthey
(JMC) standard solution (batch 3-0749L), Zn isotogtéos measured relative to IRMM
3702 were converted by adding 0.32%., which isdfi&n;vc value of the IRMM 3702
standard (Cloquet et al., 2006; John et al., 200iMe value of 0.32%. may slightly
change when more authors report their results. &fbkanges are small compared to the
total variation found in our samples (1.10%.). Tengrate values which can be
compared to other studies which repdfizn values relative to JIMC Z@°Znyuc can
be estimated with Equation D-3.

(66 Zn/64 Zn) sample
R— ~1[¥1000 (E-3)
(*Zn/™ Zn) rvmsroz

I%®ZN,0 5a[%0] = 0.32{

Use of this simplified equation induces an errort 8is error is by far smaller than
the analytical error and can be neglected for vaalld Zn isotope variations. The
calculatedd*®Zn;uc values are presented as an extra column in Taide vihile all
figures and the discussion are base®®8nnruv values.

Accuracy ofisotope measurements was assessed by measefergnce materials
from the United States Geological Survey (USGS): BCB3P-2 and NOD-P-5°°Cu
values measured for BCR-2 and GSP-2 reference mbterie 0.19 + 0.06%0. and 0.35
+ 0.10%0 and thus similar to those reported in Bigadt al (2010a; BCR-2 = 0.22 +
0.06%0; GSP-2 = 0.25 £ 0.03%0). While BCR-2 seems eoshghtly different from
BCR-1 in respect to Cu isotopes (Bigalke et al,@0)1the estimated’®Znyyc value of
0.22 £ 0.08%. fits quite well the 0.20 = 0.09%. remarby Archer and Vance (2004) for
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BCR-1. Thed*®Cu and estimated°Znyuc values of NOD-P-1were 0.35 + 0.11%o and
0.84 %o respectively, and are thus not significauwlifferent from values reported by
Chapman et al. (2006; 0.46 £ 0.08%o; 0.78 + 0.09%o).

4  Results and discussion

Natural systems are complex and the main challengdiscussing Cu and Zn
isotope variation in these systems is the overlgprasious possible fractionation
processes. In our study, two generally differemdki of processes affect Cu and Zn
isotope variations in the analyzed samples. That Group of processes is related to
smelting and electroplating, which control metabtagpe ratios in wastes of the
processed ores and determine the isotope ratiosetdl emissions and depositions to
the soils. The second group of processes contgolsotope ratios are natural and
include plant cycling, adsorption, precipitatiomdamixing of different metal sources
which occur in the soil and might help to understdmafate of metals after entering the

soil.

4.1 Wastes

The technical products sampled from the waste dufmjinedo smelter and the ash
sample supplied by the smelter staff varied comalalg in Cu and Zn concentrations
and Cu and Zn isotope composition (Fig. E-4, T&b[2). The grained slag and fly ash
had high Cu and Zn concentrations &WCu values close to zero. Simi’Cu values
in slag and ash of Cu smelting were also reporteGaig et al. (1999) and Mattielli et
al. (2006), who attributed this finding to a lack Gti isotope fractionation during
smelting. The3®°Zn value of the grained slag was positive and feavy 0.49%. and
1.03%o than those of the slag and uppermost sodrocgayers, respectively (Table E-
2). The reason is Zn isotope fractionation durihgge change in the smelting process,
resulting in Zn isotopically light emissions andtspically heavy Zn residues (Mattielli
et al., 2009; Sonke et al., 2008).
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Table E-2. Copper and Zn concentrations @iCu and$°Zn values

glrsotglr?cl‘ Horizont Depth Zn l.,lg gl SGBZn("qMM Zn) %0a (SGGZFI(JMC Zn) %Ob Cu l.lg gl SGSCU([\“ST 976)%0a
Oi 0to-5 1081 -0.7¢ -0.47 4367 0.37
, Oe -11 208¢ -0.6¢ -0.3€ 8087 0.20
Cl?i)r/igilgol Oz -15 171E -0.4€° -0.1€ 263¢ 0.1
11 km Ah -25 157 -0.44 -0.12 12¢ 0.11
' Bw -33 26E -0.E0° -0.1¢ 12 0.17
C <-33 97 -0.40 -0.0¢ 23 -0.12
Oi 0 to-4 117: -0.7¢ -0.47 333t 0.3/
Dystric Of -14 132¢ -0.7§C -o.fe 460¢ 0.1sc
Cambisol (oF -17 1889 -0.52 -0.20 305¢ 0.1€
3.8 km Ah -27 9¢ -0.51 -0.1¢ 72 0.0¢
' Bw -42 79 -0.3¢ -0.0€ 26 -0.0¢
C <-42 52 -0.32 0.0C 16 0.1¢
Oi 0to-1 1071 -0.8¢ -0.5¢ 116¢ 0.3¢€
Stagni- Oe -3 92t -0.62 -0.31 216¢ 0.1¢
Eutric (oF -4 66€ -0.47 -0.1¢ 201¢ 0.1¢
Cambisol Ah -1¢ 232 -0.3¢ -0.0€ 162 0.1
5.3 km Bwg -34 88 - - 38 0.01
Bg <-34 57 - - 17 0.0C
Bedroc} Tuffite 28 -0.2¢ 0.0< 5 0.1£
Grained sla 2404« 0.1¢ 0.E 1460 0.0t

Tube furnance sl: 41 -0.41 -0.0¢ 26 -

Waste Sludge : 91( 0.11 0.42 1698¢ 1.81
products Sludge ; 2998: -0.7¢€ -0.44 1496 0.81
solid wast 1873¢ 0.2t 0.57 2511( 0.1€
fly ast 43755( -0.4T -0.0¢ 932¢ 0.1T

BCR-2° 140.7 (127+9)° -0.0¢ 0.23 0.2040.09¢ 17.€ (19+2) ¢ 0.1¢° (0.22+0.0()°

Reference GSF-2 119.7(120£10 ¢ - - 39.£(43+4)° 0.3°(0.2520.0)'

Materials SCL-700% 76.7(81+7.6)¢ - 27.2(29.1+0.9)¢

NOD-P-1" 1467.1 (16006 ¢ 0.5¢ 0.87 0.780.09"  11386.F (11500450 0.35°(0.46+0.09)"

(a) reproducibility 0f3*°Zn andd®*Cu values is 0.08%o; (b3°°Znyc values as estimated from Equation E-3 (c) indicatmples which were independently
digested, purified and analyzed 2-5 times; (d) esloertified by USGS are given in bracketsp(glished isotope valueg®®Zn 0.20 + 0.09%. (for BCR-1; Archer
and Vance, 20043%°Cu 0.22 + 0.06%. (Bigalke et al., 2010a), (f) puliid isotope values®°Cu 0.25 + 0.03%. (Bigalke et al., 2010a); (h) apjfmated according to
Equation E-3, published values®Zn,yc 0.78 + 0.09%05°°Cu 0.46 + 0.08%. (Chapman et al., 20086).
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Figure E-4. (a) Cu concentrations (up-pointing triies) and¥°Cu values (dots) in the waste samples.
(b) Zn concentrations (up-pointing triangles) ad®fZn values (dots) in the waste samples. Please mind

the logarithmic scaling of Zn concentration axis.

The tube furnace slag showed markedly lower Cu amcc@hcentration than the
other technical materials (Table E-2). T&&Zn value of the tube furnace slag was
similar to that of the ash sample. As slag is suppds have a heavié’®Zn compared
to ash, this would suggest tR&fZn in the ash from this production step would beneve
lighter compared with our ash sample. The resulisggopically light Zn emissions
(even lighterd®®zZn value than -0.41%. measured in the ash) woulchHsé with the
low 5°°Zn values of the Oi horizons of the soils, whered@position first arrives.

The two sludge samples possibly originate from eddydis, acid leaching of
minerals, or precipitation in neutralized waste watérhe two sludge samples had
similarly high Cu concentrations and th&ifCu values were by far the highest in our
study. The large isotope fractionation might beilaitable to electrolytic refining.
Electroplating, i.e. chemical reduction, of Fe anAd results in the deposition of
isotopically light metal leaving the dissolved mdasmtopically heavy (Kavner et al.,
2005; Kavner et al., 2008). Chemical reductionls® &nown to strongly fractionate Cu
(Zhu et al., 2002). Thé°°Zn values of the two sludge samples differed by6%.8
Sludge 1 had a lower Zn concentration and a high&mn value than Sludge 2. The
positive3°Zn value of Sludge 1 is in accordance with &f*Cu values in both sludges
and probably attributable to chemical reductionimtyelectrolytic refining. We do not

have an explanation for the negatd’&zn of Sludge 2.
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The rock-like solid waste had high Cu and Zn cotregions. The>*°Cu value was
in the middle of the range observed in our studyileme 5°°Zn value was the most
positive. Unfortunately, the production processnfravhich the rock-like solid waste
originated is unknown. The Cu concentration in thle was 0.93% and tR&°Cu value
was similar to that of slag which further suppohs assumption that Cu isotopes were
not fractionated during smelting (Gale et al., 199%he ash had a Zn concentration of
44% and a negativd®°Zn value, which is in line with the assumption of Botope
fractionation during evaporation. The Cu and Zrblstasotope ratios in the studied
waste materials seem to be mainly influenced byxguocesses during electrolytic
refining and in the case of Zn additionally by tianation during evaporation.

4.2  Source tracing of Cu and Zn

Strong Cu and Zn accumulations in the soil orgalaigers indicate strong
contamination of the investigated soils, and therelesing Cu and Zn concentrations
with increasing distance from the smelter revealdimelter as the point source (Figs. E-
5 & E-6, Table E-2). The fact that Cu concentratiamthe organic layers were higher
than Zn concentrations, although Zn is enrichedlyirmsh because of its low boiling
point (e.g., in our ash sample, Table E-2), indictitat large proportions of Cu in
organic layers originate from emissions of openstorage of ores, waste, and working
units and not from the smelting process itself. t@a other hand, Zn is likely mainly
distributed via emissions from the chimney, as lbaseen from lighb®°Zn. In contrast
to the concentration®’°Cu andd°®Zn values were not related to distance from the
smelter (Table E-2).

In the absence of a Cu isotope fractionation byltamge(Gale et al., 1999), Cu
emissions mainly reflect the Cu isotope compositibthe processed ores (Mattielly et
al., 2006). Although3®°Cu values in ores and minerals cover a wide ranfjé (0
+10%o, Mathur et al. 2009), th&°Cu values in most primary magmatic sulfides —
mainly used in the studied smelter — display onlyréted spread (Graham et al., 2004;
Larson et al., 2003; Markl et al., 2006; Masonlet2905). Stronger fractionations seem
to be coupled to secondary processes like oxidatieduction, and remineralization
taking place in ore deposits (Asael et al., 2007).
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Figure E-5. Depth distribution of Cu concentratidug-pointing triangles) and®°Cu values (dots) in the

three soil profiles and bedrock.

As Zn isotope variations in natural materials ontlc@re small, but large during
high-temperature combustion, Zn isotopes are pdatily useful for the identification
of smelter-induced contamination. In soils in thergundings of a Pb-Zn refinery,
Matielli et al. (2009) observed variations &°Zn values of up to 0.7%.. Near the
smelter, coarse particles from slag heaps and wgtkiits were interpreted to cause a
heavier Zn isotope signal, while emissions from th&in chimney had’®Zn values
down to -0.67%. and caused negatd&Zn values in depositions at greater distance
(1720-4560 m). Zinc isotope ratios have furthermaheady been used for source
identification of anthropogenic Zn in the atmosghe(Cloquet et al.,, 2006;
Dolgopolova, 2006; Mattielli et al., 2009), rain wafeuck and Ben Othman, 1998),
rivers (Borrok et al., 2009; Chen et al., 2008; €beal., 2009), sediments (Sivry et al.,
2008; Sonke et al., 2008), and peat (Weiss e2@07).

The Oi horizons had heavidf°Cu and lighter3*®Zn values than deeper horizons
(Figs. E-5 & E-6, Table E-2). The uppermost orgasad horizon (Oi) is thought to be
closest to the isotope signature of emitted dusalee it is directly impacted by smelter
dust. The Cu and Zn isotope composition of Oi lm&can therefore be considered as
a mixture of Cu and Zn originating from smelter aading dusts and native Cu and Zn
in soil. The Cu and Zn isotope signature of thigtore is modified by biogeochemical

and physical processes in the soil-plant system.
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Figure E-6. Depth distribution of Zn concentratiqup-pointing triangles) and®Zn values (dots) in the

three soil profiles and bedrock.

The heavierd®Cu values in Oi horizons than in deeper soil horizgFig. E-5,
Table E-2) are in contrast to some init8ICu values reported for unpolluted soils in
which organic horizons are enriched in the li§f€u isotope (Bigalke et al. 2009),
which is assumed to be caused by plant-inducedidration (Jouvin et al., 2008).
However, given the large contribution of smelter-dgedi Cu to total Cu concentrations
in the Oi horizons, the effect of plant-inducedcfranation may be small compared to
the Cu isotope signal introduced by the smelter.

The lighter°°Zn values of the Oi horizons than the deeper soiizbns in our
study area (Fig. E-6, Table E-2) further suppoe @ssumption that Zn in soils
originated mainly from the emission of the smeltprgcess and not from resuspension
of Zn from slag dumps, ore storages, and workingsufiihe fact thab®°zZn values in
organic layers were even lighter than in the astbleT&-2) might be attributable to
mixing of different emissions from different prosesy steps (Mattielli et al., 2009) and
further biogeochemical fractionation in the so#ipt system (see below).

Because of the small total variation of Cu and gimeilar 3*°Cu values in bedrock,
organic layers, ash, and slags, Cu does not sedm saitable for source tracing in our
study area while the significantly light&f°Zn values of the smelter emissions render
the isotope ratios of Zn a suitable tracer of semedierived Zn in soil. This assumption

is supported by the mixing plots &°Cu and &°°Zn values versus their reverse
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concentrations which only supported two-end-menmbiging for Zn in the mineral soil

(Fig. E-7).
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Figure E-7. Mixing plots of (a)f°Cu values vs. 1/Cu concentrations and &%n values vs. 1/Zn
concentrations. Values for organic horizons (op&uoles), mineral horizons (dots) and bedrock (X¢ ar
given. Straight lines show correlations for lowesh@rganic horizons (Oa), mineral horizons and
bedrock, numbers for y, r and p refer to these@ations. Dotted ovals in plot b should help tasisze
the two overlapping groups of organic and mineratibons in which variation o##°Zn is probably
driven by different mechanisms. High variation ngamic horizons is thought to be mainly caused by
biogeochemical cycling in the soil plant systemijevnariation in subsoil is possibly due to mixiojZn

leached from the organic horizons and Zn origingtfrom the weathering of bedrock.

4.3  Variations in Cu isotope ratios in soil

The variations i®*°Cu values of Cu in the studied soils cannot juséx@ained by
mixing of natural and anthropogenic Cu becausemilar 3°°Cu values in deposition,
soil, and bedrock. Therefore, biogeochemical Cuwtipaation in soil needs to be
considered to explain the observed patterns. Ititta of all studied soils is combined,
the decreasing®Cu values in soil down to 0.4 m depth (Fig. E-8) mige explained
by fractionation of Cu during transport through #wal. The deposited smelter-derived
Cu is first dissolved in the soil solution and theteracts with soil-internal surfaces
causing Cu isotope fractionations. During sorptiarogy(hydr)oxides (Balistrieri et al.,
2008; Clayton et al., 2005; Pokrovsky et al., 200&ganic matter (Bigalke et al.
2010b) and possibly also on other adsorption sitesoil, heavyCu is preferentially
bound leaving the solution enriched in isotopicalight Cu. Consequently, the
isotopically light Cu is preferentially leached tieeper soil horizons explaining

decreasin@®Cu values down the profile (Fig. E-8). In principikis effect is similar to
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isotope fractionation observed on ion exchange mop&i (Marechal and Albarede,

2002), albeit opposite in direction.
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Figure E-8. (a) Relationship between soil depth &%€Cu values in all three soils (dots) and bedrock
(up-pointing triangle). (b) Relationship betweerl stepth and#°Zn values in all three soils (dots) and
bedrock (up-pointing triangle).

The deepest soil horizon at 0.47 m (C horizon efBlystric Cambisol 3.8) showed
a 8%°Cu value deviating from this trend by 0.39%o. bualisost identical with th&°°Cu
value of the bedrock (Fig. E-8). This might indee#éhat at a depth of >0.4 m, the soil is
not, or only little, affected by the input of antplogenic Cu, and that anthropogenic Cu
has only been transported to a depth of ca. 0.4innglthe 60 years between the start
of smelting operations and sampling. This would mearansport rate of 0.0066 ity
and seems realistic when compared to Pb which e@sted to migrate ca. 0.005 iy
(Erel et al., 1997). But as this assumption is drdged on a single soil sample at this
depth, our interpretation must be considered dgypnary.

Another possible reason for Cu isotope fractionatiothe soil profile is the fact,
that in smelter dust, Cu occurs as chalcopyriteF&}), calcosite (CeS) covellite
(CuS), cuperite (GID), tenorite (CuO), and metallic Cu (Barcan, 2002kjiavhson et
al., 2004) and thus partly in a reduced oxidatiaes(Cd, elemental Cu) and immobile
forms. Accordingly, Cu transported in the soil mbave undergone changed speciation

to mobil and probably oxidized species {Qu which is likely coupled to isotope
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fractionation. However, this type of isotope fracdtian can hardly explain the

observed systematic depth distribution of &f*€u values.

4.4  Variations in Zn isotope ratios in soil

Zinc isotope ratios in the soils are clearly inflied by the smelter-derived
deposition as can be seen from very lidfiZn in topsoils. Zinc concentrations decrease
with depth whiled*®Zn values became heavier until reachingd#&n value of bedrock
in C horizons (Figs. E-6 & E-8). The strongest atioins ind°°Zn values occurred in the
organic horizons and are associated with the highestoncentrations in soil (Fig. E-
6).

With increasing state of decomposition, organiaZzwrs become heavier from Oi to
Oa horizons to a similar extent (0.27-0.38%o) in timee soil profiles (Fig. E-6, Table
E-2). Possible explanations for this depth gradientZn isotope ratios include
biogeochemical fractionation within the soil-plasystem, changes in Zn speciation
during alteration of Zn dust and Zn transport iil. b portion of soil Zn is recycled by
plants and returned to the Oi horizon via littdrfdh the plant, Zn isotopes are
fractionated, with shoots and leaves being isotdlgitighter than roots (Moynier et al.,
2009, Weiss et al. 2005). Thus, plant-induced diojse fractionation might contribute
to the observed depth distribution&fZn values in the study soils by recycling leaves
enriched in light isotopes to the soil surface, amaly also explain why the organic
layers show even lighté¥°Zn value than the ash (Table E-2). Biological fiawation
of Zn isotopes was suggested to be a major factéectafy 5°°Zn values in
biogeochemical systems (Viers et al., 2007; Welisd.e2005). Another reason for the
increasingly highe®®°zZn values in deeper organic horizons might berthease of
light Zn during alteration of deposition Zn dust¥ogégelin et al., 2005) and
decomposition of organic layers and subsequenhiegaof isotopically light Zn into
the mineral soil leaving the more decomposed dleand Oa horizons heavier. This is
supported by the fact that the studied A horizaished lighter 3°°Zn values than the
bedrock. Similar findings were reported by Coudealef2009), who observed a 0.41%o
lighter 3°°Zn value in litter leachate than in bulk O horizons

Zinc isotope ratios in the mineral horizons showydittle variation and approach
that of the bedrock with increasing depth (Fig. -8\ mixing plot of Zn (Fig. E-7b)
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implies two different fractionation processes in amg layers and in the mineral
horizons, respectively. Th&#°Zn values of Oa horizons (the organic horizonsadtlye
above mineral soil surface), mineral soil and beHrall fall on the same mixing line
(Fig. E-7b), suggesting that variatiod¥Zn values of these horizons can mainly be
explained by mixing of isotopically light Zn leach&om organic layers and native Zn
of bedrock. The correlation implies that 69% of traiation in&°°Zn values in the
mineral horizons can be explained by mixing of énego end members.

The depth trend a3°°Zn values is in opposite direction than that obserfor3*°Cu
values in the same profiles. For Cu, we assume psofiactionation during transport
because of interaction with soil sorption sitesc@ese of the stronger binding B€u
to sorption sites, the light Cu is preferentialigrisiocated to deeper soil horizons. The
effect of the interaction of Zn with adsorptionesiton3°°Zn values seems to be less
homogeneous. Zinc adsorption on oxy(hydr)oxidesseauZn isotope fractionations
with opposing directions a&°®Znsgiig-solutionfrom -0.2 to 0.6%. depending on the type of
mineral and pH (Balistrieri et al., 2008; Pokrovsityal., 2005) and complexation on
purified humic acid causes fractionation of 0.24%5°Znpra-sotio) ONly at pH > 6
(Jouvin et al., 2009), which is much higher than tié in our study soils (Table E-1).
Transport through an anion-exchange resin in stigiyochloric acid media caused a
Zn isotope fractionation that was an order of maglat smaller than that of Cu
(Marechal and Albarede, 2002). Thus, we assume thatidnation 0f6°®Zn values
during transport of Zn through the soil was weak cameg to Cu and probably only had
minor affects on theé°Zn values in the studied soils. This is in accoogamith
Pokrovsky et al. (2005), who postulated that adsmmpteactions only contribute to a
minor degree to Zn isotope fractionation in natweitings, and that co-precipitation

and biological uptake are the main fractionatinginamisms.
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5 Conclusions

1. At our study site, source identification of Cu witte help of stable Cu isotope
ratios was not possible because the smelter-readedariation was in the range
of that observed in soils. But Cu isotopes mayalior estimation of
contaminant transport and are thus valuable fozgtigation of polluted soils.
Zinc was already proven to be a powerful source trizcgeveral studies and
this is confirmed in our study. However, biogeochahprocesses in soil
modify thed°®Zn values in addition to mixing of smelter-deriveith native Zn
in soil.

2. Copper isotopes were fractionated during transposoil, probably because of
interactions with sorption sites. Equilibrium freetation between dissolved and
sorbed species is assumed to cause a trend terlightisotope composition
down to a depth of ca. 0.4 m. One horizon samplepeater depth showed a
3°°Cu value similar to the bedrock and is thoughttadie affected by smelter-
derived Cu. We attribute the trend to lighb&iCu values with increasing soil
depth to the transport of smelter-derived Cu ihaad suggest that the depth of
0.4 m is the location of the Cu leaching front a&@ years of smelting. The
depth distribution 08°°Zn in the organic horizons can be explained by the
admixture of smelter-derived Zn and cycling of Arthe soil-plant system,
which both fractionates Zn towards isotopically lighi°®Zn values. The small
variations in the mineral soil can probably atttémito mixing of light Zn
leached from the organic layer into the mineral with native Zn in soil.

The differences i®°°Zn values and the depth distributions®iCu and&®°zn
values allow for conclusions on source, biogeochambehavior, and depth
transport of Cu and Zn in soil.
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Table F-1. Masses of Cu and Zn in Blanks

Adsorption Oxic and . Polluted
, . ... Polluted soils :
experiment on hydrom_orphlc soils (Section E) so_lls
IHA (Section B) (Section C-D) (Section E)
ng Cu ng Cu ng Cu ng Zn
2.3 13.3 3.3 80.5
1.3 2.7 7.1 32,5
3.3 7.1 1.9 71.5
2.8 3.7 8.5 10.8
2.3 2.4 4.8 17.2
1.9 5.6 - -
- 15.1 - -
- 2.4 - -
- 8.8 - -
- 3.2 - -
- 2.4 - -
- 0.8 - -
- 0.9 - -
- 0.9 - -
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Table F-2. Measured°Cu and&®zZn values of the in-house standards

5%°Cu of the

5%°Cu of the

5%67n of the

Standard no. Cu-inhouse Standard no. Cu-inhouse Standard no. Zn-inhouse

standard standard standard
1 0.81 26 0.80 1 0.07
2 0.86 27 0.90 2 0.01
3 0.83 28 0.87 3 0.06
4 0.82 29 0.83 4 0.05
5 0.82 30 0.84 5 0.08
6 0.84 31 0.81 6 0.05
7 0.81 32 0.82 7 0.02
8 0.85 33 0.91 8 0.00
9 0.87 34 0.92 9 -0.04
10 0.82 35 0.83 10 -0.04
11 0.89 36 0.85 11 0.07
12 0.86 37 0.83 - -
13 0.82 38 0.85 - -
14 0.89 39 0.85 - -
15 0.87 40 0.84 - -
16 0.83 41 0.85 - -
17 0.83 42 0.86 - -
18 0.82 43 0.85 - -
19 0.93 44 0.83 - -
20 0.79 45 0.84 - -
21 0.83 46 0.85 -
22 0.83 47 0.85 -
23 0.81 48 0.82 -
24 0.87 49 0.83 -
25 0.82 - - -
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Table F-3. Ratio of Ti/Cu of purified and non-fiied samples

Ti/Cu before Ti/Cu after

Sail Sample purification  purification

hydromorphic soils

. Oa 363 0.02
Dystric Gleysol AR 507 0.07
. . Oe 71 0.05
Stagnic Cambisol Ahg 648 0.03
Oi 101 0.02
Oe 58 0.01
Skeleti-Stagnic Il Bwgtl 404 0.04
Luvisol Il Bwgt2 333 0.03
[l Bwgt3 - 0.04
[l Bwgt3 (2) - 0.03
Calcari- Humic
Gleysol Bl1 224 0.00
Laacher See tephra 845 0.02
parent materials Loess 303 0.02
Slate - 0.02
188 0.03
CRM Silty Clay Loam 190 0.00
Granodiorite silver 102 0.00
plume 2 96 0.00
aerobically weathered soils
Dystric Cambisol Oe 81 0.02
Bw 893 0.00
Skeletic Cambisol IR 508 0.01
IR (2) 476 0.00
Oi 28 0.00
. lIBhs 1297 0.07
Haplic Podzol 1 lIBhs/humic 982 0.01
[IBs 665 0.05
Haplic Podzol 2 AhE - 0.00
CRM Silty Clay Loam 178 0.00
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Table F-4. Copper recoveries after purification:satiption experiment (Section B)

Adsorption experiment IHA

Experiment  Sample (pH) Recovery %

3.04 98
3.03 100
3.96 104
3.97 104
3.97 102
3.97 103
4.48 103
4.51 104
IHA adsorption 4.75 101
experiment 4.86 105
5.4 98
5.17 97
5.19 99
6.37 98
6.36 94
6.36 101
6.94 101

6.95 99




Table F-5. Copper recoveries after purificationdngmorphic soils (Section C)

Hydromorphic soils

Soil Horizon Recovery %
Oi 104
Oe 97
Skeleti- Ah 96
Stagnic Bw 95
Luvisol Bwg 105
Il Bgtl 99
Il Bgt2 100
[l Bgt3 104
Laacher See Tephra 104
Parent L 101
materials 0ess
Slate 98
Oi 97
Oe 104
Stagnic Oa 103
Cambisol Ah 105
Ahg 96
Bgl 101
I Bg2 102
Oi 105
Calcari Ah 102
o o
Gleysol BI1 98
BI2 103
Br 97
Oi 98
Oe 99
Dystric Oa 96
Gleysol Ah 101
Bl1 95
BI2 102
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Table F-6. Copper recoveries after purificationraleically weathered soils (Section D)

Aerobically weathered soils

Sail Horizon Recovery % Recovery % Recovery %
Oe 103 - -
Skeletic Ah 104 - -
Cambisol Bw 101 _ )
IR 104 - -
Oi 98 - -
Oe 96 97 -
Dystric Oa 98 ) )
Cambisol Ah 96 ) )
Bwil 101 104 98
Bw2 96 100 100
C 100 - -
Oi 104 - R
Oe 98 - -
Ah 98 - -
AhE 97 - -
Haplic E 98 100 -
Podzol 1 Il Bhs 101 -
Il BsC 98 100 -
I CR 96 100 -
Il Bhs oxidic 96 105 -
Il Bhs humic 96 - -
Oi 100 101 -
Oe 96 - -
Haplic Oa 104 - -
Podzol 2 AhE 96 102 -
Bhs 105 98 -
Bs 99 98 -




Table F-7. Copper and Zn recoveries after purifigat Polluted soils of Krompachy (Section E)

Polluted soils Krompachy

Cu Recovery Cu Recovery Zn Recovery Zn Recovery

Saoll Horizon % % % %
Oi 103 - - -
) Oe 98 - 100 -
Dystric Oa 103 106 104 106
Cambisol
1.1 km Ah 100 - - -
Bw 99 - - -
C 104 - - -
Oi 96 - 99 -
. Oe 106 - 106 -
Dystric
3.8 km Ah 100 - - -
Bw 99 - - -
C 100 - - -
Oi 103 - 08 -
Stagni- Oe 101 - 104 -
Eutric Oa 102 - 104 -
Cambisol Ah 102 - 105 .
5.3 km Bwg 103 - 98 ]
Bg 94 - 94 -
Bedrock Tuffite 106 94 94 -
Grained slag 95 - 101 -
Tube
furnance 102 -
Waste slag 99 -
products Sludge 1 100 - 105 )
Sludge 2 98 - 99 -
solid waste 98 - 101 -
fly ash 96 96 100 98
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Table F-8. Copper recoveries after purificationfeeence materials

Reference materials

Reference Cu Recovery Zn Recovery

materials % %
95 99
SCL- 96 101
7003 100 -
101 R
99 R
99 R
100 102
106 100
100 106
101 105
BCR-2 106 105
105 -
100 R
101 R
103 -
101 101
97 95
GSP-2 97 102
101 100
98 102
NOD-P-1 102 )
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Table F-9. Measured Cu and Zn concentrations &i@u and&#°Zn values of the reference materials

ReTerence  Cupglt  &Cuusrord¥) Znugl FZnyud%o)
SCL-7003 26.5 0.18 76.8 -
SCL-7003 28.5 0.29 76.5 -
SCL-7003 27.4 0.19 - -
SCL-7003 27.6 0.13 - -
SCL-7003 29.6 0.14 - -
SCL-7003 29.9 0.16 - -
BCR-2 16.8 0.25 138.6 0.20
BCR-2 17.4 0.15 136.6 0.18
BCR-2 16.2 0.21 143.3 0.18
BCR-2 20.5 0.17 140.9 0.26
BCR-2 17.5 0.21 141.9 0.26
BCR-2 17.4 0.22 - -
BCR-2 16.9 0.18 - -
BCR-2 17.3 0.24 - -
BCR-2 18.5 0.19 - -
GSP-2 38.0 0.39 122.1 -
GSP-2 37.9 0.31 123.9 -
GSP-2 45.4 0.24 114.5 -
GSP-2 44.4 0.26 129.0 -
NOD-P-1 11609 0.39 1468 0.84
NOD-P-1 11164 0.31 - -
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Table F-10. Copper concentrations in the diffefeattions of the sequential extractions

Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 Fraction 6 Fraction 7

Soil Horizon mg kg mgkg® mgkg® mgkd® mgkgt mgkgt mgkg'
Hydromorphic soils
Ah 0.3 0.3 0.2 3.6 1.7 1.8 8.2
Skelet Bw 0.2 0.2 0.2 0.6 1.0 6.8 5.7
Stagnic BV 0.5 0.1 0.2 0.7 1.0 3.3 12.2
Dvisol  11Batl 0.5 0.1 0.1 0.5 0.9 3.5 7.0
Il Bgt2 0.2 0.1 0.5 0.6 0.5 4.4 5.3
Il Bgt3 0.4 0.1 0.2 0.3 0.9 3.3 6.2
Ah 0.7 0.3 0.1 1.9 0.9 0.6 5.1
Stagnic  Ahg 0.2 0.1 0.0 0.8 0.8 0.4 45
Cambisol  Bgl 0.0 0.1 0.1 0.4 0.4 0.6 5.9
Il Bg2 0.3 0.1 0.1 1.1 1.1 5.2 12.4
Ah 1.0 0.8 0.4 15.8 41 1.2 10.8
Calcari- Bh 0.8 0.6 0.3 13.3 41 1.6 9.2
Humic BI1 0.1 0.2 0.3 4.1 2.0 0.9 7.1
Gleysol BI2 0.1 0.2 0.2 2.9 1.2 0.3 45
Br 0.1 0.3 0.3 6.3 1.6 0.3 5.5
Ovetri Ah 0.1 0.0 0.0 1.0 1.3 0.4 3.4
Glf ;'gl BI1 0.1 0.0 0.0 0.6 0.8 0.4 2.9
4 BI2 0.1 0.1 0.0 0.3 0.3 0.6 3.6
Aerobically weathered soils
skeletic AN 0.20 0.20 0.10 1.90 1.20 1.20 5.80
Cambisol | BW 0.20 0.10 0.00 0.40 0.60 4.70 3.80
Il CR 0.00 0.10 0.00 0.10 0.40 3.90 1.60
Ah 0.20 0.10 0.00 0.70 0.30 0.60 2.00
Dystric ~ Bwl 0.00 0.00 0.00 0.40 0.70 0.90 1.90
Cambisol  Bw2 0.00 0.10 0.00 0.50 0.60 1.90 3.40
c 0.00 0.00 0.00 0.40 0.50 2.10 2.10
Ah 0.00 0.00 0.10 1.10 1.00 0.20 2.40
AEh 0.00 0.00 0.00 0.10 0.00 0.30 2.90
Haplic E 0.00 0.00 0.10 0.10 0.10 0.20 1.30
Podzol 1 Il Bhs 0.00 0.00 0.00 0.40 0.30 0.30 1.10
Il Bs 0.00 0.00 0.00 0.30 0.00 0.10 1.70
Il RC 0.00 0.00 0.00 0.00 0.00 0.10 3.10
Haol AEh 0.20 0.10 0.00 0.70 0.40 0.30 0.80
PO%"Z’('J‘I: , Bhs 0.03 0.09 0.05 0.59 0.63 0.76 1.39
Bs 0.04 0.03 0.04 0.24 0.60 0.37 0.45
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Table F-11. Ratios of By crystatindFEurystalineOf the hydromorphic soils

. . F&oorly crystalline
Soll Horizon /FQ:rystaIIine

Ah 0.27
. Bw 0.26
Sagnic B8
Luvisol Il Bgtl 0.39
Il Bgt2 0.06
Il Bgt3 0.07
Ah 0.61
Stagnic Ahg 0.63
Cambisol Bgl 0.71
Il Bg2 0.50
Ah 0.14
Calcari- Bh 0.18
Humic BI1 0.16
Gleysol BI2 0.19
Br 0.18
. Ah 0.37
glftggl BI1 0.97
y BI2 0.70
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