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Het duurt altijd langer dan je denkt, Het duurt veel korter dan je denkt,

ook als je denkt ook als je denkt
het zal wel langer duren dan ik denk het zal wel korter duren dan ik denk
dan duurt het toch nog langer dan duurt het toch
dan je denkt. nog korter dan je denkt

(Judith Herzberg)
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Doctor Scott Young, thanks for giving me the opportunity to come to Nottingham,
where I carried out the work described in chapter 4. Those three ‘English months’
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Alle collega’s van het labo wil ik danken voor de aangename sfeer, de
ontspannende koffiepauzes, de praktische hulp wanneer nodig. Kris, we zijn
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Abstract

A large area of sandy soils at the Dutch-Belgiannuary is contaminated with cadmium
(Cd) and zinc (Zn) from historical pollution of nderrous metal smelters. Groundwater
contamination with these metals is a growing comcearlier studies have revealed that
Cd and Zn transport in soil is mainly controlled i sorption strength of the metal in
soil. This study is devoted to the role of sorptikametics on the transport of Cd and Zn in
field contaminated soils and to the effect of swildification on Cd transport at the field

scale.

The isotopic dilution technique was used to disarate between the labil& (value) and
non-labile metal pool. In general, more than b&Cd in the soil was in labile form. Only
in the upper horizon of contaminated soils, th& alue E relative to total metal

concentration) was less than 50%. THe 9alues of Zn were generally smaller than 50%.

Column studies showed that Cd and Zn desorpticgs rate large enough to maintain
effluent concentrations at pore water velocitiesaB0 cm d in these soils. The Cd and
Zn transport was well predicted assuming that éahbiktals were in equilibrium with the
solution phase and that non-labile metals couldoeotilesorbed. The transport was greatly
overestimated if it was assumed that all metal iwaesyuilibrium with the solution phase,
i.e., if the (total)Kq was used for the calculations. However, a sldease of non-labile
Cd and Zn was observed when the labile metal pad mearly depleted, resulting in a
longer tailing of the breakthrough curve than pcesti with the equilibrium model. This
tailing of the breakthrough curve could be welldgiceed with a two-site model, using a

small rate constant for desorption of non-labildatse

Field observations (with wick samplers) confirméedttthe metal transport at field scale
can be predicted with the local equilibrium assuamp{LEA). The Cd and Zn transport in
these soils was modelled with sorption charactesisierived from batch experiments.
Present-day vertical Cd concentration profiles imaderately polluted field with acid
sandy soils were calculated based on the emisstoryof the nearby smelter. Predicted
and observed profiles agreed reasonably well, &wal €d concentrations in the topsoil
were generally underestimated, which was probaélgted to the presence of Cd in a
partly insoluble form. It was predicted that thd €@ncentration in the seepage water will
remain above the groundwater threshold of 5 hifpt the next 170 years and that the Zn

concentration will remain above 0.5 migfbr the next 40 years.



The future Cd transport was also modelled for asiheaontaminated field that was set-
aside in 1992 and where slow soil acidificationedexates metal leaching. The coupled
transport of Cd and protons was calculated for Affilps sampled in that field, and an
averaged breakthrough curve was calculated. Thdehwimulations indicated that the
field-averaged concentration in the seepage waileinarease from 6 to 300 ug Cd In
the next 100 years. A later breakthrough andgetgpeak Cd concentration was predicted
when the Cd transport was modelled with field-ageda soil properties, illustrating the
impact of spatial variability on transport of raset solutes. Liming the topsoil was
predicted to be an effective method to reduce ttigr@nsport to the groundwater, since
most Cd is still present in the plough layer. Hswcalculated that the Cd concentration in
the seepage water will only increase from 6 to 7 g the next 100 years when the soil
pH is maintained through liming.

It is concluded that sorption kinetics have a mieffect on leaching of Cd and Zn from
the labile fractions in soil. Groundwater contantima with Cd and Zn is a major risk for
the contaminated area in the foreseeable futureaniiol of soil pH by liming is therefore

recommended.



Samenvatting

Een groot oppervlak in het Nederlands-Belgisch ggehied (de Kempen) is vervuild met
cadmium (Cd) en zink (Zn) door atmosferische ddmosan zinksmelters. Het transport
van deze metalen naar het grondwater is relatief sndeze zandige bodems. Nu al
worden verhoogde Cd en Zn concentraties in het dyvater vastgesteld, maar de
verontreiniging van het grondwater door uitspoelMagn deze metalen zal in de toekomst
waarschijnlijk nog toenemen. Vroegere studies babhangetoond dat het transport van
deze metalen voornamelijk afhangt van de sterkrnmvae het metaal op de vaste fase van
de bodem wordt vastgelegd. In dit onderzoek werdodl van sorptiekinetiek en het effect

van bodemverzuring op het transport van Cd en Zfere bodems onderzocht.

Isotopische verdunning werd gebruikt om de lableleveelheid (oE waarde) aan Cd
en Zn te bepalen. Over het algemeen was ruim ltevhe de totale Cd hoeveelheid in de
bodem in labiele vorm. Enkel in de bovenste harign van de vervuilde bodems was
vaak minder dan de helft in labiele vorm. Voor Waren de % waardes £ waarde

relatief ten opzichte van de totale concentratiderbodem) meestal kleiner dan 50%.

Het transport van adsorberende stoffen in poreusgiarwordt meestal gemodelleerd in
de veronderstelling van lokaal evenwicht tussenvaste en de vioeibare fase. Deze
veronderstelling is geldig als de sorptiereactieel siis ten opzichte van de
poriewatersnelheid. Experimenteel werd aangetaahdieze veronderstelling correct is in
gestoorde kolommen bij poriewatersnelheden totrBGdag" (i.e., 100 maal hoger dan in
veldomstandigheden). Het snelle evenwicht gelditezcenkel voor de labiele fractie.
Wanneer verondersteld werd dat ook de niet-labfedetie in evenwicht is met de
oplossing, werd het transport van Cd en Zn stegksmhat. Toch werd een vrijzetting van
niet-labiel Cd en Zn waargenomen wanneer de labeéyeelheid nagenoeg uitgeput was.
Deze trage vrijzetting kon worden beschreven met ®eee-site model, waarbij de

desorptie van niet-labiel metaal beschreven werdeme eerste-orde-reactie.

Veldobservaties toonden aan dat de concentratieCzhren Zn in het percolerend
bodemwater (opgevangen door een glasvezel-koormeleeustemt met de concentratie in
de bodemoplossing verkregen door centrifugatie.zeDevereenkomst duidt erop dat het
Cd en Zn transport in het veld kan voorspeld worgtede veronderstelling van lokaal
evenwicht. In een matig verontreinigd veld metezaandige bodems (Spodosols) werden

10 profielen op verschillende dieptes bemonsté#dt Cd en Zn transport in dit veld werd



Vi

berekend met sorptiekarakteristieken bepaald ichbatperimenten. De verticale verdeling
van Cd over het bodemprofiel werd berekend uitJetoop van de Cd emissies in de
voorbije 100 jaar, en kwam vrij goed overeen megdebserveerde verdeling. De totale
Cd concentratie in de bovenste horizont werd edaderschat. Cadmium in de depositie
is wellicht deels aanwezig in slecht oplosbare vomat deze onderschatting kan
verklaren. Volgens de voorspelling zal de Cd catratie in het poriewater ter hoogte van
de grondwatertafel nog 170 jaar boven de grondwater van 5 pg? blijven en de Zn

concentratie nog 40 jaar boven de norm van 0.5'mg |

Het Cd transport werd ook voorspeld voor een zvggaontamineerd veld dat in 1992
werd braakgelegd, en waar bodemverzuring leidtet versnelde uitloging van de
metalen. Het gekoppelde transport van Cd en peotoverd gemodelleerd voor elk van de
48 bemonsterde profielen, en een gemiddelde daabwave werd berekend. Er werd
voorspeld dat de veldgemiddelde poriewaterconceatrar hoogte van de grondwatertafel
zal stijgen van 6 tot 300 pg Cd in de komende 100 jaar. Een latere doorbraakeen e
hogere piekconcentratie werd voorspeld wanneer wmtelijke variabiliteit buiten
beschouwing werd gelaten en het veld werd bescha@lsvéién kolom met veldgemiddelde
bodemeigenschappen. Cadmium in dit veld is hoéfelik in de ploeghorizont aanwezig.
Bekalken van de topbodem zal daarom een doeltadfemethode zijn om de uitloging van
Cd naar het grondwater in te perken. Volgens daletiering zal de poriewater-
concentratie ter hoogte van de grondwatertafehsiestijgen van 6 tot 7 ug Cd In de

komende 100 jaar als bodemverzuring wordt vemeden de topbodem te bekalken.

Samenvattend, sorptiekinetiek heeft weinig effgetde uitloging van labiel Cd en Zn.
Op termijn kan echter ook de niet-labiele fraciegzaam vrijkomen, en dit is vooral voor
Zn van belang, aangezien meestal een grote fraatiedit element in niet-labiele vorm
aanwezig is. Grondwaterverontreiniging door uitdpg van Cd en Zn zal in de toekomst

nog toenemen. Controle van de bodem pH door bekadkeéaarom aanbevolen.
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CEC
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Symbols and abbreviations

name

ammonium oxalate extractable Al
base saturation

concentration in the solution phase
cation exchange capacity

layer thickness

dispersion coefficient

diffusion coefficient in water
radio-labile metal concentration

E relative to total metal concentration
fraction of equilibrium sorption sites
complexation coefficient

ammonium oxalate extractable Fe
ionic strength

Freundlich sorption constant
selectivity coefficient of ion X versus ion Y
solid—liquid distribution coefficient
distribution coefficient of radio-isotope

distribution coefficient
between labile pool and solution

saturated hydraulic conductivity

length of soil column

proton exponent of Freundlich isotherm
labile metal concentration

metal amount in the soil profile

total metal concentration

metal concentration in the soil solution

(Cd or Zn) exponent of Freundlich isotherm
Ca exponent of Freundlich isotherm

organic C content

unif

mmol'kg

Mg |

colg”
cm
&m—l
chu™

mg'kg

mmot kg
mof'|

y" kg™

| Ky
I'kg
kg
critd

cm

mgkg

kgha
mgkg
ritg |

%



viii

Symbol

pH BC

ZCa

€n

Qm, Qi m

Hn

name unif
pH buffer capacity cmdtg?! pH*!
water flux density cmt
retardation coefficient

sorbed concentration mgkg
time d
response time d

pore water velocity cmd
volume of solution I

mass of soll kg
depth cm

equivalent fraction of Ca on the exchange complex

first order rate coefficient o
activity coefficient

fractional change in thé" central moment
volumetric soil water content

volumetric water content
of mobile and immobile liquid phase

longitudinal dispersitivity, or dispersion length cm
n™ central moment

soil bulk density kg
tortuosity factor

dimensionless mass transfer rate coefficient

% most commonly used unit, other units with sameettisions may be used



CHAPTER 1

Leaching of Cd and Zn in polluted soils: an ovemwie

1.1 Background and objectives

The behaviour of Cd and Zn in the terrestrial emwinent has received much attention
during the last decades because of the widespr@adnination of soil by these metals.
Background concentrations of Cd and Zn are diffitcaldetermine, since most soils are
enriched by diffuse contamination in industrializeslintries. The concentrations of Cd
and Zn in unpolluted soils tend to be larger irlsswiith heavier texture and larger organic
matter content (Tackt al, 1997, see Table 1.1).

Table 1.1 Expected Cd and Zn concentration (mg-kin surface soils of Flanders as a
function of clay and organic C (OC) content (Tatll, 1997)

5% clay 15% clay
1% OC 3% OC 1% OC 3% OC
Cd 0.1 0.3 0.4 0.7
Zn 32 43 45 57

Anthropogenic activities have increased Cd and amcentrations in soils. Application
of fertilizers, sludge, and waste to soils may dbaote significant amounts of heavy metals
to soils. Another important source of Cd and Zmtamination is the atmospheric
deposition from the ferrous and non-ferrous indysfnel combustion and incinerators.
These point-source emissions have contaminated &eps of land. The metal deposition
on the soil depends on the metal emission, thamtistto the source, the wind direction,
the stack height and the local topography. Thé maliution within 1-2 km of metal
smelters may be quite severe, and background ctratens may be reached only at

distances of more than 20 km from the source (Till689).

Increased Cd concentrations in the soil may invalvesk for human health. The soil to
plant transfer of Cd is relatively large. Consuimptof plants grown on polluted soils
where no phytotoxic effects were observed may hadeerse affects on humans and

animals. Cadmium is concentrated in the kidnegrafhhalation or gastrointestinal



absorption. The biological halflife time is esti®a in the order of 20 years. Elevated
concentrations of microproteins in the urine ardirst indication of renal dysfunction
caused by chronic exposure to Cd (Lauwetyal, 1990). Unlike Cd, the transfer of Zn to
the food chain is limited since Zn is phytotoxiccahcentrations where consumption of the
plants does not pose any health risk. Therefaiépsllution with Zn is mainly relevant
from an ecotoxicologic viewpoint. Increased metahcentrations in groundwater used for
drinking water supply may also increase the expmsiHowever, the risk of heavy metal
leaching is usually small, since the metals amenglly sorbed in the soil. The solid—liquid
distribution coefficient oKy (i.€., the ratio of total metal concentration tmeentration in
solution) of Cd is in most soils larger than 10kgl*, and therefore, travel velocities are
usually smaller than 2 mm yé€ar However, heavy metal displacement may be relbtiv

fast in acid sandy soils, whekg values of Cd and Zn are usually below 100t kg

An example of an extensive pollution caused by apheric deposition can be found in
the Kempen, at the Dutch-Belgian boundary. Zinelgens have been active in this region
since the end of the T9century (Figure 1.1). Emissions have been digsticeduced
since the 1970’s, when a change was made from madlorgical to electrolytic process
technology. As a result of the historic emissiarsarea of about 280 Kris enriched with
Cd: the Cd concentration is higher than 1 mg Cd, khile background values for these
sandy soils are around 0.3 mg Cd'Kdde, 1992). The soils in this area are mainlig ac
sandy soils, and therefore vulnerable to heavy Inletching. At present, elevated
concentrations of Cd and Zn in groundwater andaserfvater are already observed in this
region. Mean groundwater concentrations of foeld8 in the Kempen region were 45 pg
Cd I' and 5.2 mg Zn™l (Wilkens, 1995), while the maximum permissible cemtration
(MPC) for groundwater in Flanders is 5 ug Cdand 0.5 mg Zn'l. The groundwater
contamination will probably persist for a long timgnce large metal amounts are still
present in the soil. This thesis focuses on thesort of Cd and Zn in soils in this region.

The mobility of Cd in sandy soils has been the ectthpf several studies. The transport
of Cd is very sensitive to the sorption parametdrge sorption of Cd depends on the soil
solution composition, e.g., pH, Ca concentratiod #me presence of complexing ligands
(Temminghoffet al, 1995), and on the soil composition, e.g., organgtter content
(Wilkens, 1995). Because of field heterogeneityail properties, Cd sorption may vary
considerably within one field (Boekhold, 1992). i kariation in soil chemical properties

should be taken into account when modelling Cdspart at field scale (Seuntjens, 2000).
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Figure 1.1 Map of the research area (northern part of Belgjshdwing the location of
the Zn smelters (symbols) and of the experimergldd (letters) (adapted from Ide, 1992)

In spite of the extensive research on Cd transporsoil, some questions remain
unanswered. Transport of sorbing solutes in swiloften modelled with the local
equilibrium assumption (LEA), but it is not cleahether this is a valid assumption to
model transport of Cd and Zn in the field. Non4égrium transport of Cd has been
observed in column experiments, but these columdiest were often conducted at large
pore water velocities. Moreover, most column ekpents have been carried out with
freshly added metal salts. Only few studies hal@ressed the transport of Cd and Zn in
field contaminated soils, where metals have resideithe soil for a long time and have
possibly been added in an insoluble form. Anotheresolved issue is the effect of
acidification on the transport of Cd and Zn. Itshdeen suggested that set-aside of
agricultural land contaminated with heavy metalgmilead to a strong and sudden
increase in leaching of these metals (Stigletnal, 1993), but until now, little effort has

been made to describe quantitatively the effeetffoirestation on metal transport.

The objectives of this thesis are to assess tleeafoteaction kinetics on transport of Cd
and Zn in field contaminated soils, and to assesg term effects of soil acidification on
leaching of these metals. The effectiveness ofnfjmas a countermeasure will be
investigated. Batch and column experiments, andahsimulations at the field scale will
be used to meet this objectives.



1.2 The solid—liquid distribution of Cd and Zn

The mobility of heavy metals in solil is stronglypg@dent on the solid—liquid distribution,
expressed by the distribution coefficiei, (I kg™):
Mtot

M

pw

K, = (1.1)

where M is the total metal concentration in the solid ghésg kg'), and M]pw is the

pore water concentration (mg)! The fraction of metals in the solid phase isally much

larger than that in the solution phase and, theeefthe concentration in the solid phase
may be approximated by the total metal concentratidhe soil. Metals in the solid phase
may be adsorbed on the soil surface, or may beapitaged. In most soils, the Cd and Zn
concentrations in solution are not controlled byqgipitation reactions, since sorption
reactions are usually strong enough to keep thetisal concentration below the value

where precipitates form.

The solid—liquid distribution of Cd and Zn is majrdffected by the pH. Multivariate
analyses oKy values of Cd in topsoils have repeatedly shown tha pH is the most
important factor explaining th&y (e.g., Gerritse and van Driel, 1984; Anderson and
Christensen, 1988), witky values increasing with a factor 3 to 5 per uniréase in the
pH. This evidence suggests competitive bindingreé metal ions on pH dependent
sorption sites, such as surfaces of oxides or @gaatter. Introducing soil organic matter
as a second variable improved the regressionsnre studies (e.g., Gerritgt al, 1984;
Christensen, 1989), but the effect was mostly smaticating that the sorption site
capacity does not vary greatly among soils. Lamgancentrations of Ca and of other
competing heavy metals lead to a decrease in tteibdition coefficient. Christensen
(1984) found that a tenfold increase in the Ca eatration reduced the Cd sorption by a
factor of 3. Complexation of the metal with inongaor organic ligands also results in
larger solution concentrations, since only the imeis buffered by the labile pool (see
Figure 1.2). E.g., in the presence of 0.02 M @lbout 50% of Cd in solution is present as
CdC}?" complexes that do not adsorb (Temmingeofal, 1995).

Relatively few measurements of timesitu Ky (i.e., based on pore water concentrations)
have been reported. Romkens and Salomons (199%8umesl thén situ Ky of Cd, Cu and
Zn in 30 unpolluted soils from The Netherlands. Gwotet al. (1998) determineth situ
Kg values of Cd and Zn in 46 Dutch soils, both potiund unpolluted. Most of the

reportedKy values of Cd or Zn, however, are based on adsormiudies in dilute salt



extracts of soils. Thes€y values may overestimate the metal mobiiitysitu, because
metals in field contaminated soils may be presentan-labile form (Figure 1.2). Metals
may be in non-labile form because of ageing reastithat remove metals from the
sorption surface to interior sorption sites (settlad), or because they entered the soil in a
sparingly soluble form. Non-labile metals do naniribute to the immediate solid—
solution distribution that occurs between the Rlpbol on the solid phase and the solution
phase. The partitioning between the labile metall M., mg kg') and solution phase
may be expressed by the ‘labile’ distribution ciméft:

IVllab
|M|

pw

Ky = (1.2)

where Misp is the labile metal concentration on the solid sghémg kd). The K¢ is

smaller than th& if the metals are partly in non-labile form:

K2 = Ky e (1.3)

M tot

SOLID PHASE LIOUID PHASE

n+ Xn-yj
M oniab Miab Y M :: MxXy ¢

Figure 1.2 Schematic presentation of the solid-liquid disttion. The metals in the
liquid phase are present as free ior")Mbr as complex with a ligandX The metals in
the solid phase are in labile @) or non-labile form (Moniay.

The sorption isotherms of Cd and Zn tend to cutire;metals are held less strongly at
large concentrations, because the sites with thagest affinity are already occupied. As
a result, the buffer capacity, which is essentidéllg slope of the sorption isotherm, is
smaller than the labile distribution coefficientigiie 1.3). At low Cd and Zn
concentrations, the sorption isotherms are appratéiy linear, and in this case, tkg®

may serve as a reasonable estimate of the buffercits



s (mg kg ™)

labile
A

Metal on solid phase,
non-labile
A

Metal in solution, ¢ (mg!™)

Figure 1.3 A non linear sorption isotherm (full line). TI& represents the partitioning
between the total metal pool and the solution phieK2° that between the labile pool
and solution phase, aRd/dc gives the buffer capacity for the actual situatjohn

In this thesis, the isotope dilution technique wasd to discriminate between the labile
and the non-labile metal pool. A small quantityao$uitable radio-isotope is added to a
water or a dilute salt extract, and the specifiivag of the metal is measured after a set
equilibration time, which allows one to calculabe radio-labile metal concentration (also
called E value). This techniqgue has been widely used duitie last decade to measure
labile fractions of Cd and Zn in soils (e.g., Nakbe&t al, 1993; Smolderst al, 1999).
These studies have shown that fractions labile riédzn may vary over about one order of
magnitude. Labile fractions of Zn are generallyaler than those of Cd, indicating that
Zn is generally added in a less soluble source thad ageing reactions are more
pronounced for Zn than for Cd (Degrystal, 2003b). A multivariate analysis of situ
Kg values of 74 polluted soils demonstrated thatptteeliction ofKy values of Cd and Zn
improved when metals in solution were assumed ta lkquilibrium with the (radio-)labile
metal pool instead of the total metal pool (Degrydeal, 2003a). However, the

improvement was rather small as most of the variati Ky was explained by pH.



1.3 Reaction kinetics of metals in soil

Metals added to soil adsorb fast on the soil setfache reaction of metals with the soil
surface may be described with first-order kinetics:

&
2 =keks (1.4)

wheres is the concentration on the solid phase (mg)kg is the solution concentration,
(mg M), tis the time (d)k; is the forward first order rate constant (I'kg") andk: is the
backward first order rate constant’jd The response tim&;, for this reaction is defined
as:

1

T:p—
E[lkf +k,

. (1.5)
where p is the soil bulk density (kg') and @ is the volumetric soil water content. The
response time defines the time needed for thetipaitig components to reach 63% of
their equilibrium value (Honeyman and Santschi,8)98Since the response time for the
sorption reaction between labile pool and solutienfast (in the order of minutes),
instantaneous equilibrium between the labile powl solution phase is often assumed (cf

section 1.4.2), as is illustrated in Figure 1.4.

The initial fast reaction is followed by a slow cdan that removes the metal from the
labile pool into a pool from which desorption iowl a process often referred to as
fixation’.  Slow reactions have been demonstrateyl a decrease in the solution
concentration of metals with time (e.g., Barrow88p Evidence for ageing reactions was
also found by prolonged isotope exchange studiesiinup to 15 days (e.g., Tillet al,
1972; Sinagt al, 1999). The slow reactions of metals in soil hayrelated to diffusion in
sesquioxides. Bruemmet al. (1988) modelled the sorption of Cd, Zn and Ni oettite
with a model that assumed adsorption on externdiaa sites, followed by solid-phase
diffusion to internal binding sites. Trivedi anckeé\(2000) studied the sorption of Cd and
Zn on hydrous oxides of Al, Fe and Mn. Both stedi&icated that the slow reactions are
more pronounced for Zn than for Cd. Transfer friwn labile to the non-labile pool may
also be modelled with reversible first-order kinst(Figure 1.4):

d
d_Stz =ks — k1S, (1.6)



wheres; is the metal concentration on the solid phaseqguilirium with the solution
phase (equivalent thl,), S is the concentration of non-labile metdlss the time, andk,

andk , are the forward and backward first order rate tzots.

SOLID PHASE LIQUID PHASE
lah
M *Kl M e
nontah =, lab, & M pw
) K1 St

Figure 1.4 Schematic representation of the kinetic sorptimuel (see text).

If s, is initially zero (all metals labile &t0), the solution for equation 1.6 is:

220 f)m-expe-—) (1.7)
S T,

C
wheres is the total metal concentratios=5+s;), f is the fraction of metals in labile form
when equilibrium is reached, afidis the response time:

1

_ 1.8

© Kk tky (1.8)

K m (1.9)
ke + Ky

Younget al.(2001) measured the decreas& wvalues of Cd and Zn with time in 24 soils
amended with Cd and Zn salts in a laboratory intabaexperiment. The decrease in the
radio-labile fraction of Zn was reasonably well ciésed by reversible first-order kinetics,
with T in the order of 200 days, and the fractiatependent on pH. The labile fraction of
Zn at the end of the experimett§18 days) was around 0.35 at pH 6.5, and arounatO.

pH 5. The decrease Evalues of Cd was much smaller.

Theoretically, the decrease in the labile metalceotration will result in a decrease in
the pore water concentration, all other parameteas affect theks?° (e.g., pH) staying

equal. In other words, the (tot&) will increase with time (Figure 1.5).



Metal on solid phase, s (mgkg™)

Metal in solution, ¢ (mg ™)

Figure 1.5 The change in solid—liquid distribution as a tesfi ageing reactionsf£0.5,
model explained in text).

1.4 Effects of sorption kinetics on solute transport

1.4.1 Transport models

The solute transport in case of local equilibriuan doe described by the convection-

dispersion equation:

+P BaE D— vE (1.10)
&

wherec is the solution concentration (mg)J sis the concentration on the solid phase (mg
kg™), pis the soil bulk density (g cf), @is the volumetric water content (Erom?®), D is
the dispersion coefficient (¢md™), v is the pore water velocity (cmij t is the time

(days), andz the distance (cm).

The local equilibrium assumption (LEA) may not hdldhe rate of the concentration
change due to sorption reactions is slow in comsparwith the rate of the flow-induced
concentration change. Non-equilibrium models hagen developed that consider time-
dependent sorption (e.g., van Genuchten and Wggé&888). In the one-site model
(Figure 1.6), the sorption between liquid and sphase is described by first-order kinetics
(eq. 1.4). Alternatively, equation 1.4 can be teritas:
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S =ailKy 69 (1.11)

whereaq, is the first order rate coefficient (equalkd, andKy the equilibrium distribution
coefficient (I kg"):

Ky=K (1.12)
Ky

wherek: is the forward first order rate constant (I*kgi*) andk, is the backward first order

rate constant ().

SOLID PHASE LIQUID PHASE

=t =

}oa.= —Dg+vc

Figure 1.6 Schematic representation of the one-site modebptadarom van Genuchten
and Wagenet, 1989)J, is the sorption rate from the solution to the d@hase (mass per
volume per time), ands is the solute flux (mass flowing per area per jime

The two site model (Figure 1.7) distinguishes typgtes, on which the sorption is

instantaneous, and type-Il sites, on which sorpdime-dependent:

s =fK,E=K/e (1.13)
% =k [E—k (3, (1.14)

where f is the fraction of exchange sites in equilibriumthwthe solution phase.

Alternatively, equation 1.14 can be written as

= dfa- 1)Ky -] (1.15)
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This parallel model is conceptually different frdhe serial model presented in Figure 1.4.
However, these two models are mathematically etgnta It can be shown that the rate

constants of the two models are related as follows:

k1=K (1.16)
_ Kk
k, = 1.17
Ky (1.17)
SOLID PHASE LIQUID PHASE
x a
Kl =——-Ju o

Type-I sites, s; él

Type:ll-sites;'s;

ty e

Figure 1.7 Schematic representation of the two-site modeli@thfrom van Genuchten
and Wagenet, 1989)J,; andJ,, are the sorption rates from the solution to theetysites
and type-Il sites, respectively, adgds the solute flux.

Criteria to assess the validity of the LEA haverbderived by a number of researchers
(e.g., Valocchi, 1985; Bahr and Rubin, 1987). “ali (1985) used,, the fractional
change in the™ central time momentf), as an indicator of the error associated with the
use of the LEA:

K_, E
P :% (1.18)
Hn

where superscripti and E refer to the kinetic (one-site) and equilibrium dets
respectively. The fractional change (due to nomiiEgium) in the 2¢ central moments,
which gives the spreading of the breakthrough cgufee a Dirac (impulse) imput, was
shown to be:



12

g=ydeg 1 (1.19)
A 1+ 2

P Ky
whereT, is the response time (see eq. 1.5), ansd the dispersion length.£D/v). For

strongly sorbing solute®p/K4<< 1), equation 1.19 can be written as:

v,

£ 0~

(1.20)

Equation 1.20 implies that the error associateth wie use of a LEA model will become
larger as the pore water velocityncreases and the response time of the sorptiaticaa
increases (i.e., the reaction is slower). When 0.1, the breakthrough curve (for a Dirac

input) is reasonably described with the LEA, aiflustrated in Figure 1.8.

0.0020
equilibrium
------- non-equilibrium

_5 0.0015 - i
IS
=
c
8
c 0.0010 -
[®)
o
o
=
IS
T 0.0005
x

0.0000 - ‘ ‘

0 500 1000 1500
Pore volumes

Figure 1.8 Comparison of an equilibrium and a non-equilibribbreakthrough curve
(e2=0.1). The equilibrium breakthrough was calculateith the convection-dispersion
equation (Dirac impulse;= 10 cm &, L =5 cm,h = 1 cm,Kq= 100 | kg, p/6 = 5 kg I"),
and the non-equilibrium breakthrough was calculatéth a chemical non-equilibrium
model .= 0.01 d, other parameters as for the equilibriuodet).
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1.4.2 Transport of Cd and Zn

Instantaneous equilibrium between the labile poml aolution phase may be assumed if
the sorption reaction between labile pool and smiuis fast relative to the rate of
convective transport. The technique of diffusivadients in thin-films (DGT) has been
used to estimate the response time for the sorp&action between the solution and the
labile pool (Ernstbergeet al, 2002). Values in the order of 5 minutes (0.003mvgre
derived for Cd and Zn. Thus, iE1 cm, the breakthrough curve (for a Dirac impulse)
would be reasonablys{ < 0.1) described based on the LEA for pore watdocites
smaller than 30 cm Several transport studies where non-equilibrinhe transport of
freshly added Cd was observed, were conductedgs [gore water velocities, in the order
of 50 cm & and more (e.g., Kookaret al, 1994; Boekhold and van der Zee, 1992). The
non-equilibrium observed in these studies was friybielated to the large water fluxes
used. Pore water velocities in the field are uguahaller than 1 cm™d Therefore, the
transport at the field scale (Part 3) was modediezliming that (radio-)labile Cd and Zn are

in equilibrium with the solution phase.

The non-labile pool is a much more slowly reactpopl. The metals in this pool are
less available because of ageing reactions, orulsecthey were added as an insoluble
source. Therefore, predicting the transport ofa@d Zn with the (totalKq will probably
result in an overestimation of the metal amounthed to the groundwater within a certain
time period for field contaminated soils. Howevérpugh non-labile metals are often
considered as being fixed, it cannot be excludatl trese metals may be mobilized with

time (e.g., by diffusion out of oxides or dissodutiof mineral phases).

1.5 Thesis outline

The thesis outline is illustrated in Figure 1.%eTobjectives of this thesis are to assess the
role of reaction kinetics on transport of Cd andiZfield contaminated soils, and to assess
the effect of soil acidification on Cd transportfeid scale. Batch experiments (Part 1),
column studies (Part 2) and model simulations atfigld scale (Part3) are used to meet

this objectives.

The distribution of Cd and Zn between the solidgghand the soil solution (Part 1) is a
key issue in the prediction of solute transporsdi. In Chapter 2, the isotope dilution
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techniqgue was used to discriminate between thdela@md non-labile pool. The fraction
that is isotopically exchangeable within the edudtion time (3 days) is — by definition —
(radio)labile. Chapter 3 and 4 focus on the sditigid distribution of Cd and Zn between
the labile pool and the solution phase. The effeftsoil and soil solution characteristics
on the distribution of Cd and Zn were quantifiedGhapter 3. Chapter 4 discusses an
incubation experiment where the effect of liming more water concentrations of Cd and

Zn was studied.

In the second part, the transport of Cd and Zn stadied in column experiments with
disturbed (sieved) soil. Chapter 5 describesrdmgsport at various pore water velocities in
a field contaminated soil and in a soil where Cd Zn were freshly added to the soil (and
therefore fully labile). In Chapter 6, the eff@dtiming on the transport of Cd and Zn was
studied, while the effect of acidification was ass&l in Chapter 7. Transport calculations
were made with the LEA assuming that only the rddimle Cd and Zn fractions are in
equilibrium with the solution phase, or assumingt tie total amount of Cd and Zn on the
solid phase is in equilibrium with the solution.n Chapter 6, the transport was also
modelled with a two-site model (Figure 1.7) whexeile Cd and Zn were considered to be
in equilibrium with the solution and non-labile ralst were considered to be subject to
kinetic desorption. Pore water velocities usedhia column experiments (6-30 crit)d
were relatively small in comparison with most expents reported in the literature, but
still twentyfold higher than the averaged pore wafgocity in the field (~ Im7¥). The
larger pore water velocities in the column experitaeare necessary to obtain meaningful

observations within a reasonable time period (@dfder of months).

The third part discusses the transport of Cd andaiZfield scale. In Chapter 8, the
transport in an acid sandy soil was studied. Bessthe validity of the local equilibrium
assumption, wick samplers were installed in thddfieand the ‘flux’ concentrations
(measured in the solution collected by the wickgrevcompared with concentrations in
soil solutions obtained by centrifugation. A restaction of the present-day Cd profiles
was made by retrospective modelling, and modeliedabserved profiles were compared.
Chapter 9 investigates the effect of the set-asidgolluted agricultural land on the Cd

transport. Special attention was paid to the efiéfield heterogeneity.
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1.6 Experimental fields

The soils used were sampled on four fields (seerkid.1). Three fields are situated in
northern Belgium, in a region that is contaminatéth heavy metals. The other field is
situated in Houthalen, about 25 km southwards ftbis region, outside the sphere of

influence of the Zn smelters.

The field in Balen (description in Chapter 2) isdted at a distance of about 1 to 2 km
east from a Zn smelter. Total Cd concentrationhéupper horizon are in the order of 1

mg Cd kg". The soils are acid sandy soils (Placohumod).

The soils of the field in Houthalen (description @hapter 2) are also classified as
Placohumod. The field is further referred to aspolluted’. This term should not be
interpreted literally, since this field may also $lgghtly enriched with heavy metals (see

section 1.1).

The two other fields are situated in Neerpelt, aldbkm north-east from a Zn smelter
that was operative until 1995. One of these figttescription in Chapter 9) has been used
as agricultural land until 1992. The other fiedtk$cription in Chapter 3) has been used as
arable field in the 1970s for some years. Thessiailboth fields are classified as typic

Haplaquod.
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Part |

Distribution of Cd and Zn in soils
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CHAPTER 2
Vertical distribution and speciation of

cadmium and zinc in polluted and unpolluted Spooso

Abstract

The historic emission of Cd and Zn from non-ferroustal smelters has contaminated soils
in a large area of northern Belgium. A survey wasiducted to assess the vertical
distribution and speciation of these metals. Spobmrofiles were sampled in the
contaminated area and in an uncontaminated fielda agference. Average metal
concentrations in the upper horizon were 0.2 mgkgd and 9 mg Zn Kg in the
unpolluted field, and 0.8 mg Cd k@nd 71 mg Zn K§in the contaminated field. In the
unpolluted field, the total Cd concentrations wiarger in the surface horizon than in the
deeper horizon, whereas the reverse was true for Zmis may be related to an
accumulation of Cd and a loss of Zn. Mass balaamalyses did not allow to give a

decisive answer as to the net metal balance.

The isotope exchange technique was used to measulie-labile Cd and Zn
concentration value). The % values E value relative tmqua regiasoluble metal) of
Cd were generally larger than 50%, whil& %alues of Zn were mostly smaller than 50%.
The smallest % values of Zn were found in the deeper horizonsgret¥n is probably
enclosed in mineral lattices. TheE%alues of Zn were smaller in the upper horizons of
the contaminated soil than in those of the unpedlusoil, indicating that Zn in the
contaminated soil was added as an insoluble ZncsoufTheE values of Cd and Zn

correlated well with organic matter content.
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2.1 Introduction

Sandy soils at the Dutch-Belgian border (the ‘Kempare contaminated with Cd and Zn
by atmospheric deposition of Zn smelters, that Haeen active in this region since the
second half of the fdcentury. At present, primary Cd emissions areoatneliminated
due to improved technology. Removal of heavy nsebgl leaching is usually slow, since
these metals are strongly sorbed by the soil (Egrniket al, 1994). However, soils in
the ‘Kempen’ area are mainly acid sandy soils, ada result, Cd and Zn are relatively
mobile in these soils.

The transport of Cd and Zn can be assessed witliestrthnsport models that typically
rely on sorption parameters obtained from adsompisotherms. This approach may be
successful in describing the transport of freshdgead Cd and Zn salts (e.g., Christensen,
1985). However, metals in polluted soils may avége from sparingly soluble components
(e.g., Robertset al, 2002), that are less mobile than metal salts. addition, slow
immobilization reactions may result in increasedtfiion of metals with time (Bruemmet
al.,, 1988). Extractants have been used to deterrhmeainount of metal participating in
sorption—desorption processes. Streck and Riqi@97b) used the EDTA (0.025 M)-
extractable Cd and Zn to measure this availabtgifna of Cd and Zn in a sandy soil. The
isotope dilution method is a conceptually attraetimethod to discriminate between labile
and non-labile metals in soil. A small quantityaouitable radio-isotope (as metal salt) is
added to a soil sample suspended in water or gedikit extract, and the specific activity
of the metal is measured after a set equilibratiome. This measurement allows
calculating the radio-labile metal concentratiorg.,i the amount of metal that is in
equilibrium with the solution within this equilibtian time. Radio-labile fractions of Cd or
Zn have been measured in soils polluted by sewhglys, mine spoil and smelting, in
soils amended with metal salts and in soils witbkigegound values of Cd and Zn (e.g.,
Nakhone and Young, 1993; Smoldetsal, 1999; Tyeet al, 2003). Labile fractions of Zn
were generally smaller than those of Cd, indicatimgt Zn is generally added in a less
soluble form or that ageing reactions are more quaoced for Zn than for Cd. Only a few
studies have used the radio-labile metal concentrad predict metal solubility in soil
(e.g., Tyeet al, 2003). The prediction of the solid—solution disition of Cd and Zn,
using linear regression equations with soil prapgrtimproved when using radio-labile

instead of total metal concentrations (Degrgsal., 2003a).
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In this study, we measured total and labile coma¢iohs of Cd and Zn in Spodosol
profiles of an unpolluted field and a field contamtied by atmospheric deposition of heavy
metals. A desorption experiment was carried oaiskess whether the radio-labile fraction
corresponds to the amount of metal that can berbedo The polluted and unpolluted
field were compared in terms of the labile fractiai Cd and Zn, and of the distribution of

Cd and Zn within the soil profile.

2.2 Materials and methods

2.2.1 Soils and soil characterisation

Soils were sampled in a polluted and an unpollideeh in northern Belgium. The
uncontaminated field is located in Houthalen, arsd gart of a nature reserve
(Tenhaagdoornheide). The main vegetation is hgdhuna vulgari3 and grassMolinea
caeruleg. The contaminated area is situated in Balenthen ‘Kempen’' at the Dutch-
Belgian border. This area is contaminated with &@dl Zn because of atmospheric
deposition by Zn factories during more than 100rged he area is an old land dune area,

mainly covered with grassellélinea caerulea, Festuca oviha

Soils were sampled in 2000, to the depth of theigdavater table or to a depth of 4 m.
Six profiles were sampled in the unpolluted fietdher an area of about 4 ha, and ten
profiles were sampled in Balen over an area of ah00 ha. The samples were taken with

an Edelman screw auger, at 5 or 6 depths accorditige pedological division.

The soils were sieved (< 2 mm) and air-dried ahrdemperature. The cation-exchange
capacity (CEC) was measured at the soil pH witlesthiourea as index cation (Chhaleta
al., 1975). The organic C content was measured bygaimbustion (Skalar CA 100). The
pH was determined in 0.01 M CaGh a soil:solution ratio of 1:10 kg'lafter 3 days of
equilibration. The ‘total’ metal concentration wdstermined byaqua regiadigestion.
Amorphous Fe and Al oxides were measured by exbragtith ammonium oxalate-oxalic
acid (Schwertmann, 1964).
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2.2.2 Measurement of radio-labile metal

The labile Cd and Zn in soil was measured by isotegchange. Duplicate samples of 2.5
g soil were weighed in polypropylene centrifugatitaibes, 25 ml of a 0.01 M CaCl
solution was added, and the suspensions were spiiibdbetween 0.25 and 0.35 ml
carrier-free’®Ccd ([ 4000 Bg mf) and ®zn (O 7000 Bq mf). The suspensions were
shaken end-over-end for 3 days. The tubes weteifoged at 300Q (10 or 20 minutes)
and two 5-ml samples were removed from each tubke y-activity of 1°°Cd (energy
window: 15-40 keV) and®™zZn (1000-1200 keV) was measured (Minaxi, 5530 auto
Gamma) on one sample. The other sample was adidifiepH 1 with HNQ, prior to
analysis of stable Cd and Zn with ICP-OES, or vgthphite furnace atomic absorption
spectrophotometry (GFAAS) if the Cd concentraticasvemaller than 5 pg.| The radio-

labile concentrationH, mg kg') of Cd and Zn was calculated as
« V
E=[M] (Kqy + —), 2.1
[M] (Kqg W) (2.1)

where M] is the Cd or Zn concentration (mg)lin the supernatanKq is the distribution
coefficient of the radioisotope (I Ky, V is the volume of solution (I), and is the mass of

soil (kg). The % value is theéE value relative to the total metal concentratibiy:

O%E = [100 (2.2)

tot
The effect of electrolyte composition (Ca(§)90.5 to 10 mM, CaGl0.5 to 10 mM,
NaNGQ; 1.5 to 30 mM), of supernatant filtration (0.45 ympd of equilibration time (1-18
days) was examined for 3 soil samples.

2.2.3 Desorption isotherms

Desorption isotherms were carried out on a topBoin Balen in 1¢ M CaCh, by
measuring Cd and Zn concentrations in solutionifégrdnt soil:solution ratios. Filiust

al. (1998) have shown that desorption isotherms o&lmetetermined by this technique are
in good agreement with isotherms determined byatgaeextraction.

The soil:solution ratios ranged from 5 to 460 T-kgThe soil was weighed into a dialysis
bag (Visking 12-14000 Daltons, Medicell, Londomdas ml of a 13 M CaC} solution
was added. The dialysis bag was transferred in rdmaining CaGl solution.
Concentrations of Cd and Zn in the equilibrium $solu were measured with ICP-OES
after 2 days of end-over-end shaking. The samererpnt was also carried out with 7
days equilibration time.
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2.3 Results and discussion

2.3.1 Effect of experimental conditions orkE values

Supernatant filtration had no significant effeBt-0.05) on solution concentrations (Table
2.1) andE values of Cd and Zn, measured in 0.01 M G&@hta not shown). Yourgt al.
(2000) found no effect of filtration over 0.2 um &nvalues of Cd measured in 0.1 M
Ca(NG;),. Sinajet al. (1999) found that filtration over 0.2 um was neeeg to remove
colloidal Zn. However, they measurgdvalues in a water extract, whike values in this

study were determined in 0.01M CgaGh which colloidal particles are (more) floccuddt

Table 2.1 Effect of filtration (<0.45 um) on solution conceation of Cd and Zn in the
0.01 M Ca(j extract used for the determination Bfvalues. Standard deviation of 2
replicates in parentheses.

Clkor (g 1) Zno (Mg 1)
filtered unfiltered filtered unfiltered
Neerpel? 212 (0.5) 211 (2.4) 14.5 (0.14) 14.4 (0.14)
Houthalen 10.4 (0.03) 10.2 (0.4) 0.37 (0.02) 0302)
Balen 23.4 (0.29) 23.7 (0.01) 0.24 (0.01) 0.223p.0

2 soil from contaminated field (description in Chep3)

The E values of Cd and Zn were measured in CaffQCaCh and NaNQ@ at ionic
strengths of 1.5 mM to 30 mM. No effect of thectlelyte composition on thg values
was observed (details not shown), although thealslidjuid distribution coefficient of the

Cd and Zn isotopes differed strongly between tfffereint solutions.

Little change (<10%) in solution concentrations &dalues of Cd and Zn was found
between 1 and 18 days of equilibration. Smola¢ral. (1999) and Younget al. (2000)
also found little change i values of Cd beyond 1 day of equilibration. Setegl. (1999)
found an increase in tHe value of Zn with 50% for two soils with pH 5.9 aics and an
increase with 80% for a soil with pH 7.2 betweedal and 15 days of equilibration. The
more pronounced effect of equilibration time in thter study may be related to the use of
a water extract (instead of a CaGt Ca(NQ), extract).
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2.3.2 Comparison betweerk value and desorbable Cd and Zn

Desorption isotherms obtained by widening the solilition ratio showed that a fraction of
Cd and Zn could not be extracted. This fractiomesponded well with non-labile fraction

determined by isotopic dilution (see Figure 2.1).
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Figure 2.1 Desorption isotherms (in oM CaCb) of a sandy soil with pH 3.9 obtained by

widening soil:solution ratio for (a) Cd and (b) Zafter 2 days (open circles) or 7 days of
equilibration (full circles). Labile and non-labiimetal concentrations, as determined by
isotopic dilution, are indicated by the horizoritaés.

Differences between the isotherms obtained aftéays and after 7 days of equilibration
were small, indicating fast exchange reactionshesé low pH soils. Filiust al. (1998)

found also little change in desorption isotherms Gd between 2 and 50 days of
equilibration in a low pH soil (pH 4.7), while tleewas a clear difference in soils with

higher pH.

Desorption of metals from polluted soils is theffistep in leaching of these metals. The
presence of a metal fraction that cannot be exdacind which is in agreement with the
non-labile metal pool, suggests that labile metatcentrations rather than total metal

concentration should be used to predict metal iegah soil.
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2.3.3 Soil characteristics

A full description of the soil characteristics daa found in Appendix A.l (Houthalen) and
A.ll (Balen). For both fields, the soils are clifissl as dry podzols (typic Humod). The
main soil characteristics are summarized in Tal?e Zotal Cd and Zn concentrations in
the soil from Houthalen are within the backgrouadge for sandy soils in Flanders (Tack
et al, 1997).

deposition of heavy metals from the nearby smelter.

The soil from Balen is enriched with heawetals due to atmospheric

Table 2.2 Soil properties, total and labile concentratioBy ¢f Cd and Zn for the soils of
Houthalen and Balen. Values are averages for @utftéden) or 10 (Balen) profiles
(standard deviations between brackets).

Horizon® pH ocC Feay’ Chot ZNet  Eca  Ezn  %Ecy %Ezn
% mmol kg* mg kg*
Houthalen

A 327 335 18.5 0.18 94 011 446 62 46
(0.08)  (1.31) (7.8) (0.07) 4.7) (0.05)  (3.14) ® (12

E 332 224 15.8 0.17 45 012 213 72 49
(0.08)  (0.70) (5.5) (0.07) (2.1) (0.06) (1.00) Y11 (14)

B 370 1.38 30.8 0.15 6.3 013 1.88 85 32
(0.19)  (0.80) (10.4) (0.07) (2.9) (0.07)  (1.04 Y15 (14)

BC 400 0.38 11.4 0.03 95 0.03 109 f04 12
(0.09)  (0.20) (4.9) (0.03) (2.5) (0.02) (042) Y27 (5

Cy 400 0.5 8.9 0.02 106 002 121 foe 11
(0.02)  (0.06) (6.3) (0.01) (4.4) (0.01) (067) X25 (3)

Co 395 0.10 6.4 001 133 001 185 f08 16
(0.13)  (0.04) (1.0) (0.01) 4.7) (0.01) (0.40) Y14 (7)

Balen

A 3.70 257 26.9 0.82 707 042 109 50 19
(0.17)  (0.59) (14.8) (0.40) (43.0) (0.33) (6.8) 12 (11

E 385 157 24.0 073 271 052 7.2 80 31
(0.24 (0.90) (21.9) (0.84) (25.0) (0.60) (9.6) X24  (21)

B 396 158 29.8 094 199 081 101 90 39
(0.31 (1.10) (19.0) (0.86) (17.9)  (0.78) (17.2) 61 (25

BC 418 0.85 10.9 024 114 021 32 91 25
(0.20 (1.22) (7.0 (0.24) (4.8) (0.21)  (4.3) (15) (22

Cy 427 0.28 6.3 022 144 020 45 91 20
(0.17 (0.41) (6.0) (0.48) (9.9) (0.44)  (9.3) (19) (21)

C 435 0.13 3.7 0.07 108 0.07 25 89 24
(0.12)  (0.10) (1.7) (0.09) (5.7) (0.08) (1.3 (11) (11

@ approximately (not all profiles showed clear pdidation)
® ammonium oxalate extractable Fe
° %E values > 100 probably because of inaccuracy inl G determination at these low
concentrations
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The soil pH increases with depth, as was also wbdeny Ronset al. (1988) who found
that the pH decreased about 0.6 pH units in theugyer of sandy soils in the Kempen
region between 1960 and 1985. The organic matiateat and Fe oxide content are
largest in the upper horizons and, as a resulsethariables are positively correlated with
each other and negatively correlated with pH (T&08.

Table 2.3 Correlation coefficients between soil charactarssti

Houthalen Balen
pH 2%0C Fe. Al oy pH %0C Fex Al oy
pH 1 1
%0C -0.81 1 -0.81 1
Fex -0.27 0.48 1 -0.55 0.68 1
Al ox 0.37 -0.08 0.63 1 -0.09 0.26 0.63 1

Total and radio-labile Cd concentrations are pesiyi correlated with organic matter
content and with Fe oxide content (Table 2.4). Gbweelation between Zn concentrations
and organic matter content is much larger when gusidio-labile instead of total
concentrations (Table 2.4, Figure 2.2b). The gtromrrelation between organic C content
and labile metal concentrations suggests thatda®d and Zn are mainly associated with
organic matter in these soils. Weegal. (2001) used a multi-surface model to evaluate
the contribution of various sorption surfaces te ttontrol of heavy metal activities in
sandy soils. Their results also indicated the gyt role of organic matter for binding of
heavy metals in sandy soils with low pH. Totalcmcentrations are much less correlated
with organic C content than the labile concentraio Non-labile Zn is presumably
enclosed in primary minerals of the parent mateaat- in the topsoil of the polluted soil —

in Zn-bearing minerals from the smelter emissions.

Table 2.4 Correlation coefficients of Zn and Cd concentragirith soil characteristics

Houthalen Balen
pH % OC Fex Al oy pH % OC Fex Al oy
Cdhot -0.73 0.90 0.71 0.15 -0.75 0.79 0.71 0.39
Ecd -0.61 0.81 0.76 0.29 -0.59 0.64 0.71 0.51
ZNiot 0.36 -0.02 -0.15 0.06 -0.58 0.56 0.24 -0.08
Ezn -0.48 0.83 0.32 -0.04 -0.76 0.77 0.62 0.26
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Figure 2.2 Total ¢) and radio-labile if) concentration of (a) Cd and (b) Zn as a function
of organic C content (data from Houthalen, unpefiutield).

2.3.4 Depth profiles of total and radio-labile Cd and Zn

Total Cd concentrations decrease with depth inuthgolluted soil (Houthalen), and total
Zn concentrations increase with depth except ferAthorizon, where Zn concentration is
higher than in the underlying horizons (Table E@gure 2.3a). The higher concentrations
in the upper horizon are likely related to cycliofgmetals in the soil-plant environment
(Johnson and Petras, 1998; Nowatlal, 2001). Most Cd is labile throughout the profile,
while labile fractions of Zn are small in the lowmsrizons. Zinc in the parent material is
probably enclosed in mineral lattices, explainihg small labile fractions of Zn in the
lower horizons (Johnsoet al, 1998). The increase in Zn concentration withtdep
indicates a loss of Zn by leaching. This loss ofi@plies that ‘non-labile’ Zn may be
released on large time-scale, e.g., by mineral veeatg. Jersakt al. (1997) calculated a
loss of between 32 and 508 kg Zn'‘har between 12% and 56%) of the mineral-soil
profiles of three northeastern U.S. Spodosols (@d2000 years). Dawsoat al. (1991)
calculated Zn losses of around 90% in the upperrB8&f New Zealand Spodosols (age

100000 years).
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Figure 2.3 Depth profiles of radio-labile and non-labile Cddasn for (a) an unpolluted
soil (Houthalen, profile 3) and (b) a polluted g&@hlen, profile 1)
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Total Cd and Zn concentrations both decrease wefittdin the polluted soil of Balen
(Figure 2.3b). Despite the low pH, and conseqydmnitih mobility of Zn in the soil from
Balen (see Chapter 3 and 8), a large fraction efatided Zn is present in the upper
horizon. The fraction of labile Zn in the A-horizas smaller than in the E- and the B-
horizon (Table 2.2 and Figure 2.3b). The presaricén in insoluble form in the upper
horizon, preventing Zn to be leached (cf. Figurk),2may therefore explain the high Zn
concentration in the topsoil. The age of contatma which is £ 50-100 years,
apparently is not large enough to mobilize all mavite Zn. Also for Cd, labile fractions
are smaller in the topsoil than in the subsoilta tontaminated site. Differences in solid
phase speciation of Zn between top- and subsal srhelter contaminated soil were also
observed by Robertst al. (2002). They found that Zn in the topsoil was mhain the
form of franklinite (ZnFeO,) and sphalerite (ZnS). In contrast, aqueous (spkere) Zfi
prevailed in the subsoil160%). The difference in speciation between sulasal topsoil
was also reflected in the desorption behaviourrof Dnly 10% of the total Zn amount in
the topsoil was leached in a stirred-flow experimeile 70% of the total Zn was leached

in the subsoil.

2.3.5 Total Cd and Zn in the soil profile and the currentmass balance

The total amount of Cd and Zn present in the pEdMprofie, kg ha') was calculated by

summing up the metal amount in all horizons:

M profile = Z 0':Lmji Db. |:Mtot,i (23)

where d is the horizon thickness (cmp is the bulk density (g cf) (determined by
Seuntjenset al. (2001a) for similar soils adjacent to the sitetto$ study), andi: is the

total metal concentration (mg Kpof the soil horizon.
The current mass balance reads:

dM s
profile _
__profile _ _ | 2.4
& (2.4)
wherel is the input rate (kg Fay™) andL is the leaching rate (kg hay?). In equation
2.4, it is assumed that there is no removal of £rophe input of Cd and Zn is mainly from

atmospheric deposition, since no fertilizers oreotkoil amendments are added to these
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soils. The leaching rate can be calculated frasrptire water concentratiorMpw, mg I')
and the annual precipitation surpl#s g y*), which is in the order of 0.2 m'y
L=[M]pw.10F (2.5)

The Cd concentration in the pore water of the unped field is in the order of 1 pd |
(details not shown), and the estimated loss byhieacis, therefore, 2 g Cd thay™
Estimates of the input rateof Cd for the unpolluted soil during the last cewytare
between 1 and 7 g hay?, based on data of atmospheric deposition fromliteature.
Tjell and Christensen (1985) estimated that atmesplileposition of Cd in Denmark was
around 7 g Cd hhy™ between 1923 and 1980. Atmospheric depositioBdin a rural
site in Belgium (Knokke) was 3.6 g haeai’ (VMM, 1999, personal communication).
Current atmospheric deposition of Cd in Westerropar which is in the order of 1 gha
y! (RIVM, 2001ab), is lower than historical input,elto increased emission control. The
net effect (accumulation or loss) is uncertain. wideer, the deposition in rural areas has
likely been higher than 2 g Cd ha™* during the last decennia, and therefore, there has
probably been a net accumulation during this perioBresently, the Cd balance is

presumably close to steady state, due to the redigosition.

The Zn concentration in the pore water of the uloped field is in the order of 50-200
Hg Zn I* (details not shown), and the estimated loss bghieg is therefore between 100
and 400 g Zn Kay'. The atmospheric deposition of Zn is estimatetean the order of
100-150 g Zn hay™ (RIVM, 2001ab). Since input rate and leaching rate of the same
order of magnitude, no conclusion can be made whetbcumulation or loss of Zn has
occurred in this soil. However, as mentioned abtve increase in Zn concentration with

depth indicates that a net loss of Zn has occyfignire 2.3a).

Assuming that the metal concentrations in the Gzborof the unpolluted soil({0.02
mg Cd kg and 10 mg Zn kg are equal to the concentrations in the pareneriadt the
amount in the upper 2 m of the parent materiasisrated to be about 0.5 kg Cd'hand
300 kg Zn hd. Since the present-day amounts of Cd are lafbaplé 2.5), this would
indicate that also the unpolluted soil of Houthalsnconsiderably enriched in Cd.
However, the estimated concentration in the pamaterial is uncertain, since also in the

deeper horizons, enrichments or losses of metajshanee occurred.
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Table 2.5 Amount of Cd and Zn (in kg Ha present in the profiles of the unpolluted field
(Houthalen). Calculations were made for the uppereers.

Profile 1 2 3 4 5 6 mean
Cd 1.27 1.2 1.04 1.84 0.75 2.01 1.35
Zn 340 287 271 388 331 290 318

The metal amount in the polluted soil, averagedher10 sampled profiles, is 7.2 kg Cd
ha' and 461 kg Zn h&(Table 2.6). The (relative) difference in metadaunt between the
polluted and unpolluted soil is much larger for thdn for Zn, which is indicative of the
higher mobility of Zn in low pH soils. The variati in metal amount between the profiles
is large. The largest amounts are found in pm#leand 10, which were located close to a
smelter waste dump. The Cd amount is between 46ggl ha' in most other profiles.
Lower amounts were observed in profiles 2 and Bes€& profiles had low organic matter
content (<0.7%) below the A-horizon, and showed pmomzolisation. The low Cd
accumulation in these profiles may therefore be wubigher leaching of Cd. A more

detailed discussion of Cd and Zn transport in plokuted soil will be given in Chapter 8.

Table 2.6 Amount of Cd and Zn (in kg Ha present in the profiles of a polluted field
(Balen). (Calculations made for the upper 2 mgters

Profile 1 2 3 4 5 6 7 8 9 10 mean

Cd 3.7 12 37 51 5 1.3 58 138 6.2 256 7.2
Zn 213 291 361 463 406 365 513 633 480 889 461
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CHAPTER 3
The solid-liquid distribution of Cd and Zn in Spcedés

as affected by soil properties

Abstract

Risk assessment of heavy metals in soils requiresvlkedge about the solid-liquid
distribution of these metals. The distributionQuf and Zn was studied in a series of batch
experiments where solution composition was varied lay a multivariate approach with
141 different soil samples. Spodosols were sammmeddifferent depths of two
contaminated fields and one unpolluted field. Batgperiments showed that the solid—
liquid distribution coefficient Kq) of Cd and Zn increased with a factor 5 to 6 peit u
increase in pH. Th&y of these metals increased 2- to 3-fold when the@®entration
decreased tenfold. TH& values were nearly unaffected by the pH at lowciatrength
between pH 6.5 and 7, because of competition favhenetal binding between soil and

dissolved organic matter solubilized under thes@tmns.

The in situ K4 values of Cd and Zn (i.e., the ratio of total rhetncentration to the
concentration in the soil solution) of 141 soil $d@s were correlated with soil properties.
Between 59 and 85% of the variation offagvas explained by organic matter content, pH
and pore water concentration of Ca. The prediatioy of Zn strongly improved for two
of the three fields, when metals in solution wessuaned to be in equilibrium with the
radio-labile metal pool instead of the total mgtabl. No such improvement was found
for Cd, since non-labile fractions were generallma (< 50% of total metal

concentration).
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3.1 Introduction

An accurate estimate of the solid—liquid distribuaticoefficient, Ky, is necessary when
modelling heavy metal transport in soil, becauseKihlargely influences the outcome of
the transport predictions. Thag is mainly affected by solution parameters suchtdsCa
concentration, the presence of other competing yhemaetal, and the presence of
complexing ligands (cf section 1.2).

Relatively few measurements of timesitu Ky (i.e., based on pore water concentrations)
have been reportedIn situ Ky values have been measured on 30 unpolluted spils b
Romkens and Salomons (1998) and on 46 (pollutediapdlluted) soils by de Groet al.
(1998). TheKy values varied over almost 4 orders of magnitubteboth studies, the pH

explained most of the variation in lgof Cd and Zn.

In this chapter, the distribution coefficients of @xd Zn were determined for a number
of Spodosols (described in Chapter 2). Two metheeie used to determine the factors
that influence th&y of Cd and Zn.

(i) The effect of changing electrolyte compositigH, Ca concentration) on the solution
concentration of Cd and Zn was measured in batpbrerents.

(i) In situ Kgs of Cd and Zn were measured and correlated withpsoperties. A
comparison was made between predictions that wéherebased on total metal

concentrations or on radio-labile metal concerdrati

3.2 Materials and methods

3.2.1 Effect of electrolyte composition on sorption of Ccand Zn

3.2.1.1Theory

The solid—liquid distribution of cadmium is ofterestribed with a Freundlich isotherm
(e.g., Christensen, 1984). From theoretical caratibns of sorption on heterogeneous
soil surfaces, Temminghoétt al. (1995) derived a three-species Freundlich mod&fF)3n
which pH, complexation, Ca competition and ionicesgth effects were taken into

account:

Soa = K [(Cd*")™ [{Ca®)"e= [(H")" (3.1)
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wherescq is the amount of adsorbed metal (in mot'lar mg kg'), (Cd") and (C&) are
the free ion activities of Gdand C&" (in mol I or mg I'), (H") is the free proton activity

(in mol M), andK, ncg, ncaandm are the empirically derived parameters.

The Cd concentration is related to the free ioivigtof Cd:

(Cd*) =[Cd| T, F (3.2)
whereycq is the activity coefficient of Cd, ané is the complexation coefficient which is
the ratio of free Cd concentration to total Cd @orication in solution. Cadmium may

form complexes with inorganic (e.g., Jabr organic ligands.

In case of linear sorption (i.e., at low metal [paat). 3.1 can be written as:

_ Sod — 2+\Ncy +ym
Ka = [og] = K oo IF C*)" 1) (3.3)

3.2.1.2Experiments

Topsoils were sampled from two sites situated iteB#soil A) and Neerpelt (soil B), that

are polluted by atmospheric deposition of Zn smelte

The distribution of Cd and Zn was measured at emmsbnic strength (0.03 M), and at
varying Ca concentrations or varying pH. Duplicséenples of 2 g soil (Soil A, Table 3.1)
were weighed in polypropylene centrifugation tubesi] 20 ml of a solution spiked with
199¢d and®Zzn was added. The background electrolytes werdlGg6 (0.01 M) : NaNQ
(0.03 M), mixed in volume ratios of 100:0, 50:5@:90, 5:95 or 1:99 for the experiment
with varying Ca concentration, and 0.01 M Ca@NOwith different concentrations of
NaOH or HCI (0.01 and 0.02 meq Ot H' g) for the experiment with varying pH. The
suspensions were shaken end over end for three days

The influence of pH on thiéyq of Cd and Zn was studied in two background eléygiee
(0.5 mM Ca(NQ@); and 10 mM Ca(Ng),). Duplicate samples of 2.5 g soil (Soil B, Table
3.1) were weighed in polypropylene centrifugatioeds, and 25 ml of the electrolyte
solution spiked with'*Cd and®Zn and with varying Ca(OH)concentrations (0, 0.02,
0.04, and 0.06 meq OK*) was added. The suspensions were shaken encendeior
four days.
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In all cases, phase separation was achieved byifagation (300@, 30 min). The pH
of the supernatant was measured, 'ffi€d and®*Zn activities were determined (gamma
scintillation) and concentrations of Cd, Zn and onaations (Ca, Mg, Na, and K) were
measured with ICP-OES.

Table 3.1 Selected characteristics of the soils used in #tehbexperiments

pH OoC Cohot Ecqd ZNot Ezn
Soil A 35 2.3 0.8 0.6 18 9
Soil B 4.2 2.3 3.1 2.3 239 130

3.2.2 Relationship between sorption of Cd and Zn and soproperties

Sandy soils were collected from an unpolluted fieldHouthalen, a contaminated field in

Balen, and a contaminated field in Neerpelt. Tr@nmnsoil characteristics of these fields

are summarized in Table 3.2. The field in Neerefiart of a nature reserve (Hageven),
and has been used as arable field in the 1970sofoe years. The soil is classified as a
typic haplaquod, a wet sandy soil with a ploughetayThe groundwater table is between
60 and 120 cm of depth.

Six (Houthalen) or ten (Balen) profiles were sard@ée5 or 6 depths (see section 2.2.1).
For the field in Neerpelt, 10 soil profiles weremgded in 2000 over an area of about 4 ha.
The samples were taken with an Edelman screw awgeb or 6 depths up to the

groundwater table, which was located around 1 nuodtdepth.

The soils were sieved (< 2 mm) and air dried. @tganic C content, pH, oxide content
(Fex and Aly), and total metal concentratioM; were measured (section 2.2.1). The
radio-labile Cd and Zn concentratioB, (mg kg') was measured by isotopic exchange, as
described in section 2.2.2. Soil solution wasasl by centrifuging the field moist soils
for 1 hour at 3009 (within 2 days after the soil sampling). The smlution was filtered
through a 0.45-um membrane filter and acidifiedptd=1 with HNG. Pore water
concentrations of Cd and ZrM],w) and concentrations of macrocations (Ca, Mg, N& an

K) in the soil solution were measured with ICP-OES.
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The partitioning of Cd and Zn between solid andisoh phase was expressed in terms
of Kg (Mo [M]pw) OF Kq2® (E/[M]pw). TheseKy values were correlated to soil properties by
stepwise regression analysis, using SAS (Reled®y.6All variables were transformed to
their logarithms, except for pH which is already l@garithm. The logarithmic

transformation was used to normalize the data afidearize relationships.

Table 3.2 Mean and range of selected soil characteristicthithree fields

Balen (=61) Houthalenr(=31) Neerpeltr{=56)

mean min  max mean min  max mean min  max
pH 41 34 45 37 31 41 52 39 61
% OC 1.1 0.4 4.0 1.4 0.1 5.6 1.3 0.2 2.8
CEC (cmalkg?) 1.1 005 3.6 1.0 0.09 26 25 0.06 5.1
Fex(mmolkgh) 17 12 76 17 3.6 50 96 05 38
Aloc (mmol kgt) 33 67 87 27 72 69 35 33 59
Cdot (Mg kg?) 05 001 29 010 0.01 0.27 23 005 76
Znyor (Mg kg') 23 1.2 140 84 23 187 208 12.6 758

Metal concentrations and soil properties were ditermined on a collection of polluted
topsoils collected in Belgium, France, Hungary #mel UK, covering a wide range of soil
properties, metal concentration and contaminatmurce (sewage sludge, smelter, metal

salts, mining, alluvial deposition) (Table 3.3).

Table 3.3 Mean and range of selected soil characteristicsafomdependent dataset of
polluted soils (=57 for Cd and=61 for Zn).

pH Organic C Cav Cdot ZNeot
% mM mg kg
Mean 5.7 35 5.1 18.4 1080
Minimum 3.5 0.9 0.3 0.2 23

Maximum 7.2 23.1 18.6 35 34100
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3.3 Results and discussion

3.3.1 Effect of electrolyte composition on the sorption bCd and Zn

The distribution of Cd and Zn was measured at ait istrength of 0.03 M, at varying pH
or at varying Ca concentrations. Solution conaitins of Cd and Zn decreased aqd
values increased as the pH increased (Figure 3Lbwer Ca concentrations increased
sorption of Cd and Zn. This effect could partlydglained by the higher pH at lower Ca
concentration. However, also a pure Ca competéitect was observed (Figure 3.1).

The distribution coefficient of the free ion wadotdated as:

lab
lab _ Kd

deree - y[F (3.4)

wherey is the activity coefficient of Cd or Zn predictéy the Debye-Hickel equation
(equal to 0.52 for 1S=0.03 M), arklis the ratio of free concentration to total corication

in solution. The complexation coefficielitwas assumed to be 1 since complexation with
NOs is negligible at the concentration used, and cewgilon of Cd and Zn with dissolved
organic matter is also not of much importance atvaldes below 4.5. Equation 3.3 may

then be written as:

logK 2 =k +n., dog(Ca®") - mpH (3.5)
d nCa

free
Parameters of this regression equation are givdialie 3.4. For Cd, a value of -0.70 was
found form, which implies that an increase of the pH with oné increases thiy with a
factor of 5. A value of -0.23 was found foe, i.e., a tenfold increase of the Ca
concentration decreases tgwith a factor 1.7. The pH factor and Ca factoZaofwere
both slightly larger (in absolute values) than tho§Cd (Table 3.4).
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Figure 3.1 Effect of pH on the labile distribution coefficie (ratio of E value to

concentration in solution) of (a) Cd and (b) Zn,aswwed in 0.01 M Ca(N§} (open

circles). Also shown are labike; values measured at the same ionic strength (0.,03M)
lower Ca concentrations,(0.0001 M;a, 0.0005 Mm , 0.001 M ¢, 0.005 M Ca). (Data
for soil A, Table 3.1)

Figure 3.2 shows the effect of pH on the distribatof Cd and Zn measured in two
background electrolytes (0.5mM Ca(p)9and 10 mM Ca(Ng),). At low pH values,
sorption was weaker in the background electrolyith whe higher ionic strength, which
may be explained by the competition of Ca for sorpsites and the reduced activities. At
high pH values, the increase &fy with pH levelled off at low ionic strength.
Concentrations of dissolved organic matter (DOM9 &rger and the complexation of
DOM with Cd and Zn is stronger at higher pH anddovonic strength (Kinniburgbt al,
1996). Therefore, a reduction in free ion activiyised by a stronger complexation of Cd
and Zn with DOM might explain this observation. st this hypothesis, Cd and Zn in
solution were speciated using the Windermere HuhAugieous Model (WHAM), a
chemical speciation model that incorporates moddb\escribe complexation of metals
with humic substances (Tipping, 1998). The sdiliton pH and the concentrations of Ca,
Mg, Na, K, Zn, Cd and dissolved organic matter waesed as input data. The DOM
concentrations in the extracts were not measungdywbre estimated based on data from
Osteet al.(2002). They measured DOM concentrations ins@pensions at different pH
and Ca concentrations, for a sandy soil from tmeesarea as the soil used in this study,

and with similar organic matter content (%OC 2.Pyedicted fractions of solution Cd and
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Zn complexed with DOM were lower than 0.20 in 10 md(NQ),, but ranged up to 0.85

in 0.5 mM Ca(NQ).. Estimates of the parameters of the regressiaaten 3.5, obtained
by linear regression analysis, are given in Tabde 3The pH factors were very close to
those obtained for soil A, whereas the effect ofcGapetition was significantly larger for
Cd, for unknown reasons. The labKg predicted from the regression equation and the
free ion fractions calculated with WHAM agreed weilth the observed values (Figure

3.2).

Table 3.4 Results of multiple regression results for ebe (I kg") with respect to
log(C&™) (in mmol I') and pH. (Values standard error)

Zn
k m Nca R2 k m Nca R2
Soil A -1.40 -0.70 -0.23 0.98 -2.15 -0.79 -0.31 0.98
+0.09 +0.03 +0.02 +0.16 +0.05 +0.03
Soil B -1.56 -0.70 -0.44 0.99 -2.18 -0.76 -0.25 0.98
+0.09 +0.02 +0.04 +0.10 +0.02 +0.04
(a) (b)
1000 1000
085
8 | ’s‘ 65.36° 019
5 100 5 100 A
o F'.c:
= =
8_ 10 8_ 101
X Y4
o Ca0.5mM °o Ca0.5mM
e Cal0mM ® Cal0mM
1 T T T 1 T T T
4 5 6 7 8 4 5 6 7 8
pH pH

Figure 3.2 Effect of pH onK4®® of (a) Cd and (b) Zn, measured in 0.5 mM CagN®r
10 mM Ca(NQ).. The lines represent the modelled values andldlaéds indicate the free
ion fraction, as calculated with WHAM. (Data failsB, Table 3.1)
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These results indicate that liming may be an opttioreduce the mobility of Cd and Zn
in these acid sandy soils, since Kagincreases with about a factor 5 (Cd) to 6 (Zn)yrer
increase in pH (Table 3.4). However, these sailgeHow ionic strength (Ga~ 0.1 mM),
and liming will cause an increase in ionic strengthich may partly counteract the effect
of increase in pH. Complexation of Cd and Zn witssolved organic matter (DOM) may
also result in a smaller increase in tethan is expected based on the increase in pH.
Heavy metal binding by DOM may become of importamten the pH of these acid soils

(pH ~ 4) is increased with more than 2 units.

3.3.2 Relationship betweerKy of Cd and Zn and soil properties

Thein situKyq was calculated as the ratio of total metal come¢éinh and the concentration
measured in the soil solution, for all soil sampdéghe three fields (Table 3.5). Tha
values varied strongly among soil horizons and sores within one field (details not

shown).

Table 3.5 Mean and range of th€; values of Cd and Zn for the three fields.

Houthalen Balen Neerpelt
Cd Zn Cd Zn Cd Zn
Mean 46 26 57 40 169 80
Minimum 3 8 2 2 9 10
Maximum 108 77 446 237 590 306

The soil organic matter content explained moshefvariation in lo#y: 70% for Cd and
33% for Zn. The Fe oxide content, that is posiyiverrelated with the organic C content
(r=0.57,P<0.001), explained much less of the variation gKlp only 14% for Cd and 9%
for Zn. Introducing the soil pH as a second conembimproved thé¥ to 0.85 for Cd and
0.59 for Zn (Table 3.6). The pH is usually the mogportant factor explaining thi€q of
Cd and Zn (e.g., Andersaet al, 1988; Sauvét al, 2000). For this dataset, the organic
matter content explained most of the variatioKdnwhich may be explained by the strong
variation in organic C content (from 0.05 to 5.6¥%gcause soils were sampled at different
depths. This becomes even clearer when only ¢h#sfof Houthalen and Balen, that have
comparable pH (Table 3.2), are considered in tlggession analysis. The organic C

content explained 85% of the variation in kggor Cd (Table 3.7). Introducing the pH



42

into the regression model had no significant effedhis case. The coefficient for logOC
was near 1 for Cd, effectively predicting that #eis proportional to the organic matter
content in these soils. In various studies (€&@grritseet al, 1984; van der Zee and van
Riemsdijk, 1987; Tyet al, 2003), the Cd concentration has been normalisédraespect

to organic C content, the underlying assumptiondpéiat Cd only adsorbs on soil organic

matter.

Table 3.6 Summary of linear regression fiogky andlogky® (in | kg*) of Cd and Zn with
respect to soil properties for all soils=(41). Organic C content (OC) is expressed in %.
The pH was measured in 0.01 M Ca@:L 1:10 kg )

logKg loga™
regression coefficients regression coefficients
R®  intercept  logOC pH R® intercept logOC pH
cadmium
Value 0.85 -0.05 1.19 0.42 0.84 -0.29 1.09 0.45
SE 0.15 0.04 0.04 0.03 0.04 0.04
P-level <0.0001 <0.0001 <0.0001 <0.0001
zinc
Value 0.59 -0.08 0.62 0.38 0.84 -1.21 0.88 0.56
SE 0.18 0.05 0.04 0.13 0.04 0.03
P-level <0.0001 <0.0001 <0.0001 <0.0001

Table 3.7 Summary of linear regression fiogky andlogky® (in | kg*) of Cd and Zn with
respect to soil properties for the soils of Howthaand Balenn=85). Organic C content
(OC) is expressed in %.

logK 4 logKy®
regression coefficients regression coefficients

R? intercept logOC R intercept logOC
cadmium
Value 0.85 1.52 0.99 0.84 1.40 0.87
SE 0.03 0.05 0.03 0.04
P-level <0.0001 <0.0001 <0.0001 <0.0001
zinc
Value 0.24 1.46 0.31 0.72 0.86 0.55
SE 0.04 0.06 0.02 0.04

P-level <0.0001 <0.0001 <0.0001 <0.0001
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No improvement inR? was found for Cd when the solid—liquid distributiavas
expressed with respect to tlie value instead of total Cd concentration. Nonkabi
fractions of Cd were generally small, which expdatinis lack of improvement. In contrast,
the R? improved strongly when thigs of Zn was expressed with respect to radio-labile
instead of total Zn concentration (Table 3.6 antld&.7). Non-labile fractions were
larger and more variable for Zn than for Cd (sec®03.3). The % values of Zn varied
between 5 and 88% in the field of Balen, and betv@and 68% in the field of Houthalen.
The variation in labile fractions of Zn was smalierthe field of Neerpelt, where theEb

values ranged from 27 to 87%.

Tye et al. (2003) found no or only small improvements whemgisadio-labile instead
of total metal concentration to predict pore watencentrations of Cd and Zn with an
extended Freundlich model. However, the majoriporbf the dataset of this study
consisted of metal salt spiked soils. The fractiadio-labile metal was highly pH
dependent in these soils. Therefore, the variatiometal ‘lability’ was already partly

described by the pH coefficient.

Concentrations of Cd and Zn (total, radio-labilé @ore water concentrations) were also
determined in contaminated soils collected in Betfgi France, Hungary and the UK,
covering a wider range of soil properties (Tabl@) 3han the Spodosols. Tkg ranged
from 5 to 5830 | kg for Cd and from 3 to 9660 | Kgfor Zn. Stepwise linear regression
analysis was performed for lkgf® with pH, organic C content (%) and pore water
concentration of Ca (mM) as independent variabléhe pH explained most of the
variation in lod<q: 65% for Cd and 62% for Zn. Introducing organic@htent and pore
water concentration of Ca further improved Rfe The following equations were obtained

with all regression coefficients significant at th@5 level:
for Cd: logk4® = -1.80 + 0.66 pH + 0.79 log%OC - 0.26 logdR? = 0.77) (3.6)
for Zn: logks® = -2.54 + 0.73 pH + 0.82 log%OC - 0.46 logiedR® = 0.74) (3.7)

These equations were used to predict pore wateeotnations of Cd and Zn for the sandy
soils of this study. Predicted concentrations¢udated as the ratio of radio-labile metal

(E) to the predicte#*, agreed well with observed values (Figure 3.3).
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Figure 3.3 Observed versus predicted pore water concentratib(e Cd and (b) Zn, for
the soils from Neerpelt (NP), Houthalen (HH) andelBa Predictions were made based on
radio-labile metal concentration and a regressiguaton derived from an independent
dataset (data indicated ly). The dotted lines indicate 5 times under- orpkediction.

In conclusion, the batch experiments and the narite analysis showed that the solid—

liquid distribution oflabile Cd and Zn is mainly controlled by pH, organic reattontent

and ionic strength of the soil solution. For Zredgictions of theKq were much improved

when theKy was expressed with respect to the radio-labileahpaiol € value) instead of

total metal concentration. The regression equsitionKy and Ky

Cd, since Cd was — in general — mainly in labikfo

lab

were nearly equal for
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CHAPTER 4
Liming decreases pore water concentrations of @dZan

and stimulates soil microbial activity

Abstract

The effect of liming on pore water concentratiofi<Cd and Zn was tested on two acid
sandy soils in a laboratory incubation experime@ne soil was contaminated with heavy
metals due to smelter emission, the other soil amsnded with metal salts to a same
(radio-)labile metal concentration as the field teomnated soil. The soils were limed at
two rates, and the soil solution was sampled aatysed at 1, 4 and 9 weeks after liming.
An increase in the pH with two units resulted intemfold decrease of pore water
concentrations of Cd and Zn in the field contanedagoil. Pore water concentrations of
Cd and Zn increased up to five-fold between one @ind weeks of incubation (20°C).

These increases were attributed to the increasaim strength and acidification of the soil

solution, caused by mineralization of organic NhisTlaboratory experiment reveals that
liming may be successful in remediation of metaftaminated soils, but also highlights
that accelerated soil microbial activity may paribffset the reduction of metal

concentrations in the soil solution.
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4.1 Introduction

Most technologies to remediate metal contaminabdld are expensive and not applicable
on a large scale. Increasing the soil pH throumging could possibly be used as a cost-
effective method to reduce the metal mobility indagoils contaminated with Cd and Zn
(cf. Chapter 3).

Decreases in soil solution concentrations of hemstals upon liming have been
observed in several studies. Liming of two strgrggintaminated soils decreased the pore
water concentrations of Cd and Zn with about aofaat 5 per unit increase in pH (Lombi
et al, 2002). Two soil amendments, red mud (a wastdymtoof the bauxite industry) and
beringite (a cyclonic ash), that increased the ptagproximately the same value as the
lime treatment, had a similar effect on the poréewaoncentrations of Cd and Zn. Filius
et al. (1998) measured Cd concentrations in a 0.01 M OgiNextract in a metal
contaminated soil from a liming experiment, andriduhat concentrations decreased with
about a factor of three per unit pH increase. Kngj al. (1998) amended soils from a
long-term liming experiment with CdS@8 mg Cd kg) or ZnSQ (300 mg Zn kg). Pore

water concentrations decreased about 6 times [tenarease in pH.

Reductions in metal concentrations in solution nieey achieved by an increased
adsorption (i.e., an increase in the solid—ligugtribution between labile pool and solution
phase), or by a decrease in the labile pool (Haetoal, 2002). The reduction in pore
water concentrations of Cd and Zn upon liming isnhyacaused by stronger adsorption,
because of the increase in pH. However, this effiéincrease in pH on metal mobility
may be partly counteracted by the increase in @aerdration upon liming. Especially in
soils with low ionic strength, liming may result énlarge increase in the Ca concentration.
Increased complexation of Cd and Zn with dissolueganic matter may also result in a
lower reduction in the pore water concentratiomstts expected based on the increase in
pH.

Liming may also result in a decrease in the lapiel, especially at high pH values
where precipitates may form. Hamenal. (2002) found a strong decrease in the radio-
labile Zn concentrationE value) between pH 6 and 7, which was attributedthi®
formation of ZnCQ. However, acidification returned the labile ptmialues comparable
with that of an unamended soil, since carbonatesraadily solubilized. Other soil

amendments (e.g., red mud) may promote fixatiomefals in non-labile pools that are



47

partly resistant to acid dissolution (Hamenal, 2002). Therefore, liming is sometimes

not recommended since it does not lead to irrevier§ixation

The effect of liming may be assessed in laboratmybation experiments. Changes in
the soil solution composition may occur during ipation. Curtin and Smillie (1995)
found a strong increase in concentration of theomegtions and of nitrate and a decrease
in pH for soils that were incubated for periodstapone year. These changes in soll
solution composition were attributed to the mineedlon and nitrification of organic N.
The decrease in pH and the increase in Ca contentrduring incubation increase the
pore water concentrations of Cd and Zn. Curtin Sndllie (1983) found that pore water
concentrations of Zn increased up to tenfold betwkeand 52 weeks of incubation in

control and limed soils.

In this study, we tested the effect of liming andubation on pore water concentrations
of Cd and Zn in two acid soils. One soil was contated with heavy metals due to
smelter emissions. The other soil was amended®dtland Zn salts in the laboratory to a

(radio-)labile metal concentration similar as tieddf contaminated soil.

4.2 Materials and methods

Soils were sampled from the surface horizon (0-bf) of a non-contaminated soll
(Houthalen, H) and a solil slightly contaminatedhwliteavy metals (Neerpelt, NP) (Table
4.1). Both soils were acid sandy soils (Spodosdjre water was isolated from the field
moist soils by centrifugation immediately after sdimy the soils, and the concentrations
of Cd, Zn and Ca in the pore water (filtered ovdi5um) were measured with ICP-OES.

Table 4.1 Selected characteristics of the soils

pH* oc® CEC*® Cdhot Zot Ecd Ezn
%  cmok kg mg kg* mg kg*
Neerpelt 3.2 2.4 3.1 1.3 110 0.55 30
Houthalen 3.4 2.9 2.2 0.32 16 0.20 7.2

3 CaCh 0.01M, S:L 1/10° organic C content, dry combustion (Skalar CA 100);
¢ silverthiourea method (Chhabefal, 1975)

The soils were air-dried and passed through a 2smme. Three weeks after drying, a
CdSQ + Zn(NGy), solution was added to soil H to a final moistuoatent of 20% (w:w)
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and a dose of 0.3 mg Cd k@nd 25 mg Zn k§ Soil NP was only wetted, to the same
water content. The moist soils were incubatediggihylene bags at 4°C. After 3 days of
incubation, lime (analytical grade Cag)@vas added to the soils (0, 1.1, and 2.2 g GaCO
kg® for soil H and 0, 1.25, and 2.5 g CaCky* for soil NP) and thoroughly mixed (2
replicates per treatment). Soil solution was exé@ by centrifugation and filtered over
0.2 um after one week of incubation at 4 °C. Thidssvere subsequently incubated at
20°C and soil solution was extracted and filter®8® (um), four and nine weeks after
liming. The subsamples that were used for extaotf the soil solution were wetted to
25% (w:w) moisture content three days before tire pater isolation. The solutions were
analysed for pH, Ca, K, Na, Mg, Cd, Zn, dissolvegamic carbon (DOC), SO, NOs and
CI. Calcium, K, Na, Mg, Al and Zn were determined A%S and Cd by GFAAS on
acidified (pH=1) samples. Total carbon in solutwas measured with a Total Carbon
Analyzer (Shimadzu TOC44) and was assumed to be equal to the dissolvechiorga
carbon (DOC), as it was found at the first samploogasion that the concentration of
inorganic C in solution was negligible. Sulphati#;ate and chloride were measured with

ion chromatography (Dionex).

Radio-labile Cd and Zn in soiE(values) were measured three and nine weeks héer t
metals were added to the soil, as described imoge2t2.2. The soil pH of all treatments
was measured in 0.01 M Casolid:liquid ratio 1:10) at the beginning and & of the

experiment.

Total dissolved Cd and Zn in soil solutions werecgted using the Windermere Humic
Aqueous Model (WHAM), a chemical speciation modw®ttincorporates model VI to
describe complexation of metals with humic substar(@ipping, 1998). The soil solution
pH and the total measured concentrations of CdC&n,Mg, Na, K, Al, SG, NOs, CI,
and dissolved organic matter were used as inpat dette temperature was set at@@nd
the partial CQ pressure at 3.5 T0atm. It was assumed that the dissolved organitemat
contained 50%C, was fulvic in origin, and that 5@&%s inert (Lofts and Tipping, 2000).

Statistical analyses were based on two-way ANOVAS$.12).

In an additional incubation experiment, four topsaf the field of Neerpelt were
amended with lime at three rates (0.43, 0.86, a8 §§ CaO kg). After 2 weeks of
incubation, the pH was determined (in 0.001 M GaSIL=1/10 kg 1), and the CEC and
concentrations of exchangeable bases were measutkd soil pH with silverthiourea as
index cation (Chhabret al, 1975).



49

4.3 Results

The radio-labile metal concentration of Cd and Zbath soils was not affected by liming.
Soil H amended with metal salts hEdvalues of 0.56 (+ 0.02) mg Cd kand 29 (+ 0.7)
mg Zn kg', similar to theE values of the field contaminated soil (Table 4.1Jhe
difference betweeg value before and after metal salt amendment &8 g Cd kg and

22 mg Zn kg, or nearly equal to the amount of added metalcvhieans that all added
labile metal remained labile. THhevalues measured after nine weeks of incubatiore wer
not lower than those measured after 3 weeks otbgiion, i.e., no ageing reactions had
occurred during this period. The soil pH of thghast lime treatment was 4.8 for soil NP
and 5.4 for soil H. In soils with pH<5.5, no caleiable decrease in labile Cd or Zn

concentrations is to be expected in a two-monthe@éTyeet al, 2003).

Liming increased the soil solution pH, and, as asequence, decreased pore water
concentrations of Cd and Zn (Table 4.2). The Qacentration increased upon liming
(Table 4.2), the concentrations of Na, Mg and Kewnenly slightly affected, and the Al
concentration decreased (details not shown). CGdratens of DOC increased (soil NP)
or were unaffected (soil H). The changes in soilitton composition upon liming were
similar to those observed by Curéhal. (1983).

The pH of the soil solution decreased as incubagtiogressed (Table 4.2), except for the
control treatment of soil H. The soil pH, measuire@.01 M CadJ, of the limed soil was
also lower after 9 weeks of incubation, but therdase was less pronounced than that of
the soil solution pH. The pore water concentratioh Ca increased and this was most
pronounced in the lime treatments. ConcentratiohsDOC decreased with time.
Decomposition of DOC, released after rewetting hedf s0il, may explain this decrease
(Merckx et al, 2001). The decrease in DOC with time may be edtaied to the increase
in ionic strength and decrease in pH of the sditgmn (Osteet al, 2002). Concentrations
of Cd and Zn increased upon incubation. The deeréa pH upon incubation partly
explains this increase in pore water concentrationdowever, concentrations were
generally larger at a given pH value for longewuimation times (Figure 4.1), which may be
explained by the increase in Ca concentration dumiicubation. An increase in ionic
strength causes a decrease in sorption of Cd amdause of Ca competition and because
of a decrease in free ion activity (Temminghetfial, 1995; Chapter 3).
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Figure 4.1 The pore water concentrations of (a) Cd and (f)ag a function of soil
solution pH at different incubation times (for sNiP)

According to the speciation calculations with WHAMd and Zn in solution were
mainly present as free ion. Predicted fractionslissolved Cd and Zn complexed with
SO were lower than 0.2. The fractions of solutionad Zn complexed with dissolved
organic matter (DOM) were predicted to be below, GRcept for the highest lime
treatments after 1 week of incubation. For thesatments, it was predicted that the
fraction of Cd and Zn complexed with DOM was aro@r2b for soil H and around 0.5 for

soil NP.

Concentrations of N©increased during incubation, and this increasengn 1') agreed
well with the increase in salt concentration (suncancentrations of Ca, Mg, K, and Na;
in meq 1. This relationship suggests that the increaseoirnic strength and the
acidification of the soil solution is caused by emalization of organic N. The amount of
N mineralized was estimated from the increase ins NfOncentration. More N was
mineralized in the limed soils (Table 4.3). Stiatidn of N and C mineralization by
liming was also observed by Curtet al. (1998). Danceret al. (1973) found that
nitrification rates in soils amended with NISQ,), were higher in limed soils than in

control soils of a field lime experiment.

Since moist storage may result in changes of thes®ation composition, it is advisable

to sample soil solution immediately after soil séesare collected in the field.
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Table 4.3 Effect of liming on the amount of mineralized ¢djculated from the increase in
NOs concentration during incubation.

Soil H Soil NP
pH @ N min. (mmol kg pH 2 N min. (mmol kg")
0-21d 0-56d 0-21d 0-56d
LO 3.3 0.2 11 3.2 0.5 1.3
L1 4.2 1.0 5.2 4.0 1.2 2.4
L2 54 1.0 5.9 4.8 1.2 2.9

% pH measured in 0.01M Cagit the start of the experiment

4.4 Discussion

4.4.1 Capacity and intensity effects of liming

The concepts of capacity and intensity are usefuhtierpreting the effects of liming on

soil solution composition. The capacity factornsts for the total amount in the soill

system, while the intensity factor correspondsh®e s$olution concentration (Reuss and
Walthall, 1990).

The reaction of CaC£in an acid soil can be written as:
CaCQ +2S-H- S-Ca+ CQ+ H,O (4.1)

where S represents an exchange site. Liming sesulin increase of the base saturation,
i.e., the fraction of the cation exchange compiiet ts occupied by the cations®aMg®,

K* and N&. These cations are not bases in a chemical sbus@n exchange complex
dominated by these ‘basic’ cations behaves as sod#&ed acid, and will have a soil
solution with a relatively high pH. On the othemld, an exchange complex dominated by
the ‘acidic’ cations M and AP* behaves as an undissociated acid and maintainsothe

solution at lower pH.

The increase in Ca saturation is accompanied byaiease in the pH (intensity factor),
which can be explained with the ion exchange thd®gusset al, 1990). Exchange
between C& and H on the soil surface, can be quantified using ecsigity coefficient:

an (H +)2
(1 - ZCa) ? (Ca2+)

K (Ca/H) = (4.2)
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whereZc, is the equivalent fraction of Ca on the ion exgenomplex, (C&) is the free
ion activity of C&" (in mol '), and (H) is the free proton activity (in mol’). Equation

4.2 can be rewritten as

(4.3)

Z
H- ), pCa=k+0.50og——<2—

(1-Z¢,)?

The left hand part of this equation is termed thelpotential. Thus, the lime potential

does not change if the base saturation of therspikins constant, according to the lime

potential concept. At constant Caactivity and when Ca is the main base cation en th

exchange complex, equation 4.3 may be rewritten as:

PH =K + 0.5 log—o> (4.4)
(1-BS)

where BS is the base saturation of the ion exchangelermp

In a preliminary experiment, the pH (measured in 0.00CaC}), the CEC and the
amount of exchangeable bases were measured for four dJoleé¢opelt) amended with
lime at three rates. The theoretical curve (equation #tddl the experimental data well,

whenk’ was set to 4.2 (Figure 4.2).

base saturation

pH (0.001 M CaCl,)

Figure 4.2 The relation between base saturation and pH. The symtsotdserved values
for four soils that were amended with lime at three rafBise line gives the theoretical
relation derived from G&/H* exchange.
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Figure 4.3a shows the same theoretical curve of base satuvatsus the lime potential
(equation 4.3). Also the base saturation (estimated bastwaesults of the preliminary
experiment) for the different treatments of soil NP dotted against the lime potential of

the soil solution.

Figure 4.3 also illustrates the effect of incubation. Mineagibn and nitrification of

organic N during incubation results in the productbéprotons:
R-NH; + 23— R-OH + NQ+ H' (4.5)

These protons will displace cations from surface-exchange $Mewralization (followed
by nitrification) in a closed system, where the excessg¢ansot drain, therefore results in
an increase in the ionic strength and a decrease in pH sbith@lution. The amount of
protons produced between 1 and 9 weeks of incubatidreihighest lime treatment was
estimated, based on the increase insN@ncentration (Table 4.3), at 3 meqg*kyr soil
NP and 6 meq kfor soil H. This amount is a substantial fractioritef CEC that ranges
from 20 to 50 meq K§ depending on pH, in these sandy soils. The decreake lmase
saturation, estimated from the increase ingNéncentration (Table 4.3), was in good
agreement with the observed decrease in lime potential (F@B8e and in soil pH
(measured in 0.01M Caglupon incubation. The decrease in the pH of the saitisa
upon incubation was much more pronounced than the decretse soil pH, because of
the increase in the ionic strength. This effect is illustran Figure 4.3b where Figure 4.3a
is replotted with the pH of soil solution in the x-&xiAt the same Ca saturation, the soill
solution pH is lower when the Ca concentration is lardére increase in Ca concentration
upon incubation was most pronounced in the limed swilig;h explains why the increase

in pH of the soil solution upon liming becomes smakliéh time (Table 4.2).

Mineralization and nitrification in a closed system cleadgults in an increase in the
ionic strength and a decrease in the soil solution lpHhe field, no such increase in ionic
strength is to be expected since the excess cations candra@l. However, nitrification
will also result in acidification if the rate of niticition exceeds the nitrate uptake, which
will probably be the case immediately after the lime aollit The nitrogen
transformations will have little effect on the pH (ietk is no net N input), once steady

state is reached and mineralization equals assimilation.
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4.4.2 Effect of liming and incubation on Cd and Zn distribution

The changes in pore water concentrations of Cd and Znlupimg and incubation can be
explained by the changes in pH and in Ca concentrationinéease in the soil pH with
two units resulted in a ten-fold decrease of the porerwatacentrations of Cd and Zn in
the field contaminated soil from Neerpelt (Table 4.2). @&fiect of increase in pH upon
liming, resulting in a decrease of pore water conceatratof Cd and Zn, was partly
counteracted by the increase in Ca concentration and timgestrocomplexation with DOC

at higher pH, but these effects were small in comparistinthe pH effect.

The concentrations of Cd and Zn increased upon incubagicause the soil solution pH
decreased and the Ca concentration increased. This effechegispronounced in the
limed soils, and therefore the effect of liming on powdewr concentrations of Cd and Zn
diminished as incubation progressed. After 9 weeksinolibation, pore water
concentrations of Cd and Zn for the low lime treatment @fL$oil H were even larger
than those in the unlimed soil (Table 4.2). The solition pH was similar for these two
treatments, and the pore water concentration of Ca was lardbe limed soil, which
explains the larger Cd and Zn concentrations in the liroéd s

Pore water concentrations of Cd and Zn in both soilewsenilar for treatments with
nearly identical soil solution composition (pH, Ca concditn). Both soils had almost
identical E values. Thus, the ‘labileéKy , which is the ratio oE value to the pore water
concentration, was similar in both soils if soil sadat composition was comparable.
Regression equations 3.6 and 3.7 (derived from an emilgmt dataset) were used to

predict the pore water concentrations based o taue and thés®

predicted from the
pH, the organic C content, and the pore water concemtratioCa. The predicted
concentrations were within a factor 3 (Cd) or 2 (Zn) frdva bbserved concentrations

(Figure 4.4).
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Figure 4.4 Observed versus predicted pore water concentrations 6t(agnd (b) Zn for

soil H and soil NP. Predictions were made based on-taldiie metal concentrations and
a regression equation derived from an independent dataseiti¢es 3.6 and 3.7). The
dotted lines indicate 3 times over- or underprediction.

In conclusion, the pore water concentrations of Cd Zndin a contaminated soil

decreased tenfold when the pH was increased with two. uhitsubation increases the

ionic strength of the soil solution and the pore watancentrations of Cd and Zn. The

pore water concentrations of Cd and Zn increased upveddid between one and nine
weeks of incubation (20°C). These increases were dtdbio mineralization of N, and

were most pronounced in the limed treatments.
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Transport of Cd and Zn in columns
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CHAPTER 5
Transport of Cd and Zn in acid sandy soils:

effect of pore water velocity

Abstract

The transport of Cd and Zn at varying pore water velocitlas measured to assess
whether the breakthrough curves could be described basetieotocal equilibrium
assumption (LEA). Column experiments were performedgua contaminated podzol
with aged Cd and Zn and an uncontaminated podzol withlyrepplied Cd and Zn. The
columns were leached with 0.5 mM Ca()at pore water velocities of around 6, 12 and
30 cm day.

Breakthrough curves of a non-sorbing trac®Gl, were well described with the
convection-dispersion equation (CDE) at the lowest poremadlocity. Breakthrough
curves at the higher pore water velocities demonstratedased tailing and a left-handed
displacement, and could be well described with a two-negiodel (TRM).

The transport of Cd and Zn was modelled with the CDE masiafy sorption parameters
obtained from batch experiments, and assuming that @dip-fabile metals can be
desorbed. The transport of freshly applied Cd and @& well described at all pore water
velocities. The breakthrough curves of indigenous Cd anghowed an initially faster
decrease of the concentration than was predicted based okAhe However, observed
and predicted breakthrough curves of Cd and Zn were innebke agreement, even at the
highest pore water velocity. Predicted concentrationtheé column effluent differed at
most 37% from the observed concentrations. It was cdedlthat the LEA may be used
to predict the transport of Cd and Zn in field contaated soils, if it is assumed that only

labile metals are in equilibrium with the solution phase
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5.1 Introduction

Sandy soils in the northern part of Belgium are comateid by atmospheric deposition of
heavy metals. These soils show relatively low retentd Cd and Zn, and therefore,
leaching of these metals is fast, thus imposing a rislgrotindwater contamination.
Transport models, used to predict leaching of Cd andaZthe groundwater, should
represent the chemical and physical mechanisms affecting tispdra of these metals.
The simplest transport models are based on the local egumlissumption (LEA). The
validity of the LEA for Cd transport has been que®ibin several studies, where evidence
was found that non-equilibrium conditions existed durihe transport (e.g., Kookameh
al., 1994). Non-equilibrium may result from physicalabremical (sorption-related) non-
equilibrium. Sorbing and non-sorbing solutes are Babject to physical non-equilibrium.
Sorption-related non-equilibrium may result from truemlcal non-equilibrium, or from
rate-limited diffusion. Bi-continuum (two-region owd-site) models describing physical
or chemical equilibrium can be reduced to the same matteatiatim (Nkedi-Kizzeet al,
1984).

Several transport studies where non-equilibrium in Cd p@msvas observed, were
conducted at high pore water velocities, in the order afr6@* and more (e.g., Kookana
et al, 1994; Boekholdet al, 1992). Pore water velocities in the field are, on awrag
around 0.3 cm d for the regions studied, and the maximum velocigyrisbably around 5
cm d’. Large pore water velocities may result in non-equilibrconditions (Gabest al,
1995), and therefore, it cannot be concluded that nonHeguih conditions will also

prevail in the field.

Chemical non-equilibrium may occur when the reaction satmall relative to the rate
of the convective transport (Valocchi, 1985). Slow reastimnsoil may remove metals
from the sorption surface into interior sorption sitesm which desorption is very slow.
In addition, metals may have entered the soil in an ubd®lform (e.g., mine spoils,
massive metallic forms, etc.), and may therefore not be awilableaching (Robertst
al., 2002). Isotopic dilution methods have been used twichmate between chemically
reactive (labile) and non-labile metal pools (e.g., Nakhetal, 1993; Smolderet al,
1999). The lability of Cd and Zn is usually high invigpH soils, though labile fractions
may be small in topsoils where the metals were addedsoluble form (Degryset al,
2003b). It is usually assumed that non-labile metals dganticipate in the solid—liquid

distribution within a realistic time frame. Based on thésumption, the metal transport
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can be calculated using sorption parameters that descridestiieution between the labile
metal pool (not the total metal pool) and the solutibase. Streck and Richter (1997a)
used EDTA (0.025v)-extractable Cd and Zn to model the transport of Cd amihza

sandy soil, based on similar reasoning.

In this study, we measured the transport of Cd andnZandy soils at varying pore
water velocities. A column experiment was conducted forngoliuted soil with freshly
applied (and hence fully labile) Cd and Zn, and for aamimated soil in which Cd and Zn
were partly in non-labile form. Experimental results wermempgared with model
predictions of the Cd and Zn transport. Model calcoifeti were performed with
independently derived sorption parameters, and assumingrtiyatadio-labile metal could

be leached from the soil.

5.2 Materials and methods

5.2.1 Soils

The uncontaminated soil was sampled from thé@dizon of a Spodosol profile in a nature
conservation area (Houthalen, Belgium). The contaminatédvasi taken from the A
horizon of a Spodosol profile in the northern part ofgi¢eh (Neerpelt). This area has
been contaminated with Cd and Zn during more than #a6syby atmospheric deposition
of Zn smelters. The soils were sieved (< 2 mm) andradd The organic C content was
measured by dry combustion (Skalar CA 100). The pH wtsmined in 0.001 M Cagl
in a soil:solution ratio of 1:10 after 3 days of equditon. The ‘total’ metal concentration
was determined bgqua regiadigestion. The radio-labile concentratida ¥alue) was
determined as described in section 2.2.2. The mairckaibcteristics are summarized in
Table 5.1.

Table 5.1 Characteristics of the soils used in the column exyeit

OC pH Cabx Ecd Lot Ezn
(%) (mg kg)

Houthalen (H) 0.7 4.2 0.1 0.1 7.6 1.3
Neerpelt (NP) 1.9 4.6 5.6 3.6 407 259
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5.2.2 Adsorption and desorption isotherms

Adsorption isotherms were measured on both soils. Twbair-dry soil was equilibrated
with 20 ml of 0.001 M CaGlat various Cd:Zn concentrations (0:0, 0.1:10, 0.2:20 and
0.5:50 mg Cd't: mg Zn ) labelled with*®®Cd and®*zn. The suspensions were shaken
end-over-end for six days, and centrifuged at §0@@min). The pH of the supernatant
was measured, Cd and Zn concentrations were measured RHDES, and the activity of

109cd and®*zn was determined.

A desorption isotherm was measured on the contaminate(Nseirpelt), by measuring
Cd and Zn concentrations in solution at different saiigon ratios (ranging from 1:460 to
1:5 kg I'). The soil was weighed into a dialysis bag (Viskingl#P00 Daltons, Medicell,
London), and 5 ml of a OM CaC} solution was added. The dialysis bag was transferred
to the remaining Caghbolution. Concentrations of Cd and Zn in the equiliorsolution
were measured with ICP-OES after 7 days of end-over-exdngh

5.2.3 Column experiment

The transport of Cd and Zn in two soils at differeatepwater velocities was measured.
Treatments are summarized in Table 5.2. Twelve polyvilgiicke columns (3.6 cm i.d.)
were used, with a fiberglass wick or Passive Capillary Sam(BICAPS) (AM 3/8 HI)
rolled up on the bottom of the column (Figure 5.1).e Titee end of the wick, surrounded
by a PVC tube, protruded through a hole in the centrbeobbttom of the column. The
wicks were used to obtain unsaturated streaming. Thkswiere pre-treated by heating
them during 4 hours at 400°C, washing them in 0.00CaC} acidified to pH 2.6, and
rinsing them in 0.001 M Cagl A preliminary experiment showed that Cd and Zn did not
adsorb on the treated wicks. The optimal length of frekodrthe wick was calculated
according to the procedure of Knutson and Selker (199 a3 between 40 and 60 cm.
A glass fibre filter was placed on top of the columrensure homogeneous distribution of
the feeding over the column. The columns were fillé&t woist soil (6 cm high). Sorting
of the particles during packing was avoided by placingtpiof slightly smaller diameter
than the column on the surface of the soil after eaclenment and by tapping the column.
The packed columns were saturated from top to bottoman@l®01 M CaGlsolution by
slowly raising the open end of the wicks while addingewab it. The free end of the

wicks was lowered again, and, after one week of equilibrathe feeding solution was
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applied by a peristaltic pump at a constant flux (flow rate$able 5.2). The feeding
solution for the columns 1 to 6 (filled with contaminased) was 0.001 M Cagladjusted
to pH 4.5 with HSQu. Columns 7 to 12 (filled with uncontaminated swifre initially fed
with a solution of 0.001 M Cagl1 mg I* Zn and 0.02 mg1 Cd, adjusted to pH 4.2.
When complete breakthrough was reached, a 0.001 M, Gafdtion (pH 4.2) without Cd
or Zn was added to the columns. The columns weredteptonstant temperature of 4°C.
The effluent samples were collected daily, the volume was redtdrgweight, and the pH
was measured. The samples were acidified to pH=1 with;Hi¥@ analyzed for Cd, Zn
and major cations with ICP-OES. Columns 5 and 6 wisreahtled 41 days after the start
of the experiment, columns 3, 4, 9, 10, 11 and 12 afiet&ys and columns 1, 2, 7 and 8
after 128 days.

Prior to dismantlement, transport parameteBs () were estimated from*°Cl
breakthrough curves. A°Cl pulse (0.4 pore volumes) was applied to each column.
Samples were regularly collected, until complete breaktiito Activity of *°Cl in the
samples was determined with a liquid scintillation couifiRackard Tricarb 1600 CA).
Breakthrough curves of°Cl were also determined for the wicks, after the soil was

removed, to evaluate the effect of the wick on the totpkdsvity.

1.7 4 11 1.7 4 11  g(cmdY

vy vy

NP NF NIp H H H I 6 cm soi
PCAPS

6 collection bottls

Figure 5.1 Schematic presentation of the soil column setup
(NP: Neerpelt, polluted soil; H: Houthalen, unpollused)
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Table 5.2Summary of the transport experiments

Neerpelt Houthalen
Column 1/2 3/4 5/6 718 9/10 11/12
q(cmday) ' 1.7 4.4 11.3 1.7 4.3 11.1
6(-) 0.33 0.42 0.46 0.24 0.29 0.31
o (g cnid) 1.42 1.42 1.42 1.60 1.60 1.60
Feeding solution CaCk 0.001M 1) CaC} 0.001M + Cd 0.02 mg'i
Znlimgt

2) CaC} 0.001M

T q: water flux density

5.2.4 Transport models

One-dimensional transport of a sorbing solute throughmsay be described with the

convection-dispersion equation (eq. 1.10), that can a&seritten as:

RDaE D——v— (5.1)
X

whereR is the retardation coefficient, defined as:

R=1+2 (5.2)
6 &

In case of linear sorptiongg/cc is given by theKy. Non-linear sorption is often

described with a Freundlich isotherm:

s=k.c' (5.3)
In this casedd/ &t is concentration dependent:
E o nke™ (5.4)

The CDE may fail to predict the transport of a solutedit because of non-equilibrium
processes. Physical non-equilibrium may be conceptudlygedtwo-region model (TRM)
that divides the soil water into mobile and immobilagsant) regions. Solute exchange
between the two liquid phases is often described by tadfider kinetic diffusion process

(van Genuchten and Wierenga, 1976):

emB%+pr D%:Bmmﬁ—emwmﬁ—amcm—qm) (5.5a)
a fo i x x
o o4 p- )R = 0 1, ) (5.5)
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where subscripts ‘m’ and ‘im’ refer to mobile and imile regions respectively is the
first-order mass transfer coefficient describing the stiem between the mobile and
immobile liquid phases, anflis the fraction of sorption sites that equilibrate wiile
mobile water.

Sorbing solutes may also be subject to chemical nonHequih. The two-site model
(TSM) divides the exchange sites into type-1 sitg} that are in equilibrium with the
solution phase, and type-2 siteg),( on which sorption is time-dependent (cf. section
1.4.1). Though the physical and chemical non-equilibrmodels differ conceptually,
they are mathematically indistinguishable (Nkedi-Kiezal, 1984).

5.3 Results and discussion

5.3.1 Sorption isotherms

The sorption isotherms could be well described with arfelih isotherm (Figure 5.2 and
Figure 5.3). The Freundlich parametkrandn were obtained by linear regression fordog
versus log:

logs = logk + n. logc

wherec is the concentration in solution (md)] ands is the labile concentration on the
solid phase (mg kb, calculated as the product of the solution concentration tiaed

isotopic distribution coefficient. The results are giveidable 5.3.

Table 5.3 Freundlich parameteksandn, obtained from batch experiments
(adsorption isotherm for Houthalen and desorption isotlier Neerpelt)

Cd Zn
k n k n
Soil mg™" 1"kg* md ™" kg™
Houthalen 3 0.80 4 0.70
Neerpelt 145 0.57 65 0.60

Both adsorption and desorption isotherms were measurtée @oil from Neerpelt. The
low values forn are probably due to the high metal load of this soilhe zinc
concentration of this soil is 407 mg¥gwvhich corresponds to 1.3 craélj* or 45% of the
CEC (3 cmal kg?). No discontinuity between the adsorption and the mpéisn isotherm
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was observed (Figure 5.3). Filies al. (1998) found no hysteresis in a soil with pH 4.7,
while a clear discontinuity was observed for soils witghlr pH, especially at short

equilibration times.
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Figure 5.2 Adsorption isotherm of (a) Cd, and (b) Zn for thecamtaminated soil
(Houthalen).
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Figure 5.3 Desorption (closed symbols) and adsorption (opyembsls) isotherms of (a)
Cd, and (b) Zn for the contaminated soil (Neerpelt). Tieukdlich isotherm is fitted on
the desorption data.
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5.3.2 Breakthrough of *Cl

The parameters andD of the convection-dispersion (CDE) model were optimisti
CXTFIT (Torideet al, 1995).

Wicks

All curves could be well described by the CDE model. Thepeaision coefficient
increased with increasing pore water velocity (Figud@.5The dispersion length(=D/V)
only varied slightly with pore water velocity andasy on average, 1.1 cm. This is in good
agreement with the value of 1.0 cm found by Ballal. (1992) for wicks with wick

filaments spread on a flat plate.

500
[ ]
400 - .
4300
©
= .
< 200 *
[a)
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0 ‘ ‘
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vicmd™

Figure 5.4 Dispersion coefficient as a function of pore watelocity in fibreglass wicks.

Columns

The breakthrough curves 3iCI at the lower pore water velocity could be wellsdribed
with the CDE (Table 5.4 and Figure 5.5a). Theirtgilat the end of the breakthrough
curves, observed at the higher pore water velacitieuld not be described with the CDE
model, but was well described with the TRM modabife 5.5). Relative mobile water
contents for the treatments with pore water velesiabove 10 cmtranged from 0.72 to

0.87 (Table 5.4). The calculated mass transfeffic@at a increased with increasing pore
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water velocity, as was also observed by Seunig¢ra. (2001b) and Reedst al. (1996).
Convective mixing of the immobile liquid at highgore water velocities may explain this

increase ira (van Genuchten and Wierenga, 1977).
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00 05 10 15 20 25
o 04 © 04 | | | |
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S 03] _5 0.3 7 \ CDE fit
© © - - - - TRMfit
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Figure 5.5 Observed and fitted breakthrough curves®@fl in the soil from Neerpelt,
using the convection-dispersion equation (CDEherttvo- region model (TRM) at a pore
water velocity of (a) 6 cm and (b) 12 cmd

5.3.3 Breakthrough of Cd and Zn

The transport of Cd and Zn was modelled with theEC@odel, using the sorption
parameters from the batch experiments and thepoanparametersv( D) from the*°Cl
breakthrough. The transport parametgotained with the CDE model (Table 5.4) were
used. At the higher pore water velocities, whemm-equilibrium was observed)
optimized with the CDE model may be considered ragféective model parameter that
combines two processes: actual dispersion and iadaitdispersion caused by physical
non-equilibrium. The effect of the wick on thernsport of Cd and Zn was tested with
model calculations. It was found that the contiidouof the wick to the dispersion of these
sorbing solutes was negligible. Therefore, breaktbh curves of Cd and Zn were only
corrected for the travel time in the wick. The ccdditions were performed with the
HYDRUS-1D code (Simineket al, 1998).
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Only the right part of the breakthrough curve (ivehen the columns were fed with the
metal free solution) was modelled for the unpotiuseil where Cd and Zn were freshly
added to the column. The left part was not comsitlesince the wicks influenced leachate
composition in the beginning of the experiment, chihwas reflected in the high pH (~6)
during the 10 first pore volumes. This problem vedso encountered by Brahy and
Delvaux (2001). The breakthrough curves were masly well described with the
independent predictions of the CDE model, evernatdrgest pore water velocity (Figure
5.6). The good agreement between predicted anehadas breakthrough curves indicates
that chemical non-equilibrium is limited and thia¢ physical non-equilibrium observed at

the higher pore water velocities has little infloeron the breakthrough of sorbing solutes.

(a) (b)
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Figure 5.6 Observed and predicted breakthrough curves ofCthyand (b) Zn freshly
applied to an unpolluted soil, at a pore water sigjoof 38 cm d. Predictions were made
with the CDE model, using sorption parameters @erifvom batch experiments.

Pore volumes

The small effect of the physical non-equilibrium tre breakthrough curve is also

illustrated in Figure 5.7. The breakthrough cuwas predicted with CXTFIT using a

constaniKy value (since CXTFIT does not allow the use of @ulRdlich isotherm) with the

LEA, or with the non-equilibrium parameters obtairfeom the*°Cl breakthrough (Table

5.4). The agreement between observed and prediotadkthrough curves was not as good

as when using the Freundlich isotherm (Figure %6),the difference was small since the

Freundlich exponent was close to 1 in the unpallsil (0.8 for Cd). Predictions with the

TRM model were very similar to these of the CDE eldéigure 5.7).
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Figure 5.7 Observed and predicted breakthrough curve of Cedhlyeapplied to an

unpolluted soil, at a pore water velocity of 38 dh Predictions were made (with
constantky value) assuming local equilibrium (CDE model, file), or with a physical

non-equilibrium model using parameters derived ftbe?°Cl breakthrough (TRM model,
dotted line).

Figure 5.8 shows the predicted breakthrough cuofeéadigenous Cd and Zn in a soil
polluted with heavy metals due to Zn smelter attigi Predictions were made with the
CDE model using sorption parameters derived frotatbaxperiments, assuming that only
the radio-labile Cd and Zn concentration can behed from the soil (Figure 5.8, dotted
lines). The predicted breakthrough curves wemeasonable agreement with the observed
ones. It should be noted that the sorption paramséiable 5.3) were measured at 20°C,
while the column experiment was carried out at 4°&.slightly smaller value for the
Freundlich parametdrwould probably have been obtained, if the sorpgiarameters had
been obtained at 4°C (e.g. Barrow, 1986). Predliieted observed breakthrough curves
would have agreed better if predictions were madth & smallerk. The deviation
between observed and predicted breakthrough wae pronounced at higher pore water
velocities, indicating that large pore water vefiesi enhance non-equilibrium conditions.
This non-equilibrium may have been caused solelplysical constraints, but may also
have been sorption-related. However, even atattges$t pore water velocity, observed and
predicted breakthrough curves were in reasonableeeatent, considering that

independently determined sorption parameters wazd tor the prediction.
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Breakthrough curves were also modelled with thal gy value, i.e., the ratio of total

metal concentration to solution concentration at start of the experiment. The mass of

Cd and Zn leached is clearly overestimated if ingsumed that all Cd and Zn can be

desorbed (Figure 5.8, full line).
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Figure 5.8 Breakthrough curves of indigenous Cd and Zn inoataminated soil
(Neerpelt) at a pore water velocity of (a) 6 cth d@nd (b) 26 cmd Predictions were
made with the CDE model using a Freundlich equadiath assuming that only radio-labile
metal can be leached (dotted lines) or using tta kq (full lines).

The results of this column experiment indicate thatlocal equilibrium assumption may
be used to predict the transport of Cd and Zn,if§ assumed that only the labile pool is in
equilibrium with the solution. The transport of @dd Zn in field contaminated soils was

greatly overestimated if it was assumed that aliaimegas in equilibrium with the solution

phase, i.e., if the (totally was used for the calculations.
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CHAPTER 6
Transport of Cd and Zn in limed soils:

a column study

Abstract

The effect of soil liming on transport of Cd and Was assessed in a column experiment.
Atrtificial soil columns were made with 2 cm topsaitld 3 cm subsoil from a site with acid
sandy soils contaminated with heavy metals duenielter activities. The topsoil (pH 4.3)
was either limed with CaO to pH 5.2, or left unlsneColumns were leached with 0.5 mM
Ca(NQ),, at a pore water velocity of around 6 cih dAfter 4 months, the amount of Cd
leached from the columns in which the topsoil wiesetl was about half of the amount
leached from the control columns.

Concentration profiles of total and radio-labile &@dad Zn were determined after 1, 2, 3
and 4 months of leaching. Cadmium and Zn that witiglly not radio-labile (i.e., not
isotopically exchangeable within 3 days) was slowlgased from the columns, when the
radio-labile Cd and Zn was depleted. Model caliutes were performed with sorption
parameters derived from batch experiments. Theeadrations in the leachate and the
concentration profiles could be well described vétR-site model, where it was assumed
that the labile metal was in equilibrium with th&ligion phase and that non-labile metal
was subject to kinetic desorption.
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6.1 Introduction

Soils in the northern part of Belgium (Kempen) héeen contaminated with Cd and Zn
due to the activity of Zn smelters in the™€entury. Most soils in this area are acid sandy
soils (Spodosols). Model predictions have showat thrge amounts of Cd will be
transported to the groundwater in the next 100sygano remedial actions are taken (e.qg.,
Seuntjens, 2002).

Liming might be an option to reduce leaching of&d Zn to the groundwater, since the
solid—liquid distribution coefficient of these misténcreases about 5-fold for a pH increase
with one unit (cf. Chapter 3). Total concentrasioof Cd and Zn in soils from lime
amendment experiments were found to be smallenartdpsoil and higher in the subsoil
from control plots in comparison with limed ploi&/¢nget al, 2001; Filiuset al, 1998),

indicating that transport of Cd and Zn is reducgdirning.

Isotopic exchange studies have shown that not@lb@ Zn in the soil is radio-labile
(e.g., Younget al, 2000). In low pH soils, the lability of these tals is generally high,
though labile fractions may be small in topsoilsevéhthe metals were added in insoluble
form (Degryseet al, 2003b; Chapter 2). Non-labile metals are oftenstdered to be
fixed; it is assumed that they do not contributeséoption—desorption processes. In the
previous chapter, it was shown that breakthroughvesu of Cd and Zn in a field
contaminated soil could be well predicted assuntimg the radio-labile metals are in
equilibrium with the solution phase, and that nabie metals are fixed. However, it may
not be excluded that slow desorption of non-labiktals may occur in the long term, when

the labile pool is nearly depleted.

In this study, the changes in Cd mobility upon fimiof an acid soil were assessed in a
column experiment. Concentrations in the efflussitition were measured, and total and
radio-labile concentration profiles of Cd and Zrnrevdetermined at various times. Model
calculations were performed with independently roead transport and sorption
parameters. The aim of the experiment was twofold:

(i) to quantify the effect of liming on the transpof Cd and Zn.

(i) to assess whether metal was released thatnitasdly not isotopically exchangeable.
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6.2 Materials and methods

6.2.1 Column experiment

The soils used were sampled from a soil profil@#aten, near a Zn smelter. Topsoil was
sampled from the upper 10 cm of the profile, arelgthbsoil was sampled between 35 and

45 cm depth, by use of an Edelman auger. Soilgt®s are summarized in Table 6.1.

Table 6.1Properties of the soils used in the column expemim

pH' CEC Organic C Cohot Z kot
cmok kg* % mg kg* mg kg*
topsoil 4.3 2.0 2.62 4.0 173
subsoill 4.3 1.4 0.85 1.7 44

" pH measured in 0.5 mM Ca(NR (S/L=1/10 kg 1)

Sixteen polypropylene columns (3 cm i.d.) equippéti a porous glass plate were filled
with moist soils (Figure 6.1). The columns coresistf 2 layers: the lower 3 cm was filled
with the subsoil and the upper 2 cm was filled wiitl topsoil. In eight of the columns the
topsoil was limed (0.56 g CaO kgoil, equivalent to a dose of 1.5 ton Ca@@" for a 10
cm layer), in the other columns the soil was apphethout liming. Sorting of the
particles during packing was avoided by tappingdblimn after each increment using a
piston of slightly smaller diameter than the colunihe soil was packed at a bulk density
of 1.35 g crit. On top of the soil, a glass fibre filter wasqale to ensure a homogeneous
inflow of the feeding solution over the column. eféxperiment was started after 3 weeks
of incubation at 20°C. The feeding solution (Cagh@®.5 mM adjusted to pH=4.3 with
H.SQy) was applied by a peristaltic pump at a flow ratel4 ml day*. A suction of 25
kPa was applied at the bottom to ensure unsatusatedming through the columns. The
effluent was collected through a Teflon funnel iptolypropylene bottles. The effluent
was sampled weekly and volume was recorded by weighe samples were acidified to
pH=1 with HNG; and analyzed for Cd, Zn and Ca with ICP-OES.

Each month, two columns for each treatment werenamled. The soil core was
removed and sliced into 1 cm layers. Two subsasnfllg) of every layer were weighed
and oven dried (3d, 105°C), to determine the wedetent. The pH and thevalues of Cd
and Zn were measured for all layers (in 0.5 mM @ at S/L=1/10, 3 days of
equilibration). The total Cd and Zn concentraticass determined bgqua regiadigestion.
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The CEC and the concentration of exchangeable lveses determined at the pH of the

soil using silverthiourea as index cation (Chhadiral, 1975).

Transport parameter®( v,,) were derived front®CI" breakthrough curves measured

prior column dismantling (cf. section 5.2.3).

-«

feeding solution

|

25 kP i
|—||::> 5 kPa suction

l leachate

Figure 6.1 Schematic presentation of the soil columns

6.2.2 Transport models

One-dimensional transport of a sorbing solute thhosoil is often described with the
convection-dispersion equation (CDE), assumingllegailibrium (eq. 1.10). However,
physical and chemical non-equilibrium processes wmse earlier breakthrough than is
predicted with the CDE. Physical non-equilibriuraynbe conceptualized by a two-region
model (TRM) that divides the soil water into molkéled immobile (stagnant) regions (see
section 5.2.4). Sorbing solutes may be subjechtmical non-equilibrium. The two-site
model (TSM) divides the exchange sites into typstds §), that are in equilibrium with
the solution phase, and type-2 sitg8, (on which sorption is time-dependent (Figure .1.7)
In case sorption is described with the Freundlsdtherm (eg5.3), the transport equations
for the two-site model are (Simeket al, 1998):
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3 o &
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a1 1) kg (& -5, (6.1b)

wheref is the fraction of equilibrium sites; is the first-order rate coefficient i kit and
n are the Freundlich parameters (that describe isteibaition between solid phase and

solution at equilibrium) and the other symbolsegaal to those in equation 1.10.

6.3 Results and discussion

6.3.1 Changes in pH, CEC and Ca saturation
Depth profiles of pH, CEC and exchangeable bases determined 1, 2, 3 and 4 months

after the start of the experiment. The pH of tbetwl columns showed little variation
with time (Figure 6.2). A significant increase pil was observed in the subsoil of the

limed columns.
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Figure 6.2 Depth profiles of pH at the start and the end efeékperiment (4 months of
leaching, in (a) columns where the toplayer wasdimand (b) control columns without
lime addition. Meart standard deviation (error bars) of 2 replicates.
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This increase in pH coincided with an increaseadsebsaturation, and in exchangeable Ca
content (Figure 6.3). The Ca saturation in thetasnmediately beneath the limed topsoil
increased from 32% initially to 63% at the expenmine The CEC was only slightly
affected by the increase in pH (Figure 6.3).

CEC or exchangeable Ca (cmol ¢ kg'l)

o

35 4.0 45 5.0 5.5
pH

Figure 6.3 Exchangeable Ca (open symbols) and CEC (closeddginas a function of
pH (measured in 0.5 mM Ca(NJ9). Measurements were carried out on column lafeers
per column) at 1, 2, 3 and 4 months after the sfatie experiment.

6.3.2 Distribution of Cd and Zn

The E values and distribution coefficients of Cd and &are determined in 0.5 mM
Ca(NG;), at 1 cm-depth intervals, after 1, 2, 3 and 4 meotHeaching. Liming decreased
the E values of the topsoil (Table 6.2).

The Freundlich parameteksandn were determined for the limed and unlimed topsoil
and the subsoil (of both limed and unlimed colum{&ble 6.2). These values were
derived by linear regression analysis fordogersus log:

logs; = logk+ n.logc
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wherec is the concentration in solution (mg))] ands; is the labile concentration on the
solid phase (mg kb calculated as the product of the solution comegion and the
isotopic distribution coefficient. The layer immatly beneath the limed topsoil (2-3 cm
layer in the limed columns) was not considered;esisorption was time dependent in this
layer because of the increase in pH.

Table 6.2 The radio-labile concentratioi) at the start of the experiment and Freundlich
parametersk(andn) for the partitioning of Cd and Zn between theioddbile pool and the
solution phase. These parameters were obtainedldedch experiments.

Cd Zn
E k n E k n
mg kg® mg™"I"kg* mg kgt  mg™"I"kg*
topsoil - limed 2.0 100 0.85 52 80 0.85
topsoil - unlimed 2.5 18 0.78 65 15 0.80
subsoill 1.4 16 0.80 39 13 0.80

6.3.3 Transport of Cd and Zn

Table 6.3 gives the amounts of Cd and Zn lost lagHeng. These amounts may be
calculated from the product of leachate volume @wedal concentration in the leachate, or
from the decrease in total metal concentratiorha goil (determined when the columns
were dismantled). Both methods gave similar res{iiable 6.3). The metal losses were

larger in the control columns than in the limeducohs.

Table 6.3 The amount of Cd and Zn lost by leaching in limedumns and in control
columns, calculated from the metal amount recové@rgte leachate or from the decrease
in total metal concentration in the soil.

Cd lost (ug) Zn lost (1Qg)

(initial Cd content: 118 pg) (initial Zn content: 4260 Q)
time ° limed control limed control
(months)  leached ACd,, leached ACd leached AZny, leached AZn,
1 20 20 26 25 984 838 1691 1752
2 32 28 41 40 1337 1096 2166 1971
3 40 41 63 61 1510 1428 2375 2339
4 46 50 81 80 1886 1987 2491 2572

& 1 month ~ 50 pore volumes
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Predictions of the Cd and Zn transport were madth @lve HYDRUS-1D code), using the
hydraulic parameters/,(D) obtained from th&°Cl breakthrough. The pore water velocity
v was between 4.5 and 7.7 ci. dThe dispersivity. (= v/D) ranged from 0.13 to 0.36 cm,

and was on average 0.24 cm. The breakthrough £wf&Cl could be well described

with the CDE model, indicating that there was nggdtal non-equilibrium.

6.3.3.1Equilibrium transport

The transport of Cd and Zn was predicted with tBE@nodel assuming that all Cd and Zn

was in equilibrium with the solution phase or toaty the radio-labile concentratioik (

value) was in equilibrium. Figure 6.4 illustratbese two approaches for the limed topsoil.

Sorbed Cd (mg kg )

4 4
v / ‘
s ’ labile
3 1 ol ' (E)
s
/ K
2 / ,/ J
/
L’ fixed'
1- . > (total-E )
o T T T T I)
0 0002 0.004 0006 0008 0.01

Cd in solution (mg | ™)

Figure 6.4 Sorption isotherms of Cd in the limed topsoil, usmdthe prediction of the Cd

transport in the column experiment.

The full lisea Freundlich isotherm where only

radio-labile Cd is in equilibrium with Cd in solati (parameters in Table 6.1). The dotted
line gives the sorption isotherm with constafy and where all Cd is assumed in
equilibrium with Cd in solution. The point-dashenel gives the solid—liquid distribution
predicted with the two-site model after 4 monthéeathing (details in section 6.3.3.2).
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The measured and predicted concentration profiles@pown in Figure 6.5 for Cd and in
Figure 6.6 for Zn. Total concentrations of Cd &mddecreased more slowly in the limed
columns than in the control columns, because otianger retention of Cd and Zn in the
limed columns. Radio-labile Zn in the topsoil waleeady removed after one month of
leaching in the control columns. Further leachieghoved Zn from the ‘fixed’ pool
(Figure 6.6b). Zinc that was initially not radiablile, i.e., not isotopically exchangeable
within 3 days, was slowly released. Not all ratdibde Cd was removed after 1 month of
leaching (Figure 6.5b), illustrating the higherergton for Cd than for Zn. However, a
release of non-labile Cd was also observed afteodths of leaching (Figure 6.5b).

Predicted concentrations were much smaller thaolbiserved concentration in the upper
layer of the control columns when all metal wasuassd to be in equilibrium with the
solution phase (Figure 6.5b and 6.6b, dotted liriadjcating that leaching of Cd and Zn is
strongly overestimated when based on total ratiwen bn labile metal concentrations, as
was also concluded in the previous chapter. Cdratgons predicted with the CDE model
based on labile metal concentrations (Figure 6.6 @6, full lines) were larger than
observed concentrations after 4 months of leachésgecially in the control columns,
where non-radio-labile metal was released fromdiiemn. In the limed columns, the
metal concentration in the third layer (2-3 cm @pth) was underpredicted, since the
increase in pH of this layer was not taken intcoact in the model.

Concentrations of Cd and Zn in the leachate werasored weekly. Leaching was
overestimated when all Cd and Zn was assumed tio leguilibrium with the solution
phase (Figure 6.7 and Figure 6.8), as was alreadgluded from the soil concentration
profiles. The breakthrough curves were better il@sd when it was assumed that only
radio-labile metal was available, but the tailinfgtlee breakthrough curves was generally

underestimated, which is indicative of non-equitibn.
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Figure 6.5 Measured (points SD) and predicted total Cd concentration profdésr 1
month and after 4 months of leaching, in (a) linaedl (b) control columns. Predictions
were made with the CDE model basedtovalues or based on total metal concentration, or

with the two-site model (TSM). The shaded areaesgnts non-labile Cd at the start of the
experiment, as determined by isotopic dilution.
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Figure 6.7 Predicted and observed breakthrough of Cd inliga@d and (b) control
columns. Predictions were made with the convedtigpersion equation (CDE), or with a
non-equilibrium transport model (two-site model,M)S using independently determined
sorption parameters. The radio-labile concentraffibmalue) or the total Cd concentration
was assumed to be in equilibrium with the solufiase for the predictions with the CDE
model. For the two-site model, it was assumed tti@tradio-labile Cd was in equilibrium
and that non-labile Cd was subject to kinetic deson.
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Figure 6.8 Predicted and observed breakthrough of Zn inlitagd and (b) control
columns. Predictions were made as explained iarEi§.7.

The cumulative amount of Cd and Zn leached was e@oepwith the radio-labile and
total metal concentration at the beginning of tkpeeiment (Figure 6.9). In the control
columns, radio-labile Zn was almost completely d&gal after 50 pore volumes, because of
the low retention of Zn in this soil. Non-(radiabile Zn was also released, but at a much
slower rate. These finding indicate that the tpant should be modelled by a two-site
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model, where the radio-labile metal is in equililni with the metal in solution and the

non-radio-labile metal is subject to kinetic desionp.
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Figure 6.9 Total amount of (a) Cd and (b) Zn leached in dnwlumns (crosses) and
control columns (open circles). The lines repredka total (aqua regia soluble) metal
amount and the amount of radio-labile metal preserthe column at the start of the

experiment.

6.3.3.2Non-equilibrium transport
The transport was modelled with a two-site modegl @&1) assuming that the radio-labile
metal was in equilibrium with the solution phasgé-1 sites), and that (initially) non-

labile metal was subject to kinetic desorption €bpsites).

Every month, total and radio-labile concentratiomere measured at 1-cm depth
intervals. The non-labile metal concentratien (ng kg*), calculated as the difference
between total and labile concentration, decreas#dtwne. After 2 months of leaching,
labile Cd and Zn was almost completely removed fribim upper part (0-1 cm) of the
control columns, and solution concentrations wesar rzero. In this case, Eq. 6.1b can be
written as

s, = s; [exp(at) (6.2)

where s) is the concentration of non-equilibrium siteg=41, which was taken two months
after the start of the experiment. The observentedese in non-labile Cd and Zn could be

well described with this equation (Figure 6.10)thag set equal to 0.008 dfor Cd and
0.002 d" for zn.
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Figure 6.10 The decrease in non-labile Cd and & (ith time. Symbols are observed
values and the full lines give the modelled de@aasing Eq. 6.1, witln set to 0.008 ¢
for Cd and 0.002 U for Zn. Data were used from the upper part (0JLofrthe control
columns, and=0 was taken two months after the start of the expnt, when radio-labile
metal was almost completely removed.

Calculations of the Cd and Zn transport were maitle the two-site model using these
rate coefficients. Thé& value and the non-labile metal concentration waken as the
amount of type-1 sites and type-2 sites respegtivehd thereforef was equal to the
fraction of labile metal B value relative to total metal concentration). Témrption
parameterk andn were identical to those of the equilibrium moddiene sorption was
assumed to occur on labile sites only (Table 6i2), sorption was described with

following equations:

S =K"= f Ky (8" (6.3)

%w[ﬁa-f)tktottt”—sz]:atﬁ“'—f”ﬂk@”—sz} (6.4)

For illustrative purpose, the calculated solid-ligdistribution of Cd, i.e., the ratio of
total Cd on the solid phase to the concentratiosointion, in the upper layer of the limed

column after 4 months of leaching is given in Fgér4. This line is intermediate between
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the sorption isotherm where non-labile Cd is assltoebe inert and that where all Cd is
assumed to be in equilibrium with the solution ghas

The Cd and Zn profiles (Figure 6.5 and 6.6) andaotleakthrough curves (Figure 6.7 and
6.8) were well predicted with the two-site modélhese results indicate that non-labile
metals (as determined by isotopic dilution) maydmee mobilized in the long term. No
conclusion can be made as to the exact mechanatrcélused the release of non-labile
metals in this experiment. Solid-state diffusidrnilte metals out of a mineral phase is a
possible mechanism. However, the slow dissolutibma metal-bearing phase may also
explain the release of non-labile metals.

This column experiment showed that concentratiorthe leachate are strongly reduced
when liming the topsoil. The concentration prdfilend breakthrough curves were well
predicted with the CDE model, using sorption par@mse obtained from batch
experiments, assuming that only radio-labile meted be desorbed. However, Cd and Zn
that was initially not radio-labile was slowly raked from the columns when the labile
metal pool was nearly depleted. These findingdai that non-labile Cd and Zn are not

permanently fixed, but that remobilization is pbtsin the long term.
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CHAPTER 7
Transport of Cd under acidifying conditions:

a column study

Abstract

The effect of soil acidification on the transpoft@d in a contaminated sandy soil (pH =
6.1, Cdy=10 mg kg") was studied in a column experiment. Columns viesehed with 1
mM Ca(NQ), adjusted to pH 3 (acid treatment) or pH 5.7 (antireatment) at a pore
water velocity of around 6 cmi'd The Cd concentrations in the leachate were medsu
weekly, and the concentration profiles of totaldioalabile and solution Cd were
determined after 2, 4, and 6 months of leaching.

The concentrations in the leachate of the conwhlrans was about 20 pg C4 ffor the
whole duration of the experiment (6 month&30 pore volumes). The concentration in the
leachate of the acidified columns increased frono280 pgt. The pH front and the peak
in solution concentration of Cd were found at atbepf about 2.5 cm at the end of the
experiment. The Cd and proton transport was ptediavith coupled convection-
dispersion equations, using sorption parametersatefrom batch experiments. Observed
and predicted values agreed reasonably well, beitddgcrease in pH and concomitant
increase in Cd concentration was underestimatédeinower part of the column, which is
indicative of non-equilibrium in the proton transpo The model calculations predicted
that most Cd present in the soil would reach thigobo of the column after between 350
and 500 pore volumes, resulting in leachate conggmns in the order of 600 pg C4, |
which is hundredfold above the drinking water staad



92

7.1 Introduction

In the northern part of Belgium, arable land higbbntaminated with Cd and Zn has been
converted to nature conservation areas or foresta aesult of a set aside policy.
Afforestation of agricultural land results in a temse of the soil pH, because of the
termination of regular lime applications. In sarsbjls, with low buffering capacity, this
decrease in pH may be fast. Johnstoral. (1986) found that the pH of an agricultural
field converted into deciduous woodland, decredsad pH 7 to pH 4.2 over a period of

100 years.

Soil acidification results in an increase in heawgtal mobility. A decrease in pH with
one unit results in a decrease of the solid—liglistribution coefficient with a factor 3 to 6
(Christensen, 1984; Temminghdadt al,, 1995; Chapter 3). Several transport studies have
shown that enhanced soil acidification leads toeiased leaching of heavy metals (e.g.,
Tyler, 1978; Berthelsert al, 1994). However, no attempt was made to model the

transport of heavy metals in these studies.

The aim of this study was to quantify changes inr@ability upon soil acidification
using a coupled proton-cadmium transport modelpt®&m parameters of this model were
obtained from batch experiments.

7.2 Materials and methods

The soil was sampled from the surface horizon (Oebf) from a field in Neerpelt
contaminated with heavy metals by smelter emissiofise field was used as arable field
until 1992. The soil had a pH (measured in 0.00CAC}) of 6.3, an organic C content of
2.7 % and a total metal concentration of 10.1 m@gtand 682 mg Zn kg

7.2.1 Proton reaction

Air-dry soil was weighed in centrifuge tubes, ansbéution of 0.001 M Cagwith various
concentration of HN@(0, 0.02, 0.04, 0.06, 0.08, 0.1 and 0.12 mmol HiyOsoil) was
added in a soil:solution ratio of 1:5 K4 | The pH of the supernatant was measured after 1,

2, 4, and 8 days of equilibration.

Additional reaction kinetics were measured at oheébe. Air-dry soil was equilibrated
with a solution of 0.001 M Caghand 0.0013 M HN®in a soil:solution ratio of 1:10 kg'l
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The tubes were shaken, and the pH of the supetnai@s measured at varying time
intervals (0.5, 1, 2, 7, 24, 96 and 287 hours).

7.2.2 Column experiment

Sixteen polypropylene columns (3 cm i.d.) equipp4tth a porous glass plate, were filled
from top to bottom with 1 cm acid washed and calgd sea sand, 5 cm air-dried soil and
1 cm acid washed and calcinated sand (Figure &\lglass fibre filter was placed on top
of the column to ensure homogeneous distributiotheffeeding solution over the column.
Sorting of the particles during packing was avoitigdlacing a piston of slightly smaller
diameter than the column on the surface of theadtwl each increment and by tapping the
column. The soil was packed at a bulk density.8# kg I*. The packed columns were
slowly saturated from top to bottom with 0.001 MCZLa to remove entrapped air. After
one week, a 0.001 M Caolution was applied by a peristaltic pump atavflate of 14
ml d*. A suction of 25 kPa was applied at the bottonthef columns. The different
treatments were started after one week equilibratid 0.001 M CaGl solution acidified

to pH=3 with HSO, was applied to eight colums; the other (contrallumns received
0.001 M Cadl (pH=5.7). The columns were kept at a constanptature of 14 °C. The
effluents were collected through a Teflon funnebipolypropylene bottles. Effluent
samples were collected weekly and the volume wasrded by weight. The samples were
acidified to pH=1 with HN@and analyzed for Cd with GFAAS.

Prior to dismantlement, transport parametels {) were estimated from*Cl
breakthrough curves. A 2 hotfiCl pulse was applied to each column. Every 3 toutsho
samples were collected, until complete breakthroughtivity of *°Cl in the samples was
determined with a liquid scintillation counter (Raad Tricarb 1600 CA).

For each treatment, two columns were dismantledr a and 4 months and the
remaining columns were dismantled after six montfi$e soil core was removed and
sliced into 1 cm layers. Every layer was weighefble and after being air dried, from
which the water content of every layer could bewalked. All samples were analyzed for
'total’ Cd concentration by extraction with 0.43 WNO; (S:L=1:10 kg T, 2 hours of
equilibration). TheE value (cf. section 2.2.2) and solution concerdgratf Cd, and the pH
were measured in 0.001 M CaC$:L=1:10 kg T, 1 week of equilibration).
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7.2.3 Modelling

The solute transport was described with the comwedispersion equation (CDE, eq.
1.10). The dispersion coefficieBt (cn? d*) combines the effects of molecular diffusion
and of hydrodynamic dispersion caused by veloatyations in the advective transport:
D=)r/+1[D, (7.1)
where % is the dispersitivity (cm)z is the tortuosity factor (-), anB is the diffusion
coefficient in water (cthd™). The tortuosity factor was calculated using thlationship of
Millington and Quirk (1961):

97/3

¢2

whereg is the porosity (cthcm®).

7=

(7.2)

Sorption of Cd is highly pH dependent, and themfahe changes in solid—liquid
distribution of Cd with decreasing pH must be tak#o account when modelling the Cd
transport in the acidified columns. The pH depewgeof the sorption isotherm was

quantified using following equation:

Seq = KBy [y (7.3)

wherecy is the proton concentration in solution (md),landk’ and m are empirically

derived parameters. Combining (1.10) and (7.3}lgie

&Cd P qm m Xy , P ! m-1 &H 2CCd Cd
=cd + Z1KG," = + 2 [, Kl ™ =" = D VRS
a g g gt a Y ® o«

This equation must be solved together with the ®guadescribing the transport of

(7.4)

protons. The ‘sorption isotherm’ of protons wasatided with:

s, =allnc, +b (7.5)
where sy is the proton concentration on the solid phase (mdi,kgnda andb are
empirical parameters. Reactions of protons with the sblideinvolve ion exchange and
dissolution. Therefores, effectively represents Hexchanged and ‘Hconsumed in

mineral dissolution.

Substitution of equation 7.5 in the CDE (eq. 1.10g8giv

& 14 PRy = p, DG -y Fn (76)
& 6 c, 7z X

Equations 7.4 and 7.6 were numerically solved togettsnguinite differences with an

explicit scheme, with the mathematical program Matlab (Relé&).
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7.3 Results and discussion

7.3.1 pH buffering of soll

The pH buffer curves were measured at various equililorétizes, and could be described
with equation 7.5 (with the underlying assumption thetivity equals concentration in
these solutions with low ionic strength). The paramemultiplied by a factor 2.3 (=In10)
gives the pH buffer capacity of the soil (pH BC, ca@® pH*), which is the amount acid
(s4) or base that must be added to change the pH with one uni

ds,
HBC=-— 7.7
p dpH (7.7)

The pH BC (+ standard error) was 3.33 (+ 0.07) cmof k' after one day of
equilibration, and 3.50 (+ 0.06) cmolkgH® after 8 days of equilibration. The increase
in pH BC with time is indicative that slow reactions areoived. In the pH range tested
(pH 6 to 3), cation exchange and Al buffering (dissolu of Al(OH)s) are the most
important pH buffering mechanisms (Ulrich, 1991). & transport calculations, the pH
BC determined after one day of equilibration was usedBpH 3.33 cmol kg pH* ora=
0.0145 mol kg In(H)™).

Changes in pH were measured after addition of a 0.00&®% solution with pH=2.9 to
the soil. The pH was 4.8 after 0.5 hours of equilibratiand further increased to 5.4
within 1 day of equilibration. The pH still increasedhw@.3 pH-units between 1 and 12
days of equilibration (Figure 7.1). The change in ph$wnodelled with a two-site model
(Figure 1.4). The Htransfer from the equilibrium poo& to the non-equilibrium pool

(s2) was described by first-order kinetics:

at ks — ks,

According to this model, the decrease in the fraction bfirHequilibrium with the
solution is :
Sq _ fHadn(H)+b) _, 1- f)[El—exp(—i)} (7.8)
Stot Stot Te

wheres is the H concentration on the solid phase in equilibriunthwhe solutionset is
the total H concentrationf is the fraction of equilibrium sites, affd is the response time
of the kinetic reaction (eq. 1.8). The sorptiootherm @In(H)+b) derived for an

equilibration time of 8 days was used, assumingeqailibrium was reached by that time.
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This model, that contains two independent varialffesind T.), was fitted to the
experimental adsorption data. The data of thes8 §ampling occasions (after 0.5, 1, and 2
hours) were omitted in the regression analysigesthe two-site model did not give a good
fit for all data together and therefore, only thewser kinetics were considered. A three-
site model (with an equilibrium pool, and a slowdaa fast reacting pool) fitted all data
well. However, a two-site model was used to descthe proton transport (section 7.3.3),
and therefore, the parameters for the two-site marke given. The error introduced by
neglecting the fast kinetics in the transport daltons will be small (cf. section 1.4.1).

Results of the non-linear regression are showngarg 7.1 (parameters in Table 7.1).

6.0
55 1
(o]
T
Q )
o
5.0 8
(o]
(o]
45 T T \
0.01 0.1 1 10 100

time (days)

Figure 7.1 Change of pH after addition of a 0.001 M Ca&blution with pH=2.9 to a
sandy soil (pH=6.3), in a solid/liquid ratio of O/kg I*. The line shows the fit of the two-
site model.

Table 7.1 Parameter estimates for’ lddsorption obtained by fitting a two-site model to
the experimental data.

pool equilibrium non-equilibrium

fraction, f 0.47 0.53+0.01
Te (d) - 292 +0.17
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7.3.2 Effect of pH and total Cd on the solid—liquid distibution of Cd

Solution concentrations arielvalues of Cd were determined at 1 cm depth interaéter
2, 4, and 6 months of leaching in 0.001 M GaGtL=1:10 kg ). ‘Total' concentrations
were determined by cold extraction with 0.43 M HNOTheE values were between 79
and 110% of the Cd concentration extracted witt8 Gt HNG;, indicating that Cd is
mainly labile.

lab

In the control columns, thi€s“" increased with decreasing total Cd concentratidhe

solid—liquid distribution could be described witlrgeundlich isotherm:
Soy = 476" (R?=0.81)

wherescq is the labile concentration on the solid phase kait), calculated as the product
of the solution concentratiortds, mg ') and the isotopic distribution coefficient. The
parameten of the Freundlich equation is unusually low irstbase, which may be caused

by leaching of cations (e.g., Zn) competing withf@dsorption sites.

The pH dependence of the distribution coefficiehCd, measured in the columns after
2, 4, and 6 months of acid leaching, is shown guFeé 7.2. The solid—liquid distribution
of Cd could be described with following equation:

K 2 = Xd = o59[g, 046 (R?=0.98)
Ccd

No effect of total Cd concentration was found foe &icid columns. The effect of total Cd
concentration was probably masked by the pH efféete pH and Cd concentration were
correlated.
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Figure 7.2 Relation between pH ari€i; for the columns of the acid treatment

7.3.3 Column experiment

The parameters and D of the convection-dispersion equation were obthifrem the
breakthrough of°Cl, by fitting an analytical solution of the onestnsional convection-
dispersion equation (Toridet al, 1995). The breakthrough curves were well desdrib
with the CDE model, indicating that there was laaglilibrium. The pore water velocity
was between 5.2 and 6.8 cih dThe tortuosity factor was calculated with the Millington-
Quirk relation (eq. 7.2), and ranged from 0.23 1820 The dispersitivity. was derived
from the dispersion coefficie of *°CI, the diffusion coefficienD, (1.3 cnf d™ for *°CI")
and the pore water velocity (Eq. 7.1), and rangedhf0.12 to 0.30 cm. The dispersion
coefficients of C8" and H were calculated from, %, T andDo (0.8 cnf d™ for Cd and 8.1
cn? d* for HY) (Eq. 7.1). The estimated dispersion coefficiamged from 0.9 to 2.0 ém
d! for C*, and from 2.8 to 4.0 cind* for H". The larger dispersion coefficient of
protons results from the larger diffusion coeffitie The dispersion coefficient is usually
dominated by the hydrodynamic dispersion term, thet diffusion term may become
important in repacked columns with slow water flQryet al, 1991).

The sorption parameters used in the transport mageé obtained from the batch
experiments (section 7.3.1 and 7.3.2). The pammmaised in the transport model are

shown in Table 7.2.
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Table 7.2 Input parameters used in the transport model

Parameter Symbol Value Unit
Hydraulical Pore water velocity % 5.2-6.8 cm &

Dispersion coefficients Dcd 0.9-2.0 crhd?

D 2.8-4.0 crad®

Chemical  Sorption of Cd in control  k 47 md™" " kg™

columns (Eq. 5.3) n 0.41

Sorption of Cd in acidified k' 0.59 | kg* M™

columns (Eq. 7.3) m -0.46

pH buffering (Eq. 7.5) a 0.0145 mol kg In(H")™
Column Length L 5 cm

Water content 0 0.29-0.34

Bulk density p 1.34 kg
Initial Concentration in solution Ccd 0.020 mgt
conditions CH 10°3 mol I'*
Numerical  Spatial discretization Az 0.1 cm

Time discretization At 0.036 day

Depth profiles of pH (in 0.001 M Caglwere measured 2, 4 and 6 months after the start
of the experiment. The control columns showed Imange in pH, although the pH of the
feeding solution (5.8) was slightly more acid théwe pH of the soil (6.3). The pH
decreased clearly in the columns that were fed thighacid solution (pH = 3) (Figure 7.3).

Figure 7.3a shows the predictions of the CDE modiie predicted pH for one layer
was calculated as the arithmetic mean of the medigiH values (not by averaging thé H
activities), because of the linear relation betwdénentotal H concentration and the pH (cf.
eq. 7.7). The depth of the pH front was reasonaely predicted. However, the decrease
in pH was overestimated in the upper part of tHeroa and underestimated in the lower
part. Non-equilibrium in the Htransport might explain these results. The ptiedic
improved when the dispersion coefficient for protoansportDy, was set to 30 chd™
(Figure 7.3a), i.e., about 10 times higher thandispersion coefficient that was derived
from the %Cl breakthrough and the Millington-Quirk relatioBd. 7.2). The tortuosity
factort of these repacked columns may possibly have biggethan was estimated with
this equation, resulting in an underestimation bé tproton dispersion coefficient.
However, even it would have been as high as 0.5, the proton digpecsefficient would
have been 5.6 chd* at most. Therefore, the largBrvalue, that is adjusted to fit the
observations, does not reflect true diffusion-disjps, but may be seen as an effective
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dispersion coefficient that combines two processedual dispersion and additional

dispersion caused by slow reactions of protons thighsolid phase.

An attempt was made to model thé tlansport with a kinetic two-site model, that
distinguishes type-I| sites§ on which the sorption is instantaneous, and tysites &)

on which sorption is time-dependent (cf. Figure1.7

&(1”[49@3):[),4@52—0;—@&—“—3@@ (7.9a)
X 6 ¢, & x 6 &

s,

= - al(1- f)[ainc, +b)-s,] (7.9b)

wheref is the fraction of equilibrium sites, amdis the first-order rate coefficient {1

The backward rate constakt, as determined in the batch experiments was 0*16idce

ki=o (7.10)

c
When a value fon equal tok; was chosen, the predictions were nearly equdideet of
the CDE model, even when assuming thats smaller in the column experiment than in
the batch experiment. A first-order coefficienhsmerably smaller than determined in the
batch experiment had to be chosen in order to mlatgiredicted pH profile that was in
better agreement with the observed profile thannumgng the CDE model. Figure 7.3b
illustrates the predictions of the two-site modélewa was set to 0.025dandf to 0.1.
The *flux’ profile (full line) represents the predéd pH values in the column. These pH
values are not in equilibrium with the solid phaseThe ‘equilibrium’ pH (after

equilibration of the soil with the solution) can ¢edculated as:

-b
PHq, = - 243@ (7.11)

It is assumed that the pi{dotted line in Figure 7.3b) is representative tfee measured
pH values since the pH was measured in soil suspengS:L= 1:10 kg1 that were
shaken end-over-end for one week, and thereforalynéull equilibrium was reached
(Figure 7.1).

Summarising, the proton transport exhibits considier non-equilibrium behaviour in
these columns, and the reaction kinetics determindohtch experiments, do not match
these in the columns. Slow reactions due to e.gemal dissolution may be more
pronounced in the unsaturated columns than intaditaoil suspensions. The best fit of

the proton transport was still obtained by adjugtime proton dispersion coefficient.
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Figure 7.3 Measured (bars) and predicted (lines and symbejsdhdprofiles of pH after 6
months of acid leaching. (a) Predictions were maskuming local equilibrium witbDy
derived from the®®Cl breakthrough@y= 3.4 cnf d?, full line, ¢ ) or with Dy set to 30 crh

d™ (dotted line, ). (b) Predictions were made with a two-site madatiDy= 3.4 cnf d?).
Full explanation in text.

The measured and predicted concentration profiiéseototal Cd concentration and the
concentration in solution in the control columngea6 months of leaching are shown in
Figure 7.4. Only a small decrease in total Cd eatration was observed in the upper
layer of the control columns, since Cd retentionswagh K4 ~ 500 | kg'). The
concentration profiles in the control columns wevell predicted with the convection-

dispersion equation, based on the local equilibrssumption (for the labile Cd pool).
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Figure 7.4 Measured (bars) and modelled (lines and symbolsthdarofile of (a) total Cd
concentration, and (b) Cd concentration in solutédter 6 months of leaching for the
control columns.

Most Cd was removed from the upper 2 cm of the aoldimns after 6 months of
leaching, since the strong decrease in pH resiriteceak retention of Cd in these layers
(K¢~ 30 | kg") (Figure 7.5a). Accumulation of Cd was observedhie deeper layers,
where the pH was not, or only slightly affectede ®olution concentrations showed a peak
in the solution concentration of Cd at the deptthefpH front (Figure 7.5b). Predicted Cd
profiles were in reasonable agreement with obserpedfiles. However, total
concentration and concentration in solution werdewestimated in the deeper layer of the
acidified columns. This deviation between predictand observed Cd profiles is
presumably caused by non-equilibrium in thé transport, since no indications of non-
equilibrium for the Cd transport were found for ttentrol columns. The Cd profiles were
better predicted when model calculations were nwitlethe parameteby adjusted to 30
cn’ d? (i.e., the value that was used in order to maltehptredicted proton transport with
the observations), or when the two-site model famtqn transport was used (Figure 7.5).
These findings support the hypothesis that the atievi between the observed Cd
concentrations and the predictions of the CDE madeldue to non-equilibrium in the'H
transport.
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Figure 7.5 Measured (bars) and modelled (lines and symlo@g)h profile of (a) total Cd
concentration, and (b) Cd concentration in solytafter 6 months of acid leaching. The
proton transport was modelled with the CDE model Bp = 3.4 cnf d* (full lines, ) or
Du =30 cnf d* (dotted lines, ), or with a two-site model (cf. Figure 7.3)
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Table 7.3 gives the amounts of Cd lost by leachoajculated from the product of
leachate volume and metal concentration in thehiat@c or from the decrease in the total
Cd concentration. Both methods gave similar regilable 7.3). The metal losses were
larger in the acidified columns than in the contolumns. The amount leached from the
control columns agreed with the amount predictedbéo leached from the columns
according to the CDE model. The Cd concentratiothé effluent of the control columns
did not change within the period of observatiom@nths), which was equivalent to about
230 pore volumes. Model calculations showed thd¢é@ease in the Cd concentration in
the effluent of the control columns is not to beested before 600 pore volumes. The
concentrations of Cd in the effluent of the acatificolumns increased continuously, up to
0.05 mg Cd 1 after 230 pore volumes. This increase is notipted with none of the
models (Figure 7.6). As a result, the amount ofi€@thed from the acidified columns is
larger than is predicted (Table 7.3). A sharp ease in the effluent concentration is
predicted with the CDE model after about 400 pareimes, when the Cd front reaches the
bottom of the column. When the proton transpors wandelled withDp= 30 cn? d* or
with the two-site model, an earlier breakthrougtl argreater pulse spreading is predicted
(Figure 7.6).

Table 7.3 The amount of Cd lost by leaching in acidified andcontrol columns,
calculated from the metal amount recovered in¢laehate or from the decrease in total Cd
concentration in the soil.

Cd lost (ng)
_ (initial Cd content: 464 ug)
time acidified control predicted
(months) leached  ACd, leached ACdy (acidified and control)
2 20 26 13 11 14
4 26 33 26 21 28

6 86 89 42 39 43
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Figure 7.6 Observed (circles) and predicted (lines) Cd cotraéion in the effluent of the
acidified columns. The proton transport was madellvith the CDE model andy= 3.4

cn? d* or Dy =30 cnf d?, or with the two-site model.

The deviations between predicted and observed @deciration in the effluent and in
the columns of the acid treatment indicate thairHsolution was not in equilibrium with
the solid phase. Even when accounting for nonléguim with a two-site model (or by
using a largeDy), the observed increase in the Cd concentraticthefeffluent was still
not predicted. A pH decrease in the effluent wasabserved. An early decrease (i.e.,
before the predicted breakthrough after 400 pohemes) in the pH of the effluent would
have been another indication that non-equilibrivisted in the H transport. The pH of
the column effluent was regularly measured. Howetreese values exceeded always the
original soil pH (measured in 0.001 M CaCle.g., the effluent pH was 6.75 + 0.12 after
4.5 months of leaching. The pH of leachates maligteer than the pH of the soil solution

due to CQ volatilization, caused by the lower @@ressure outside the column:
HCOs + H - H,O + CQ (7.12)
As a result, the leachate pH cannot be used asdicator of the pH inside the column

(Reus=t al, 1990).
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In conclusion, the decrease in pH and mobilizabérCd in the acidified columns was
reasonably predicted with coupled convection-disiper equations (CDE) for the proton
and Cd transport, using sorption parameters defiged batch experiments. However, the
observed pH profile was more disperse and the @G# pas found at greater depth than
predicted with the CDE model. Better agreementvbeh the predicted and observed
profiles of H and Cd was obtained when using a non-equilibrinamsport model
involving reaction kinetics for H but with a rate constant adjusted to the coluata that
was much smaller than observed in batch experimenhkese results indicate that proton
reaction kinetics in batch experiments do not o¢fla situ conditions. Adjusting the
proton dispersion coefficient had a comparablecefbm predicting the pH front as the use

of a kinetic sorption model.
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Transport of Cd and Zn at field scale
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CHAPTER 8
Field scale transport of Cd and Zn in a polluteddgsol

Abstract

The transport of Cd and Zn was modelled in Spodpsofiles of a field polluted with
heavy metals. Total, radio-labile, and solutiomnaantrations of Cd and Zn were
determined at various depths in ten profiles. tehs of the metal transport were made
assuming local equilibrium between the labile mptal and the solution. Wick samplers
were installed in 3 Spodosols (2 polluted and lollofed), and were monitored for 18
months. Concentrations of Cd and Zn in solutioniected by the wick samplers (‘flux’
concentrations) were in good agreement with thasesoil solutions obtained by
centrifugation. This good agreement supports geaf the local equilibrium assumption
(LEA) for the transport calculations. Present-@alyprofiles were calculated based on the
emission history of the nearby smelter, from whitle production started in 1889.
Observed and predicted depth profiles agreed wetiept in the upper horizon where
observed Cd concentrations exceeded the prediotezkntrations. This may be attributed
to the presence of non-labile Cd in the depositiwhich was not accounted for in the
retrospective modelling. The model predicted thatajor part of Cd deposited on the soil
has already been transported to the groundwattreirprofiles with the lowest retention
capacity. It was predicted that the Cd conceminaith the seepage water will remain above
5 g I* for the next 170 years, and that the Zn conceatratill remain above 0.5 mg'|
during the next 40 years. Liming the upper 25 cas wredicted to have limited effect on
the concentrations in the seepage water, since @addtas already been transported to

depths greater than 25 cm.
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8.1 Introduction

Large areas of land are contaminated with heavyals@tom historical emissions of the
non-ferrous industry. Groundwater pollution cau$sdleaching of these metals is a
growing concern. Prediction of the metal transpibirough model calculations, is required
to evaluate the risk and extent of future grouneéwapbllution. Only in a few studies, the
transport of Cd and Zn at field scale has been shiyated. Cernik et al. (1994)
reconstructed Zn and Cu profiles of smelter comated soils, using a convection-
dispersion model and a linear stochastic convectimidel. Both approaches gave a
reasonable agreement between predicted and obsemetal profiles. Their results
indicated that, even in these soils with high pH7(5), Zn was slowly transported with a
velocity of around 1 mm™¥; Streck and Richter (1997b) modelled transpo€dfand Zn

in a sandy soil (pH~5.3) after 29 years of contvastewater irrigation. The measured
Cd and Zn profiles could be successfully modelleaseol on the local equilibrium
assumption, if spatial variability of sorption weaken into account. Seuntjens (2002)
evaluated the performance of a Monte-Carlo typevective-dispersive transport model to

predict Cd profiles in acid sandy soils contamiddig Zn smelters.

Transport at field scale is mostly modelled basedre local equilibrium assumption
(LEA). The sorption parameters that quantify tlatifioning between the solid and the
solution phase (e.gKgq, in case of linear sorption) are usually basethermeasurement of
concentrations in isolated soil solutions or inut#l salt extracts. However, if non-
equilibrium conditions prevail during the transpamt if preferential flow occurs, the
concentration in solutions equilibrated with thé sway overestimate the concentration in
the percolating water. No experiments have yembsst-up to measure metal ‘flux
concentrations’ in the field. Concentrations ie tbercolating water may be measured
usingin situ samplers, such as passive capillary samplers (PCARSuction is generated
by the hanging water columns, which allows the exibn of soil solution from both
saturated and unsaturated pores to a tension emttat produced by the hanging column
(Holderet al, 1991). Therefore, the field situation is bet@proached than when using
suction cups or pan samplers. Suction cups apphcaum to the soil, which may cause
the collection of samples that are not represemtatif the solution moving to the
groundwater. Pan samplers on the other hand chBncobect solution from saturated
pores, which may lead to a disturbance of the flegime and a change in the soil

chemical conditions above the sampler (e.g., réalueind pH increase).
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In the present study, the transport of Cd was nedléh Spodosol profiles of a field
polluted with heavy metals. Concentrations meakure soil solution obtained by
centrifugation were used to derive the sorptiorapeaters. This approach was validated
with a comparison between the concentrations ih solution and concentrations in
solution obtained by wick samplers. Present-day fdfiles were calculated and
compared with the measured profiles, and the fuaaehing of Cd to the groundwater was
predicted. The aim of this study was to valid&ie modelling approach and to unravel the
major parameters controlling this transport. Siooly 10 profiles were sampled, effects of
spatial variability on heavy metal transport contit be studied in detail. This issue will

be addressed in the next chapter.

8.2 Materials and methods

8.2.1 Soils and soil characterisation

Ten soil profiles were sampled in a polluted figidBalen. Soil characteristics and total,
labile and pore water concentrations of Cd and 2rewneasured, as described in section

2.2.1. A summary of soil properties and metal emt@tions is given in Table 2.2.

8.2.2 Prediction of Cd transport

Transport calculations were made with the one-dsioeral finite-element computer code
HYDRUS-1D (Siminek et al, 1998). The solute transport was modelled by a
simultaneous solution of the Richard’s equation #mel convection-dispersion equation,
assuming local equilibrium between the labile mptadl and the solution phase (eq. 1.10).
The Cd transport was simulated from the start efpfoduction (in 1889). For Zn, only the
future transport was modelled.

The hydraulic parameterK{and van Genuchten parameters) were taken fromtj€esin
et al. (1999), who studied similar soils from a nearlig §Table 8.1). No effort was made
to determine these parameters exactly, since atisggsanalysis has shown that these
parameters do not significantly affect the modeicome (Seuntjenst al, 2002). The
longitudinal dispersitivity. was obtained from Seuntjeasal. (2002), and was about 2 cm
for all horizons. The boundary conditions for thater flow were constant water flux at
the soil surface and zero-potential at the bottmuanblary (water table). The stationary
flux at the upper boundary was assumed to be 0.3#,rwhich is the long term average

precipitation surplus for the region (Patyn, 1997).



112

Table 8.1 Hydraulic parameters for dry Spodosols in theargtudied: the field-saturated
hydraulic conductivityKs, and the van Genuchten parameters of the watemtiet curve
(8, 6, ave, nve) (from Seuntjenst al, 1999)

horizon Ks 8 a avc Nve
(cm d) () ) () ()
A 202 0.13 0.49 0.017 2.66
E 312 0.07 0.44 0.018 2.76
B 185 0.16 0.54 0.010 2.05
BC 600 0.09 0.45 0.018 2.87
C1 1608 0.04 0.41 0.024 4.46
C2 1104 0.,03 0.43 0.020 4.87

For the solute transport, a third-type flux bourdesndition (Cauchy type) was used at
the top and a second-type (zero concentration gnador Neumann type) boundary
condition at the bottom:

—6’[D%+qc=qqn atz=0

=0 atz=L (8.1)

Q| &

whereq is the water flux density (cmi ¥, andci, is the metal concentration (mg)lin the
infiltrating water (other symbols equal to thoseeqn 1.10).

The solid—liquid distribution was expressed withraundlich type equation:
s=k.c' (8.2)
wheres is the (labile) adsorbed concentration (mg)kg is the concentration in solution
(mg M), andk andn are empirical parameters. A value foof 0.8 for Cd and 0.7 for Zn
was derived from batch experiments on two soil damp The value ok was calculated

from the experimentally determined metal conceianat(for each profile and soil depth):

E
M.

whereE is the radio-labile concentration (mg®gand M], the measured concentration
in the soil solution (mg¥). It was assumed that there was no change irsdhgtion

parameters with time. The pore water concentraifd®d in the year 1889 was assumed to

k =

(8.3)

be 1 pg Cd'l, which is of the same order as the pore wateramumation in an unpolluted
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field (Houthalen). For Zn, for which only the fuéutransport was calculated, the measured

values were taken as the initial pore water comatans.

An estimate of the historical Cd deposition rateswseeded for the retrospective
modelling. Seuntjens (2002) studied a nearby aii@ estimated the Cd emission of the
neighbouring non-ferrous industry. The absolutdesof the deposition rate was estimated
by integration of the experimentally derived deptbfiles of the Cd concentratiof€rnik
et al, 1994; Seuntjens, 2002). The amount of Cd reealvper unit area, in the upper 2 m
of the profile, was around 6 kg Cdhéor profiles 4, 5, 7 and 9 (Table 2.6). Since &lod
calculations indicated that leaching from thesefile® was negligibly small, it was
assumed that the overall Cd deposition was 6 kgh&d Cadmium amounts were
considerably lower in profiles 1, 2, 3, and 6, whindicates that Cd has partly been
leached from these profiles. Profiles 8 and 1Qtaiord larger Cd amounts (respectively
11 and 26 kg H3, and were therefore not included in the modetwations. These
profiles were located nearby a smelter waste duligure 8.1 shows the estimated former
Cd deposition at the experimental field. It wasuased that Cd in the deposition was fully
labile. This assumption seems justified, sinceawerage, 81% of the Cd amount present
in the profile is in labile form (range 64101%). For Zn, only between 12 and 55 %
(mean 18%) of the total amount in the profile walsile. Therefore, the Zn transport was

not modelled retrospectively.

For the prospective modelling, metal concentratiomsthe infiltrating water were
assumed to be 0.001 mg Ctidnd 0.06 mg Zri'l, which corresponds to a future deposition
rate of 2.3 g Cd hay* and 140 g Zn hay'. Measurements of wet deposition in the
Netherlands indicate that the deposition rate dutie period 1998-2000 was around 1 to
2 g Cd hd y* and around 70 to 150 g Znhg* (RIVM, 1999, 2001ab).
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Figure 8.1 Former Cd deposition on the experimental siteneged from emission data
(Seuntjens, 2002), and the Cd amount present isdherofiles with the largest Cd mass
(profiles 8 and 10 not considered).

8.2.3 Collection of soil solution with Passive CapillaryfSamplers (PCAPS)

The wicks used (Amatex 3/8-inch HI) were heatedd@®@°C, for 4 hours, to remove
impurities (Knutsoret al, 1993). The upper end of the wicks was rolledoupa PVC-
plate of 17 cm by 34 cm (2 wicks per plate), arel glate was covered with a nylon cloth.
One end of the wick protruded through a hole inglate, and was encased in a PVC pipe
connected to a collection flask (Figure 8.2a). Timimal wick length was calculated
according to the procedure of Rimnatral. (1995).

The PCAPS were installed at 70 cm of depth, attloeations, in June 2000. A pit with
a depth of about 150 cm was dug, and an excavé@i@rcm depth, 10 cm height) was
made in the wall. The top of the excavation wagfcdly levelled, and the PVC-plate with
the two PCAPS units, was pushed against the tdpeoéxcavation. Wooden blocks were
hammered between the bottom of the excavationl@E@®VC-plate, to ensure good contact
between soil and PCAPS (Figure 8.2b). The excawatias refilled with soil, and the
collection flasks were placed at the bottom of fhie(Figure 8.2c). The pit wall was

covered with a plastic sheet and the pit was eefill
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Figure 8.2 (a) Schematic picture of a passive capillary damyb) excavation with wicks

on PVC plate, and (c) pit after excavation is kefilwith soil.
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Two wick samplers were installed in two pollutedo8psols in Lommel, separated by a
distance of about 150 m. One profile was a wetdSpol (Aquod), the other profile a dry
Spodosol (Placohumod). A detailed descriptiorhefprofiles is given by Seuntjeas al.
(2001a). The third wick sampler was installed mumpolluted field in Houthalen (see
section 2.2.1).

Solutions were sampled approximately bimonthly tigio a sampling tube running from
the bottom of the collection chamber to the soilfaee. The pH of the solution was
measured. Concentrations of Cd, Zn, Cu, Pb, FeCA] Mg, Na and K in the solution
were measured with ICP-OES on the solution that a@dified to pH=1 with HNG
Filtration (<0.45 um) was found to have no effesttbe concentrations, and therefore, no

filtration step was included in the standard analys

At the last sampling occasion, the soil above tliekvgamplers was excavated. Soil
solution was isolated by centrifuging the field stosoils for 1 hour at 30@0 The soil
solution was filtered through a 0.45-um membralterfiacidified to pH=1 with HNg)
and analysed with ICP-OES. The pH was determineal water extract in a soil:solution

ratio of 1:5 kg T after 1 day of equilibration.

8.3 Results and discussion

8.3.1 Solutions sampled by wicks versus soil solution

The solutions of the first sampling occasions weiscarded, because of the large pH
values and the large Ca concentrations. Weathefitige fibreglass wicking material may
result in solution contamination, as was also oleskby Brahyet al. (2001) and Goynet

al. (2000). However, the pH and Ca concentrationdirtet rapidly, and did not seem to
interfere with soil solution composition after somenths.

Concentrations of Cd and Zn measured in the saitiso, obtained by centrifugation of
the soil at the end of the experiment, agreed wih the concentrations of the solution
sampled by the wick (Table 8.2, Figure 8.3). Omythe unpolluted soil, the Zn
concentration in the soil solution fell outside ttaange of concentrations in the solutions
sampled by the wick. It is possible that this ieedo contamination of the soil solution

since the isolation of the soil solution requiretoaof handling in the laboratory. The
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concentrations in the solution sampled by the PCARE be interpreted as the flux
concentrationscf), while the concentrations in the centrifugatesraore representative of
the resident concentrationcr].  Prediction of solute transport based on residen
concentrations may lead to biased resultsindce are different. The good agreement
between both methods is indicative that non-equuiih processes, e.g., bye-pass flow and
chemical non-equilibrium, do not prevail in thes®lss Therefore, it seems justified to
model the transport of Cd and Zn based on the gailibrium assumption.

Table 8.2 Comparison between pore water concentrations (walae, standard deviation
of 2 replicates between parentheses) and condensan solutions sampled by PCAPS
over a period of 18 months (mean value, range legtyarentheses)

Lommel (Aquod) Lommel (Humod) Houthalen
pore water wick pore water wick pore water  wick
pH 4.18° 4.6 4.65° 4.6 4,772 4.8
(0.03) (4.1-5.5) (0.02) (4.0-5.5) (0.05) (4.3-5.6)
cd (ug 1 17 12 17 19 1.0 0.6
(1.3) (6-18) (0.6) (14-25) (0.1) (0.2-2)
Zn (mg I 0.81 0.58 0.83 0.67 0.06 0.04
(0.05)  (0.36-0.84) (0.02)  (0.45-0.91) (0.01)  (0.02-0.05)
Ca (mg™ 2.1 3.8 0.9 1.6 0.38 0.9
(0.5) (1.1-7.8) (0.07) (0.7-3.8) (0.01) (0.2-2.9)
Mg (mg ') 0.5 0.3 0.4 0.1 0.31 0.1
(0.1) (0.2-0.5) (0.07) (0.1-0.2) (0.01) (0.1-0.2)
Na (mg 1Y) 3.7 1.4 2.5 1.9 1.7 1.2
(0.1) (0.6-2.2) (0.2) (1.4-2.3) (0.002)  (0.6-1.9)
K (mg ") 3.7 0.5 0.8 0.1 1.6 0.2
(0.6) (0.1-0.9) (0.001)  (0.1-0.2) (0.01)  (0.0-0.4)
Al (mg I'Y 2.0 2.3 0.8 1.6 0.29 0.9
(0.2) (1.0-3.8) (0.2) (0.3-3.0) (0.01)  (0.3-1.3)

2 pH measured in a soil water extract (S:L = 1/58g

The Cd and Zn concentrations are elevated in the ebLommel (Table 8.2). The Cd
concentrations are well above the Flemish grounemireshold of 5 ug Cd'| although
the concentration in the topsoil is only about 1 @tkg®, i.e., lower than the Flemish soil
clean-up value for natural and agricultural ar@amg Cd kg for a standard soil with 2%
organic matter and 10% clay). This discrepancyus to the high mobility of heavy
metals in these acid soils, which is also illugtdaby the relatively large Cd concentration
in the solution of the uncontaminated podzol.
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Figure 8.3 The water flux, and the concentrations of Cd Zndmeasured by passive
capillary samplers at 70 cm of depth in (a) a getiupodzol (Humod, Lommel), and (b) in
an unpolluted podzol (Houthalen) (open and closedbsls refer to the two wicks of one
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The concentrations in the solutions sampled bytluk showed a temporal variation.
The Ca concentrations were largest in autumn, whlileoncentrations showed a peak in
spring. This seasonal variation was related tover@tion in pH; the pH of the solution
was between 0.5 and 1 pH-unit higher in Septemban tin April. These seasonal
acidification and alkalinization phases are propallused by nitrogen transformations. In
spring, the rate of nitrification may exceed theeraf nitrate uptake, which results in a
decrease of the pH in soils with low base satunafidatzner, 1989). The lower pH in
spring explains the more elevated metal conceatratbetween February and June (Figure
8.3).

The mean yearly drainage volume was 25 cm for dlleirs Houthalen, 16 cm for the
Aquod of Lommel, and 11 cm for the Humod of Lommellhe latter profile was
surrounded by trees, which explains the lower flux.

8.3.2 Present-day Cd and Zn profiles

Field-averaged values of total and radio-labilecestrations of Cd and Zn are plotted in
Figure 8.4. This figure also shows all measureal ttoncentrations, illustrating the spatial
variability. Total Cd and Zn concentrations deseeavith depth. Labile fractions are
larger for Cd than for Zn. The smallest labilecrans are observed in the topsoil (for both
Cd and Zn), and in the deeper horizons for Zng@ftion 2.3.4).

Total Cd and Zn concentrations vary considerablywben profiles (Figure 8.4).
Concentrations of Cd show a clear correlation vatiganic matter, as is illustrated in
Figure 8.5 for one profile (profile 7). This prefihas a clearly developed humic B-
horizon, coinciding with a peak in the Cd concetitra The total Cd amount of this
profile is 5.8 kg Cd Ha No illuvial horizon was observed in profiles Bda6, which is
reflected in the small Cd concentrations (< 0.1 kgd) below 10 cm of depth. These 2
profiles have the smallest Cd load (1.2 and 1.8#da’ for profiles 2 and 6 respectively).
Unless there was a large difference in Cd depwsitiithin the field, these small Cd

amounts indicate that more Cd was leached fronethesfiles.
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Figure 8.4 Total concentrations of (a) Cd, and (b) Zn as ation of depth. The bars
denote field-averaged values of total concentratiomhe light shaded area represents the
field-averaged values of the radio-labile concditra(Profiles 8 and 10 not included).
The line gives the total Cd concentration prediatéti a convection-dispersion model.

The predicted Cd profiles correspond reasonably wigh the observed profiles (Figure
8.4a and Figure 8.5). However, the total Cd comaé&on in the A horizon is generally
underestimated. The contamination in soils sumlg smelters may be due to
atmospheric deposition (primary deposition) or @sandary pollution (e.g., resuspension
of contaminated soils, or roasted ores used fail omastruction). Cadmium and zinc are
probably deposited in a partly insoluble form, whis also suggested by the low radio-
labile fractions in the upper horizon. The modsdwuaned that all Cd deposition occurred
as labile Cd. Therefore, the presence of Cd iardypinsoluble form, preventing Cd to be
leached, may explain the deviation between obsemmddredicted Cd concentration in the
upper horizon. Also cycling of metals in the guént environment may have contributed

to the high concentrations in the A horizon.
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Figure 8.5 Depth profiles of organic C content and total Cehaantration for profile 7.
The line gives the Cd profile predicted with theneection-dispersion equation.

No predictions of the present-day profiles were endmt Zn. Most of the Zn amount
deposited on the soil should be leached out acugprth the model predictions if it is
assumed that all added Zn is labile, because ofitite mobility of labile Zn at low pH.
Labile Zn concentrations are indeed small, buttttal Zn concentrations in the upper
horizon are still elevated. We speculate that rfatste Zn has been leached, while Zn that
was added to the soil in a sparingly soluble foeng.( franklinite) is only slowly released.
Robertset al. (2002) found that Zn in a smelter contaminatedddpvas mainly present in
the Zn containing minerals franklinite (Znf®) and sphalerite (ZnS). The presence of
sphalerite may be due to the emission of non-soha@te, while franklinite is presumably
formed during the roasting process.
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8.3.3 Evolution of soil quality

Predicted profiles of the Cd concentration afterad@d 100 years from now are given in
Figure 8.6. The concentration in the topsoil iedicted to have reached a value of around
0.1 mg Cd kg by the year 2100. However, these predictions Ishbel treated with care,
since Cd was partly added in non-labile form. €femre, non-labile Cd may remain
present in the topsoil even after 100 years froamshHang. This hypothesis is supported by
the large non-labile Zn concentration in the upp@rizon (on average 56 mg Znkocf.
Figure 8.4b). These concentrations are much latger non-labile Zn concentrations in
the topsoil of an uncontaminated podzol with corapbe soil properties (around 5 mg Zn
kg™, cf. Table 2.2), despite the small retention ofiZithese profiles. This indicates that
the release of non-radio-labile heavy metals (éydissolution of minerals or solid-state
diffusion) is a very slow process, that may takeadkes or even centuries. The slow
release of non-labile metals was also observed @olamn experiment with a smelter
contaminated soil (Chapter 6). However, the ratestant for the desorption of non-labile
Zn derived from the column experiment=0.002 &', Figure 6.10) cannot be used to model
the metal transport at field scale. A model whis trelatively large rate constant would
predict that almost all non-labile Zn in the topgsi mobilized (since most Zn has been
deposited between 100 and 50 years ago, cf. F&adewhich is in contradiction with the
observations (Figure 8.4b). A possible explanatasrthe difference in desorption kinetics
of non-labile metals between the column experinagt the field situation is the difference
in water flux. The larger flux in the column expeent may cause accelerated weathering
of the non-labile metals. It can be shown thatrtite constant is proportional to the water

flux if the release of non-labile metal is due tesdlution of a metal-bearing mineral.
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Figure 8.6 Predicted evolution of the field-averaged depthfilg® of Cd, assuming
constant pH, and a future Cd deposition of 2.3 qh&d

8.3.4 Concentrations in seepage water

Concentrations in the seepage water were calculdtedaveraging the solution
concentrations at the bottom of all soil profileAccording to the model calculations, 1.7
kg Cd h& was transported to the groundwater in the pasty&@fs, and 2.8 kg Cd havill

be leached during the next 100 years at concemiatiround 10 to 15 pg Cd (Figure
8.7). The field-averaged breakthrough curve shawsuble peak. The first peak is due to
transport of Cd from the profiles with lower retient capacity (profiles 1, 2, 3, and 6),
while the second peak is caused by leaching froafilps with the higher retention
capacity (profiles 4, 5, 7, and 9). It is possithlat if profiles would have been sampled at
higher density, a smooth breakthrough curve wowdehbeen obtained. However, the
conclusion would presumably have been the samethee gross of Cd deposited on these
soils is transported to the groundwater between dtiD 250 years after the start of the
deposition. In other words, most of Cd depositadte solil is still present in the profile
and will be leached during the next 150 years.
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Figure 8.7 Predicted Cd concentration in seepage water fqurafiles separately (dotted
lines, profile indicated by label at the start bé toreakthrough), and the predicted field-
averaged concentration in the seepage water ifie). |

No prediction of the historical Zn transport wasd@dor reasons mentioned above.
Prediction of the future transport indicates tha field-averaged concentration in the
seepage water will gradually decrease and reactesdlelow 0.5 mg Zntlafter about 50
years (Figure 8.8). Almost all radio-labile Zn MWiile removed after about 100 years.
These predictions were made assuming that onlylelabn will be leached to the
groundwater. If the totd{q is used for the calculations (i.e., if it is assdmhat all metal
is in equilibrium with the solution and can be leed), it is predicted that the Zn
concentration in the seepage water will remain atnconstant (~ 1 mg Zni') during the
next 100 years. However, the column experimenssri®ed in Chapters 5 and 6 showed
that metal leaching is strongly overestimated inh4habile Zn is assumed to be in
equilibrium with the solution. It is more likelhat a slow desorption of non-labile Zn will
occur, resulting in long tailing of the Zn breakitigh curve at low concentrations, as was

observed in a column experiment (Chapter 6, Figuse
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Figure 8.8 Predicted field-averaged concentration of Znelepage water.

The calculation of the breakthrough time (BTT) l&®n proposed as a simple tool to
assess how fast Cd and Zn are transported to tuedwater (Ingwersen, 2001). The BTT
(in years) is calculated with a piston-flow appioa®hich neglects local dispersion:
BTT:Z& E(1+%Kd’i) (8.4)
wherev; is the pore water velocity (cm™y, a is the bulk density (kg™), 4 is the
volumetric water content (chcm?®), d; is the thickness (cm) aniy; is the distribution

coefficient (I kg') of thei-th horizon. Sincg.Ks>>6, equation 8.4 can be simplified to:
BTT=1DZdi o K, (8.5)
q 7 '

whereq is the stationary flux at the upper boundary (28wty'). Equation 8.5 was used
to calculate the breakthrough time of Cd and Zb(@®&.3). Thely was calculated as the
slope from the Freundlich isotherm at a pore watecentration of 0.015 mg Cd br 0.5
mg Zn I*. The BTT of Cd calculated with the piston flowpapach is in good agreement
with the time (after the start from the production, 1889) where the Cd concentration in
the seepage water starts to increase accordirg toumerical simulations. The agreement
between both methods (details not shown) indictitaisthe BTT approach can be used to
form an idea of how fast metals will be transpotttedhe soil. The breakthrough times of
Zn are smaller than those of Cd, because of th&evaatention of Zn in soils with low
pH.
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Table 8.3 Calculated breakthrough times (in years) of Cd and

profile 1 2 3 4 5 6 7 9
cadmium 84 68 89 206 174 98 153 167
zinc 24 17 34 71 63 37 67 55

8.3.5 Liming as an option to reduce metal leaching to gnendwater

Liming may be a cheap option to reduce leachingdfand Zn to the groundwater (cf.
Chapter 6). About 3.5 ton Cag®d" would be needed to increase the pH of the tog25 ¢
with 2 pH units, since the pH buffer capacity o ttopsoil is around 1 cmokg™® pH™.
Smaller lime applications — in the order of 0.3 ©aCQ ha' y' — would be required
afterwards to maintain the pH.

The effect of liming the top 25 cm was modelleduasimg that the increase in pH with 2
units results in a tenfold reduction of the porgewv@oncentrations of Cd and Zn in the top
25 cm (Chapter 4). It is predicted that 2.4 kgh@d will be leached during the next 100
years when the topsoil is limed, instead of 2.80kbha’ when no action is taken (Figure
8.9a). Most Cd has already been transported tthegpeater than 25 cm in most profiles,
which explains the limited effect of liming. Howay liming may considerably decrease
the Cd concentrations in the seepage water foil@sofith largerKy values in the topsoil,
where a large fraction of the Cd deposited on thikeis still present in the upper 25 cm
(Figure 8.9b).

Liming was predicted to have also limited effecttbe Zn concentrations in the seepage
water. Other remediation procedures, such as rahadvthe topsoil or soil amendments,
will equally have only a small impact on the Cd ahd concentrations in the seepage

water.

Deep liming (e.g. to a depth of 80 cm) on the othand is expected to result in a
stronger and earlier decrease in the concentrattbr@d and Zn in the seepage water.
Deep liming will also increase the retention of &dl Zn at depths between 25 and 80 cm
below the soil surface, where in most profiles rgdafraction (~ 30-50%) of the total Cd

amount in the profile is present.
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Figure 8.9 Predicted Cd concentrations in seepage water wheaction is taken (full
line), or when the top 25 cm is limed (dotted lin@) Averaged value for all profiles, and
(b) profile 9 only.

In conclusion, observed present-day Cd profileeedjreasonably well with the profiles
that were predicted with the local equilibrium asgtion (LEA) using sorption parameters
based on the concentration in soil solutions obthihy centrifugation. The use of the
LEA was also supported by the good agreement betWkes’ concentrations of Cd and
Zn (in solutions obtained by wick samplers) andsitlent’ concentrations (in solutions
obtained by soil centrifugation). Observed andljmted depth profiles agreed well, except
in the upper horizon where the total Cd concemrstiwere underestimated. The presence
of non-labile Cd in the deposition, which was netaunted for in the retrospective
modelling, may explain this deviation between otwsdrand predicted values. 1t is
predicted that the Cd concentration in the seepager will remain above 5 pg Cd for
the next 170 years. Liming the top 25 cm may redircs period to 140 years. The effect
of liming the topsoil is limited since most Cd hasved down to depths greater than 25

cm.
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CHAPTER 9

Mobilisation of Cd upon afforestation of agriculiitand

Abstract

The set-aside of agricultural lands may resultapid acidification of the soil. In soils
contaminated with heavy metals, this acidificatioay lead to a strong mobilization of Cd
accumulated in the plough layer. Soils were sathjylea sandy field that was set aside in
1992. The Cd concentration in the top 30 cm of fieild is, on average, 10 mg kgmost

of which is labile. The coupled transport of Cdl gimotons was calculated for each of the
48 profiles sampled (‘grid model’), using the pHffeu capacity and sorption parameters
determined in batch experiments. It was preditbedtl the field-averaged Cd concentration
in the seepage water will increase from 6 fig¢tually to 300 pglin 100 years, which
largely exceeds the maximum permissible concentigt¥lPC) in groundwater of 5 ug.|
Predictions of Cd transport using field averagatipsoperties yielded a later breakthrough
time and a larger peak Cd concentration than piedliwith the grid model, illustrating the
impact of spatial variability on solute transporContinuation of liming practices is a
possible solution to prevent breakthrough of Cdoaicentrations far in excess of the MPC.
It is predicted that the mean Cd concentratiohéngeepage water will only increase from

6 to 7 ug T in 100 years when the pH of the soil is maintaittedugh liming.
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9.1 Introduction

As a result of set-aside policy, agricultural lasdonverted to forest or wetland to reduce
arable crop production and to restore natural estesys. Agricultural soils converted to
forest gradually acidify. Romkens and de Vries98)9found that pH in the topsoil of
Dutch soils converted to forest, decreased from4 within 20 to 30 years. The pH of the
topsoil decreased from 7 to 4.1 over a period & Y€ars in an agricultural soil that was
converted to woodland (Johnsteh al, 1986). Acid deposition was the major cause of

acidification in this soil.

It has been suggested that acidification might lead strong and sudden increase in
plant uptake and leaching of Cd, because Cd sorpsostrongly dependent on pH
(Stigliani et al, 1993). A decrease in pH with one unit resulta idecrease of the solid—
liquid distribution coefficient with about a factaf 5 (e.g., Temminghofét al, 1995;
chapter 3). In chapter 7, a strong increase ire pgater concentrations of Cd and
accelerated leaching was observed in a column switly a contaminated sandy soll
percolated with a Cag&kolution acidified to pH=3. The Cd and protomsjgort for this
column experiment was successfully predicted bpuwpled reactive transport model. In
this chapter, this approach will be used to prediet Cd transport under acidifying
conditions at field scale.

Solute transport at field scale is strongly infloed by soil variability. The moment of
first breakthrough may be underestimated if fie@lehogeneity is not taken into account
(van der Zeeet al, 1987). Transport at field scale is often modkle representing the
field as a collection of soil stream tubes that mwe connected (i.e., no traversal mixing).
In the Bresler-Dagan model, further developed fabmg solutes by van der Zes al.
(1987), the transport within each stream tube &ideed by piston flow. By neglecting
dispersion, analytical solutions could be derivedthie solute transport. Numerical Monte
Carlo simulations may be used to describe the p@msin each stream tube by an
equilibrium convection-dispersion equation (e.@u&jenset al, 2002). Both the Bresler-
Dagan model and the Monte Carlo simulations use@a@ninput variables and vyield
probability density functions (pdf) of concentratias function of time and depth. Another
approach to model field-scale transport, is the $hulation of solute transport for all
profiles sampled using measured parameters. Itragirto Monte Carlo simulations, this
‘grid model’ yields a three dimensional distributiof concentrations as output. Streck and
Richter (1997b) used both the grid model and Mo@&lo simulations to model
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displacement of Cd and Zn at field scale in a saswil after 29 years of wastewater

irrigation. The differences between predictiondoth models were small.

In this study, we modelled Cd transport in a safidi that was set aside in 1992,
located in the northern part of Belgium. Heavy ahatoncentrations in this field are
elevated due to Zn smelter activities. Acid defmsiis relatively large in this region,
because of industrial activities and intensivelediteeding. The transport was modelled
with a grid model by solving convection-dispersiguations for coupled transport of Cd
and protons for each of the 48 profiles sampled.

9.2 Materials and methods

9.2.1 Soil and soil characteristics

Soils were taken in a field that is part of a natteserve (Hageven) in Neerpelt, situated in
the ‘Kempen’ (northern Belgium). The field is arter arable land that was set aside in
1992. The soil is strongly contaminated with Cdl &m due to emissions from a nearby
Zn refinery that was in operation until 1995. Tdwal is classified as a typic haplaquod, a
wet sandy soil with a plough layer. The groundwtdble fluctuates between about 60 and
120 cm of depth.

Soil samples were taken in 1997, in a 20 m by 2@rish. At each of the 48 points,
samples were taken with an Edelman screw augedap#hs (0-15, 15-30, 30-45, 45-60,
and 60-90 cm). The samples were air dried ancepassough a 2 mm sieve.

The pH was measured in 0.001 M Cai@la 1:10 soil:solution ratio. Organic C content
was measured by dry combustion (Skalar CA 100ptdll Cd and Zn were determined by
cold extraction with 0.43 M HN®in a 1:10 soil:solution ratio (Houbet al, 1989).
Radio-labile Cd was determined by isotopic diluti®ection 1.2.2), in a 0.001 M CaCl
extract in a 1:10 soil:solution ratio. Pore watencentrations of Cd were not measured,
but were approximated by the concentration in tt@D M CaCl extract. The soll
solution composition was determined in 2 soil gesfi and it was found that the ionic
strength of the solution was between 2.0 and 4.7, cdvhparable to the ionic strength of
the CaCj extract.

Soils sampled in a nearby field, with similar sdhlracteristics but a larger variation in
pH, were used to test whether the Cd concentratidhe CaCJ extract gives reasonable
estimates of the pore water concentration. Tefilpsowere sampled at 6 depths. Soil
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characteristics of this field are summarized inl€&h2. The soil solution was isolated by
centrifugation and analysed for Cd, Zn, and mag@iioas by ICP-OES. lonic strength of
the solutions ranged from 0.7 to 4 mM. The Cd eot@tion, measured in a 0.001 M
CaC} extract, differed at most by a factor of 3 frone t@d concentration in the soil
solution, except for 3 samples.

The soils of this field were also used to deriveegnation relating CEC to pH (measured
in 0.001 M CaG) and organic C content. The CEC and concentrsitairexchangeable
bases were measured at the soil pH with silverte®mwas index cation (Chhabea al,
1975).

9.2.2 Batch experiments

Proton buffer curves were obtained by equilibrasing samples with 0.001 M Calh a
1:10 soil:solution ratio, with varying concentrat®of HNQ (0, 0.02, 0.04, 0.06, 0.08, 0.1,
and 0.12 mmol HN@g'). The suspensions were shaken end over end foo@es, and
spiked with**°Cd. The samples were shaken for a further seves g@antrifuged, and the
pH of the supernatant was measured. TFed activity of the supernatant was

determined, which allowed to calculate the isotaftribution coefficientKq (I kg™).

9.2.3 Modelling

9.2.3.1Transport model

The sorption parameters describing the solid—liglistribution of H and Cd were derived

from the batch experiments. The ‘sorption isothHerhprotons was described with:
s, =alnc, +b (9.1)

where s4 is the proton concentration on the solid phasel (kgd), cy is the solution
concentration (mol¥), anda andb are empirical parameters. As mentioned in section

7.2.3,s, effectively represents Hexchanged and Honsumed in mineral dissolution.
The pH dependency of the solid—liquid distributadnCd was quantified using following
equation:
Seo = K16, [Eq 9.2)
where s4 is the labile concentration on the solid phase #gd), ccq is the solution

concentration (mg"), andk is a parameter depending on the organic C content
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The transport was modelled by solving convectiapédision equations for coupled

transport of Cd and protons (full details in secti©2.3):

2
Lot (94 pIKG,™) = hugy (G D‘yc—gd— qrfe - e, mkmnre, ™ (9.3)
& & > X
&y 8\ s P
L g+ pa2y =2 - 9.4
d( ch) n L6 52 455 (9.4)

Equations 9.3 and 9.4 were numerically solved tmgetusing finite differences with an
explicit scheme. It was assumed that the t@imthe left hand side of the equations could
be neglected. The error (@u/&) introduced by omission af was mostly less than 1%,
and amounted to 5% at most (for the Cd transpotihensubsoil when pH was below 4).
The dispersion length for the Cd transpagt, was assumed to be 5 cm, which is a normal
value for solute transport at comparable field es¢@ernik et al, 1994). However, the
proton transport was calculated with a dispersiemgih §) of 500 cm, for reasons
explained below. The stationary flux at the uppaundaryg, was assumed to be 23.4 cm

y'!, which is the long term average precipitation &sgor the region (Patyn, 1997).

The transport was simulated for each of the 48ilppofsampled. The measured
buffering capacity (expressed by the paramatewvas used to model changes in pH upon
acidification. This parameter was determined fibr2d0 soil samples (48 profiles at 5
depths). The dependence of the sorption pararkefeg. 9.2) on the organic C content
was described with:

log(K) = log(k) +d. log(%OC) (9.5)

wherek andd are constants obtained by regression analysisiqee2.3.3). The pH and
the radio-labile Cd concentrations measured in 188ve used as the initial values. A
third-type flux boundary condition (Cauchy type)smased at the top and a second-type
(zero concentration gradient or Neumann type) banndondition at the bottom (eq. 8.1).
The lower boundary was taken at 90 cm of depthe ddid input was assumed to be 4.7
kmol ha' y* (see section 9.2.3.2), which corresponds td adticentration of 0.002 M in
the infiltrating water. The Cd concentration ire tmfiltrating water was assumed to be
0.001 mg Cd1, corresponding to a deposition rate of 2.3 g Cd yia Estimates for Cd
deposition, based on Cd concentrations in rainwatethe Netherlands during the period
1998-2000 are in the order of 1 to 2 g Cd & (RIVM, 1999, 2001ab). The present-day
total Cd amount between 0 and 90 cm of depth isvanage, 52 kg Ha The actual Cd
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input is hence a minor part of the historical inpetause of the reduced emission since
about 1970.

Predictions of the Cd transport were also madeage ¢he acidification is prevented by
regular liming. In this case, an acid input wasuased that is equivalent to a pH of 6.3 in
the infiltrating water.

9.2.3.2Estimation of acid input

The acidification of soil is caused by inputs of thcidifying compounds SONG;, and
NHs. Ammonia only acidifies the soil if it is nitréfd and the resultant nitrate is leached:
NHs +2Q - NOs+2H + HO (9.6)
One mole S@corresponds to 2 acid equivalents, while 1 moleg bICNH; correspond to 1
acid equivalent. Equation 9.6 seems to imply thva mole ammonia may result in the
production of 2 mole H However, half of the acidity in NA originates from an acid

substance (e.g., Sthat has transferred a proton to NH

Values of acid deposition for the region studiedrevebtained from MIRA (VMM,
2002). These values are based on emission datarth converted to deposition data with
an atmospheric transport model. Average valugd@i for Flanders were 1.2 kradia*

y! for SQ deposits, 1.3 kmglha® y* for NO, deposits, and 2.1 kmoha® y* for NH;

deposits, or a total acid deposition of 4.6 knfa* y™.

The large contribution of NHo

the acid deposition is due to the intensive cditieeding. Maps showing the regional
distribution of the acid deposition indicated thilaé deposition in the region studied is
around the mean value for Flanders. Values férddposition in rain are small in

comparison and are in the order of 0.1 kyhal* y™.

Internal proton sources may also contribute toatidification of the soil. Ecosystems
that increase in biomass acidify the soil, if nesimilation of cations exceeds that of
anions. In steady-state ecosystems, however, aliraion equals assimilation and the
soil does not acidify because of nutrient assinoifat Deprotonation of C©Oor organic
acids may lead to acidification. This proton seuicusually of minor importance in soils
with moderate or low pH. Deprotonation of £@ay be a significant proton source in
soils where the pH exceeds the d&r proton dissociation of CQpK.=6.3).

Proton balances have shown the importance of agmbgition to acidification near

centers of anthropogenic activities. In central aorthwestern Europe, acidic deposition
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is a major fraction of the total proton loadingeicosystems with low to intermediate rates
of internal proton production (van Breemetnal, 1984). Therefore, the acid deposition,

estimated to be 4.7 kmdia' y*, was used as value for the total acid input.

9.3 Results and discussion

9.3.1 Soil characteristics

Selected soil characteristics are summarized inleT@ld. The soils were sampled five
years after the field was set aside, which expltiasslightly lower pH in the upper layers.
The plough layer (§ extends to a depth of 30 cm. The humic B horimfocated

between 30 and 45 cm of depth. The C horizon, acharised by the yellow colour
because of the small organic C content, start$ an of depth in most profiles. However,

the organic C content is still larger than 1% ie #5—60 cm layer for 11 of the 48 profiles.

The HNQ extractable concentrations reach values up to @ Cthkg' and 1080 mg Zn
kg™ in the plough layer (0-30 cm). Radio-labile Ca@entrationsE values) sometimes
exceeded HN@extractable Cd, indicating that not all Cd wasranted with the HN©@
extract (Table 9.1). Total Cd concentrations watermined byqua regiadigestion for 5
soils from one profile. It was found that tBevalue ranged from 75 to 100% of the total
Cd concentration. These large labile fractionsciag that Cd has entered the soil in

soluble form or that Cd in insoluble form has b&ansformed to labile Cd.

The amount of Cd and Zn for each sampled profg diie, kg ha') was calculated by

summing up the metal amount in all horizons:

M profile = Z 0':Lmji Db. |:Mtot,i (97)

whered; is the horizon thickness (cmp is the bulk density (g cff), M i is the total
metal content (mg kY of thei-th soil horizon, and 0.1 is a conversion factdhe total
metal load ranged from 25 to 132 kg'tfar Cd and from 2220 to 8317 kg héor Zn. On
average, 79% of Cd and 66% of Zn was present itofhe0il (0—30 cm). Figure 9.1 shows
the spatial distribution of the Cd load. A similaattern was found for Zn, indicating

simultaneous deposition of Cd and Zn.
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Table 9.1 Soil characteristics, HN{extractable Cd and Zn concentration ¢Cahd Znr),
radio-labile Cd concentratiorE¢q), and Cd concentration in solution (0.001 M GacCl
Values are averages for all 48 profiles (standasdation between parentheses).

depth pH oC ZNiot Cdiot Ecq Cdsol
(cm) (%) (mgkg) (mgkd) (mgkd) (mgr)
0-15 6.16 2.02 615 9.85 10.0 0.025
(0.30) (0.44) (117) (1.96) (2.85) (0.008)
15-30 6.31 1.88 596 9.46 9.96 0.023
(0.25) (0.42) (140) (2.29) (3.66) (0.007)
30-45 6.37 1.05 284 3.10 3.75 0.014
(0.22) (1.04) (212) (3.19) (4.93) (0.012)
45-60 6.37 0.98 159 1.15 1.40 0.010
(0.21) (1.61) (111) (1.85) (2.25) (0.012)
60-90 6.37 0.49 69 0.46 0.53 0.006
(0.25) (0.77) (58) (0.65) (0.72) (0.009)

140
Cd profile 120
(kg ha™) 100-

80-
60-
40-

x (m)

Figure 9.1 Spatial distribution of the Cd load per unit area
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9.3.2 Proton buffer capacity
The pH buffer capacity of a soil (pH BC, cmktj* pH?) is expressed as the amount acid

or base that must be added to change the pH wéhuait, and is usually determined by
titration of the soil. Figure 9.2 shows a titraticurve, obtained by HNCaddition to a soil
suspended in 0.001 M CaCl

The pH buffering of a soil arises from dissolutjpr@cipitation reactions, e.g. of CagO
at high pH and Al compounds at low pH, and fromoraexchange reactions. In the pH
range 4 to 6, cation exchange is an important boffemechanism (Reuss al, 1990).
Protons added to the soil will release Al fromcsite lattices. The main reaction products
are non-exchangeable Al-hydroxy-cations that binédxchange surfaces, thus leading to a
reduction in the CEC, and ¥lions that exchange with base cations, thus causing

reduction in the base saturation.

pH

2 [ [ [ [ [ 1
0 2 4 6 8 10 12

H* added (cmol kg ™)

Figure 9.2 The change in pH with increasing acid load f@maady soil (OC 2.6%). The
pH BC was calculated as the reciprocal of sloptefregression line for pH values above
4 (full line). The dotted line was calculated lthes the assumption that pH buffering is
only related to cation exchange (model explaineg )
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If soil buffer capacity is only due to cation exoge, the pH BC may be estimated from
the pH dependency of the CEC, and the change adasration with pH:

H ™ added _ CECle [BSle -CECpH2 [BSsz

pHBC =
pH; —pH, pH; —pH,

(9.8)

where Hagdeqis the amount of protons added to lower the plfpd to ph.

The relationship between base saturation and pHtlendlependency of CEC on soill
properties were estimated from data of a nearlg figth larger variation in pH (Table
3.2). At constant Ca concentration, the changeaselsaturation with pH can be described

with following equation, according to the ion exoge theory (see section 4.4.1):

BS
H=k'+0.5lo 9.9
: %-as .
where BS is the base saturation of the ion exchange eempphe relationship between pH
and BS could be well described with this equation rwke was set to 4.2 for a Ca

concentration of 0.001 M (Figure 4.2).

The pH dependency of the CEC (celaj’) was described by a model in which the CEC
of organic C increases linearly with pH and the CEC ofenal components is not pH
dependent. Following regression equation was obtained:

CEC =0.74 + (-1.37 +0.53 pH) %0C R2(=O.87,n=54) (9.10)

The change in CEC of organic C per pH unit, which is 53ctmol kg pH?, is in good
agreement with results of other authors. Values oftab@emo} kg* pH* were reported
by Hellinget al. (1964), Kalisz and Stone (1980) and Aitletral. (1990).

A theoretical buffer curve could be derived, by substh of the estimated CEC (eq.
9.10) and BS (eq. 9.9) in eq. 9.8, which is illugdain Figure 9.2 for a soil with 2.6% OC.
This theoretical curve agrees well with the experimentdiermined buffer curve in the
pH range 4 to 6, indicating that buffering in this @tge is mainly due to cation exchange
reactions. Below pH 4, the pH buffering is largely uedamated, since cation exchange
buffering is negligible below this pH and pH bufferiisgpresumably due to dissolution of
Al-hydroxy compounds.

The relationship between pH and &dded to the soil was approximately linear for pH
values above 4 (cf. Figure 9.2). Linear regressions weeel fihrough this part of the

buffer curve, and the pH buffer capacity was calculatedeaetiiprocal of the slope of this
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regression line (Figure 9.2). The pH BC correlated with Whe organic C content, as can
be seen in Figure 9.3. The result of the linear regressdicated that 79 cmol*tkg™ of
organic C is needed to lower the pH with one unit. Maigeibél. (1987) found a value of
70 cmol kg' C pH* for North American forest soils. Aitkest al. (1990) reported values
of about 90 cmol kg C pH* for soils from Queensland (Australia). A value of 71otm
kgt C pH* was found for weathered soils of the tropics (Oor®§2). The buffering of
organic C is due to weakly acidic functional groups, sashcarboxylic and phenolic

groups.

y = 0.79x + 0.95
R?=0.78

pH BC (cmolH " kg™ pH™)

Organic C (%)

Figure 9.3 The pH buffer capacity as a function of the organic Getin Symbols are
measured valugs=239), and the full line is the linear regression line.

According to equations 9.9 and 9.10, the CEC of orgamittemis 178 cmglkg™* C at
pH 6 and 73 cmelkg® C at pH 4, and the base saturation is 0.99 at pH ® 2ddat pH 4.
Thus, the loss of exchangeable bases between pH 6 and pt5& @snoj kg* C, or 79
cmok kg* C pH?, which is the same value as that from the empirically ddriegression
equation (Figure 9.3). Organic C is a main contributahéopH buffering in these soils,
but the non-zero intercept in Figure 9.3 indicates tha not the only source of pH

buffering.



140

9.3.3 Effect of pH on solid—liquid distribution of cadmium
For all soils, the solid—liquid distribution coefficieof Cd was measured in 0.001 M CaCl

at various pH values, obtained through HN&idition. Linear regression analysis of
logkq with respect to the pH, measured in the extract, andrijnic matter content of

the soil yielded the following regression equation:
logkg = -1.43 + 0.84 log%OC + 0.62 pH R(=0.90,n =1095) (9.11)

Since most Cd was radio-labile in these soils, the sotdistribution coefficient was
comparable with the totdfy. This regression equation agrees well with the regression
equation obtained fdn situ Ky values of 57 polluted soils (eq. 3.6, for a Ca conceotrat

of 1 mM: logk¢® = -1.8 + 0.79 log%OC + 0.66 pH).

Pore water concentrations of Cd were measured for soits drnearby field with similar
soil characteristics and ionic strength, but larger vanatiopH (pH between 3.9 and 6.1).
Predictions of the labil&y values, i.e., the ratio & to the pore water concentration, were
made with equation 9.11 (Figure 9.4). The predictiafierdd maximally by a factor of 3

from the observe#y?®

, except for the soil sample with the lowest Ca conceatrdCauw

= 0.1 mM). Thekq?® was 7 times underpredicted for this sample, which neagxplained
by the stronger sorption at lower ionic strength. Thesalts indicate that the partitioning
in a 0.001 M CaGlextract, that has a ionic strength of 3 mM, may serverassonable

approximation for the field situation if the ionic strémgn the field is of the same order.
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Figure 9.4 Comparison between the measuireditu K4~ of Cd and the values predicted
with a regression equation derived from measurementduite dialt extracts acidified with
various quantities of HN§ The solid line is the 1:1 line and the dotted linggesent 3
times over- or underprediction.

lab
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9.3.4 Prediction of proton and Cd transport

The parameters used in the transport model are shown i Babl The sorption
parameters were obtained from the batch experiments. The giaran{eq. 9.1) was
calculated by dividing the measured pH BC (which rangeah %.006 to 0.069 mol Hkg™*
pH?) by a factor 2.3. The parametérsl (eq. 9.5) andn (eq. 9.2) were derived from the
regression equation relating thkg of Cd to soil properties (eq. 9.11): the paramkter
0.037 (=10"*3), d (describing the dependence of Cd sorption on the argamiontent) is

0.84, andm (describing the pH dependence of Cd sorption) is -0.62.

Table 9.2 Input parameters used in the transport model

Parameter Symbol Value Unit
Hydraulical ~Water flux density q 23.4 cm ¥
Dispersion length Acd 5 cm
AH 5-500 cm
Chemical Sorption of Cd k 0.037
(eq. 9.2 and 9.5) d 0.84
m -0.62
pH buffering (eq. 9.1) a 0.003-0.03 mol k§In(H"™*
Soil Profile  Length L 90 cm
Bulk density p 1.35(top)— kg I*
1.55(bottom)
Initial / (Initial pH and labile Cd concentration (mgRgas measured)
Boundary  Acid input (4.7 kmaJha' y')  cuin 0.002 mol
conditons  Cd input (2.3 g Hg?) Ccain  0.001 mgt
Numerical Spatial discretization Az 1 cm
Time discretization At 1 day

9.3.4.1Proton transport

Figure 9.5 shows the calculated pH profile after 50 yefaosn(1997 onwards) for one
profile with a pH BC of 2.8 cmglkg® pH* in the upper 30 cm. The model predicts that
the pH front will have reached a depth of 18 cm. Wheiggedsion length of 5 cm is used,
the spreading of the pH front is within £ 10 cm, whishn contradiction with measured
pH profiles (e.g., Blaket al, 1999; Andersest al, 2002). These calculations were made

assuming local equilibrium. However, non-equilibrium ctinds are likely to prevail
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during proton transport (Chapter 7). Sverdripal. (1995) modelled pH changes in an
agricultural soil in Rothamsted that was converted todiand at the end of the ‘18
century. They used the biogeochemical model SAFE (Simulagitification in Forested
Ecosystems), that includes diffusion limited cation-exckangd weathering rates for
mineral dissolution reactions. Measured and calculatédpmfiles agreed reasonably
well. We choose to describe the large spreading in thiequitiby using a larger dispersion
length, since it has a similar effect as the use of kimetrameter (see chapter 7), but is
mathematically easier to handle. The spreading in the caduf# front was in good
agreement with the spreading in measured pH profiles giMierature when a dispersion

length of 500 cm was used.
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Figure 9.5 Calculated pH profile for a single profile, after 50 yedrgni 1997 onwards),
assuming an acid input of 4.7 kmdla y* and no lime application. Calculations were
made with a dispersion length fof Hansport of 5, 50 or 500 cm.

All profiles were calculated withhy =500 cm. Figure 9.6 shows the modelled pH
profiles after 50 and 100 years, averaged over all ré8lgs. The field-averaged pH
profile shows larger spreading than that calculated foinglesiprofile (cf. Figure 9.5),
because of the variation in pH BC among profiles, whictelated to the variation in
organic C content. According to the model calculatiorespth at the bottom of the profile
will already have decreased after 100 years in some of tfiteeprthat have low organic C
content (< 0.5 %) beneath 30 cm of depth.
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In the field of Rothamsted, the pH of the topsoil (0e23) decreased by approximately
2.5 units, and the pH of the 46—-69 cm layer by 1 duiing the 110 years since the field
was converted to woodland (Blakeal, 1999). We predict a faster acidification, but this
is not in contradiction since the sandy soil of our ythds a smaller CEC, and hence a
smaller buffer capacity in the subsoil than the siladbam soil of Rothamsted. The CEC
at 50 cm of depth is about 3 cmkdj” for the soil of Neerpelt, and about 20 ceiaj* for
the Rothamsted soil.

Afforestation may lead to a build-up of organic mattethe top layer. This increase in
organic C content and the recycling of cations by vegetati@y result in a slower
acidification in the top layer, which was not considerethe model. However, the data of
Rothamsted indicate that this effect is small and reglriciehe upper centimeters of the
profile (Sverdruget al, 1995), and therefore will have little effect on the Cdgpant.
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Figure 9.6 Field-averaged pH profile measured in the year 1997 (fd) liand calculated
pH profiles profiles after 50 and 100 years from 1997 ayaw (dotted lines), assuming an
acid input of 4.7 kmalha y* and no lime application.
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9.3.4.2Transport of Cd

Figure 9.7 shows the calculated profiles of total andtismlyphase Cd concentrations,
averaged for all 48 profiles. When the pH is maintaineelkg values of Cd remain in the
order of 500 | kg in the topsoil and the Cd plume travels slowly becatfiseiorelatively
strong retention (Figure 9.7b). However, large increasesre water concentrations and
rapid leaching of Cd are predicted when liming is aband@Rigtire 9.7a), because of the
strong decrease in pH and the resulting decrease in Cd retentio

The strong mobilization of Cd upon acidification resuit very elevated concentrations
in the seepage water, calculated as the average pore water &iwemt the bottom of
the profile (90 cm of depth). A sudden increase inQHeconcentration is predicted after
about 80 years, i.e., around the year 2080 (Figure 9.8ag concentration will reach
values in the order of 0.3 mg Cd &nd will remain that high during about 30 years,
according to the predictions. The maximum permissibleceamation (MPC) for
groundwater in Flanders is 5 |i§j | The concentration is predicted to fall below thikiga

after 300 years, when nearly all Cd is leached to the gveated.

These predictions indicate that the abandonment of agnalkands that are heavily
contaminated with Cd may have large environmental impasisecally where the
groundwaters are shallow. Continuation of liming prastitcs a possible solution to
prevent breakthrough of Cd at concentrations far above € bf Cd in groundwater.
Approximately 250 kg CaCgha® y* would be required to maintain soil pH, assuming that
the acid deposition remains at the current level of ab&uoid, ha' y*. It is predicted that
the concentration in the seepage water will remain below 15'pmder that scenario
(Figure 9.8b). As a result, it will take about 20@ars before all excess Cd is removed

from the soil.

The Cd transport under acidifying conditions was alswkited with a model where the
field was treated as one single column with averagepsojlerties (Figure 9.8a). In this
case, a later breakthrough and a larger peak concentration was predictéue transport
is predicted to be more disperse when field heterogereitgken into account. These

results illustrate the importance of soil variability fbe transport of sorbing solutes.



145

()
0 0
3
0™
~
20 | |+ ~
. N
30{¢ . e
£ £ R
S oy 5 wil X ‘
< — — 50y < 7 .
8 o 50 - ; a
5 --=-=-100y 8 1 \\
60 ] .
A}
70 - k
80 - .
*»
90 :
0 10 20 0 0.2 0.4
Total Cd (mg kg ™) Cd in solution (mg | ™)
(b)
0 ——= 0
=~
10 | D 10 |
*)
1}
20 - I 20 -
30 - - 30 -
~~ (4 ~—~
§ 40 oy § a0
e — — e
.;5— 50 B Iy 50 y *GEJ_ 50 |
9 ----100y &
60 | 60 -
70 | 70 1
80 | 80
90 ‘ ‘ 90 ‘ ‘
0 5 10 15 0 001 002 003
Total Cd (mg kg ™) Cd in solution (mg | ™)

Figure 9.7 Modelled field-averaged profiles of total Cd concentragiand concentrations
in solution (a) for an acid input of 4.7 kradla y*, or (b) when the pH is maintained. The
full line indicates the profiles measured in the year 188d, the dotted lines represent the
calculated profiles after 50 and 100 years from 1997 onwards.
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Figure 9.8 Modelled concentrations of Cd in the seepage water (anfacid input of 4.7
kmol ha y, or (b) at constant pH. (Note the difference in scale enythxis between
panels a and b). The full line gives the simulationhefgrid model, where the transport
was calculated for all profiles using the measured swperties and the convection-
dispersion equation (CDE). The dotted line gives thaulsition of the CDE for a single
profile with field-averaged properties. The field wasastie in 1992.

In conclusion, the set-aside of agricultural lands nesylt in a rapid acidification of
these soils. Because a high pH (pH>6) is maintained, @rgmall fraction of Cd has
migrated downward out of the plough layer in contaneciadoils, and acidification will
result in a strong mobilization of Cd accumulated in pleugh layer (‘chemical time
bomb’). To simulate the proton transport, a verydadgpersion length was used for the
proton transportiy = 500 cm) to predict a spreading of the soil acidificationt in
agreement with what is reported in the literature. ds\wredicted that concentrations in
the seepage water will increase from 6 ug €ddtually to 300 pg Cd'laround the year
2100, when the pH front reaches the depth of the grouedw@0 cm of depth).
Maintaining the soil pH through liming is a possibtdusion to prevent breakthrough of

Cd at concentrations far above the maximum permissible civatien.
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General conclusions

Main results and conclusions

A large area of land at the Dutch-Belgian boundary is canted with Cd and Zn due to
atmospheric deposition of these metals from Zn smeltersun@water pollution caused
by leaching of these metals is a growing concern. ignviork, the mobility of Cd and Zn

in these podzols was investigated by batch and cokxpariments, field observations and

by model simulations at the field scale. Followingatosions were drawn:

Not all Cd and Zn in the soil is in labile form

The isotopic dilution technique was used to measure tlie laetal pool E value) of Cd
and Zn. The % values E value relative to total metal concentration) of Cd wgmeerally
larger than 50%, while Bvalues of Zn were generally smaller than 50%. TBEev&dues
of Cd and Zn in the topsoil of a contaminated podzol vsereller than in an unpolluted
podzol, indicating that the metals in the contaminatednsarié added in a partly insoluble

form.

Transport of labile Cd and Zn can be modelled i local equilibrium assumption
Column experiments showed that the Cd and Zn transpohese tsandy soils was well
predicted with the local equilibrium assumption (LEA)ailihg of the®®Cl breakthrough
curves at large pore water velocities (between 12 and 30'gmas indicative of physical
non-equilibrium, but even in this case, breakthrougireziof Cd and Zn were reasonably
described with the LEA. These model predictions assumeticzium between the labile
pool and the solution, i.e., it is assumed that thelabite metals cannot desorb.
Present-day vertical Cd concentration profiles in a modgratluted field with acid
sandy soils were calculated with the LEA, based on the emissstory of the nearby
smelter. The results of the column experiments, d®d good agreement between
‘resident’ concentrations (measured in soil centrifugatasyl ‘flux’ concentrations
(measured in solutions sampled by wick samplers inidié) fsupported the use of the
LEA for the transport calculations at field scale. Predieted observed profiles agreed
reasonably well, but total Cd concentrations in the tbpgere generally underestimated,
probably because Cd in the deposition was partly in uhéel(non-labile) form. The
predictions might improve if the speciation of Cdhe tistorical emission was known and

if long-term weathering of the non-labile forms cou@duantified.
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Transport of non-labile Cd and Zn cannot be modelléth the LEA

Leaching of Cd and Zn was greatly overestimated when it wssneed that all metal
(labile and non-labile) was in equilibrium with the dan phase, i.e. when the ‘tota{y
was used for the transport calculations. However, a slaagselof non-labile Cd and Zn
was observed in columns leached with over 100 pore volamesvhere the labile metal
pool was nearly depleted, resulting in a longer tailinghaf breakthrough curve than
predicted with the equilibrium model.

The large concentrations of non-labile Zn in the upmeizbns of a polluted field also
indicated that the release of non-labile Zn is a very glmwess, that may take decades or
even centuries. The rate constant for desorption oflaimle metal derived from the
column experiment could not be used to model the metasiort at field scale, which
may be attributed to the large difference in water flakeen the column experiment and

the field situation.

Leaching of Cd and Zn depends strongly on soil atemroperties (pH, organic C)
Cadmium and zinc are (relatively) strongly sorbing ssluand therefore, the transport of
these metals is not much affected by the soil physical pagesr@erniket al, 1994). The
sensitivity analysis of Seuntjers al. (2002b) showed that the field-scale Cd flux is very
sensitive to the solid-liquid distribution coefficiefi{s) and the deposition rate, while
hydraulic parameters{ and van Genuchten parameters) have little effect.

The pH is an extremely important factor in controllihg solid—liquid distribution of Cd
and Zn. Batch experiments showed thatkh@f Cd and Zn increases about five-fold per
unit increase in pH. Organic matter content and ionic gtineaf the soil solution also
affect the sorption of Cd and Zn.

As a result, land use changes that affect these smplepies (pH, OC, ionic strength)
will also affect the mobility of Cd and Zn. The pH diettopsoil of sandy soils may
decrease with 2 units within 20 to 30 years after conveffston agricultural land to forest
(Romkens and de Vries, 1995), which will lead to anease in solution concentrations of
Cd and Zn. The effect of acidification on Cd transport vetudied in a column
experiment. The decrease in pH and the mobilizationdoinGhese artificially acidified
soil columns was reasonably predicted, but the spreadingei pH profile was more
disperse than predicted, which was attributed to norilequin in the proton transport.

Liming on the other hand reduces the mobility of Cd and Concentrations of Cd and

Zn in the column effluent of polluted soils were strongdguced when the topsoil was
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limed. After 4 months, the amount of Cd leached fromithed columns was only half of

the amount leached in control columns.

The groundwater contamination in the Kempen idylike persist or even worsen

Large amounts of Cd and Zn are still present in the aoidland the (former) Zn smelters.
According to the model calculations for a polluted fieith Spodosols, 1.7 kg Cd havas
transported to the groundwater in the past 100 years.8rkjZd ha will end up in the
groundwater during the next 100 years. It was prediciatdtile Cd concentration in the
seepage water will remain above 5 [fgfdr the next 170 years. These results, and the
results of Seuntjens (2002), indicate that a large pa@dofieposited on acid sandy soils
around the Zn smelters in the Kempen — where the groundtasie is mostly between
0.5 and 4 m below the soil surface (Wilkens, 199@jlHreach the groundwater during the

next two centuries, if no action is taken.

Abandoning agricultural land contaminated with hgawvetals should be avoided, unless
soil pH is controlled

Most Cd is present in the plough layer in contamihagricultural soils, because a high
pH is maintained in these soils. The set-aside of agn@lliand results in a rapid
acidification of sandy soils with low buffer capacity, whimay lead to mobilization of Cd
accumulated in the plough layer. The future Cd transpag modelled for a heavily
polluted field (~ 10 mg Cd Kkyin the plough layer), with sandy soils and a shallow
groundwater table (~ 90 cm of depth), that was set-asid®92. It was predicted that
most Cd will leach to the groundwater between 90 and 17@ ydter the field was set-
aside, resulting in elevated Cd concentrations in the geepater (~ 0.3 mg Cd') during
this period.

Liming is recommended to avoid leaching of Cd andnZlevated concentrations

Liming is especially recommended in polluted arable [Hrat is set-aside. Liming the
topsoil may prevent breakthrough of Cd at concentratitar above the maximum
permissible concentration.

Conventional liming was predicted to have only limiteffect on the Cd and Zn
transport in a field with acid sandy soils. Most Cdl &n was already transported to
depths greater than 25 cm in this field, which explawessmall predicted effect of liming.
Liming combined with deep ploughing will probably caasstrong decrease in the metal

concentrations in the seepage water.
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Outlook

During the last decades, the metal contamination in thepka at the Belgian-Dutch
boundary has been monitored intensively, and metal goansn these soils has been
studied by various researchers (e.g., Boekhold, 1992;eWlk1995; Seuntjens, 2000).
Since the ongoing groundwater contamination is far frower, this regional metal
pollution problem deserves further attention. Current waak confirmed the validity of
batch equilibrium data to predict Cd and Zn transpothatfield scale, i.e. the chemical
equilibrium models predicting solid-liquid partitioningan be integrated into transport
models. The current work predicts that spatial varigbifit soil properties, affecting the
solid-liquid distribution of metals, strongly affectbe dispersion of the Cd and Zn
breakthrough.

In this work, metal mobility was studied at laboratorglec(batch, column) and field
scale. To assess the risk of metal leaching at regional sctife @ea of the Kempen),
data gaps and gaps in scientific knowledge are to be fillgdgration of the available data
is a first priority to assess the risk in the entire aotihated region that is >100 krarge.
The available data of soil properties, metal concentratiaddand use should be collected
in a database. This would allow to determine if and whetker analyses are needed, and
to delineate areas where future leaching to the groundwdkére considerable. The set-
aside policy for contaminated agricultural lands has tevaduated taking into account the
risk of groundwater contamination. It is predictéattlarge Cd concentrations in the
seepage water will be reached about 100 years after the sogstaaside, if no remedial

actions are taken (Figure 9.8).

Predicting metal transport in the saturated zone (me¢red in this work) may require
additional knowledge. The results of unsaturated zoodels need to be integrated in
groundwater models to assess the implications of Cd lepédirgroundwater and surface
water quality. The fate of metals in wet Spodosols witlradtting aerobic and reduced
soil horizons is unknown, but may be a major route efairelease to surface water in

large areas.

Further research efforts are also needed to account fdr gwhse speciation when
predicting metal transport in soils. Column experimemgorted here showed that
leaching of Cd and Zn is largely overestimated in soils wlaege metal fractions are in
non-labile form if it is assumed that all metal is in equilim in solution. The presence of

small labile metal fractions in the upper horizons aftaminated soils also indicated that
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the release of non-labile Cd and Zn is a very slow proddssvever, a column experiment
of this thesis showed mobilisation of non-labile Cd Zndvhen the labile metal pool was
nearly depleted. The rate constant for desorption of nale-latetal derived from this
column experiment could not be used to model the metasiort at field scale, which
may be attributed to differences in scale and in the wiaber The release of non-labile
metal is a process that should not be ignored, espeaallyrf that is mainly present in
non-labile forms. Additional research is needed to ehieidhe mechanisms responsible
for the mobilization of non-labile metals (e.g., dission of minerals, solid state diffusion)
and to determine the rate of this process at the field scale.
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Notations used in Appendix

pH pH measured in 0.01 M CaGHouthalen and Balen) or 0.001 M Ca(Neerpelt)
OC organicC

Fex ammonium oxalate extractable Fe
Alox ammonium oxalate extractable Al
Cdy: total Cd concentration

Ecq labile Cd concentration

Znye:  total Zn concentration

Ez, labile Zn concentration

Cdyw pore water concentration of Cd
Zn,, pore water concentration of Zn
Ca,w pore water concentration of Ca

DOC pore water concentration of dissolved organic carbon
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