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Abstract

The effect of three different moisture statuses, i.e., 150, 200 and 300% FWC (Field
Water Capacity) on copper (Cu), iron (Fe) and manganese (Mn) solubility and solution acti-
vity was investigated on soil samples characterised by different levels of copper contamina-
tion. Soils (200 g) were weighted into polyethylene containers (500 cm3) and amounts of bi-
distilled water were properly added to reach the targeted moisture status of 150, 200 and
300% of the FWC. The incubation was held under laboratory conditions at the temperatu-
re of 19-20°C for a period of 30 days. Supernatants (10 cm3) were collected at given inte-
rvals of time, filtered and analysed for pH (potentiometrically) as well as for Cu, Fe, and
Mn (spectrophotometrically).

It was found that the activity of Cu2+ ions decreased gradually with increasing pH
of the solution, irrespective of the moisture status and that this process was more prono-
unced for 150 and 200% than for 300% FWC. The activity of Fe varied in a narrow range
i.e. =5.0 and -6.0 molcdm‘3 and was related to pH changes (in the range 4.0-7.5). The im-
pact of increased moisture status on the solubility process was less pronounced. Further
studies should be undertaken in order to elucidate such Fe behaviour. Manganese solution
activity varied mostly between — 4.0 and -7.0 molcdm’?’, and was found to be less sensitive
to pH changes. But it must be pointed out that the effect of high pH on the increase
of Mn activity was limited, which implied that Mn2*+ activity was moisture-dependent, basi-
cally. Care should be taken to avoid any submersion of soils subjected to contamination or
pollution by trace metals, since any excess of stagnant water (anoxic conditions) leads to
increased solubility and simultaneous activity of trace metals in the solution. This process
is greatly strengthened by significant amounts of soil-born Fe and organic matter.
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WZAJEMNA KONTROLA ROZPUSZCZALNOSCI Cu, Fe I Mn W WARUNKACH
ZROZNICOWANEGO UWILGOTNIENIA GLEBY

Abstrakt

W pracy przedstawiono wplyw trzech réznych stanéw uwilgotnienia gleby, tzn. 150,
200 i 300% PPW (polowej pojemnosci wodnej), na dynamike rozpuszczalnosci oraz aktyw-
no$¢ miedzi (Cu), zelaza (Fe) i manganu (Mn) w glebach o zréznicowanym stopniu zanie-
czyszczenia miedzig. Probki gleb o masie 200 g umieszczono w polietylenowych pojemni-
kach (500 cm3), do ktérych dodano odpowiednia ilo§é wody podwéjnie destylowanej w celu
zapewnienia wlasciwej wilgotnosci, tj. 150, 200 i 300% PPW. Zawarto$¢ pojemnikow inku-
bowano w warunkach laboratoryjnych w temp. 19-20°C przez okres 30 dni. W wyznaczo-
nych odstepach czasu pobrano roztwory znad gleby (10 cm3), przesaczono i oznaczono
wnich pH (potencjometrycznie) oraz Cu, Fe i Mn (spektrofotometrycznie).

Wykazano, ze aktywnoéé jonéw Cu?* malata stopniowo wraz ze wzrostem pH roztwo-
row, niezaleznie od stanu uwilgotnienia, z tym ze ten proces zaznaczyl sie bardziej w przy-
padku 150 i 200% PPW w poréwnaniu z 300% PPW. Aktywno$¢ Fe wahala si¢ w waskim
przedziale, tzn. —-5.0 i —6.0 molcdm'3, i zalezala od zmian pH miedzy 4,0 a 7,5. Ponadto,
nalezy zaznaczyé, ze wzrost uwilgotnienia na jego rozpuszczalno$¢ byt stabo zaznaczony. Dal-
sze badania powinny byé przeprowadzone w celu wyjasnienia takiego zachowania zelaza.
Aktywno$¢ manganu w roztworze wahata sie miedzy — 4,0 a -7,0 molcdm'3 i byta mniej
wrazliwa na zmiany pH. Nalezy podkreslié, ze wptyw wysokiego pH na wzrost aktywnosSci
Mn byl ograniczony, co oznacza tym samym zaleznoéé aktywnosci jonéw Mn2*+ od uwilgot-
nienia gleby. Nalezy ostroznie postepowac z glebami zanieczyszczonymi lub skazonymi pier-
wiastkami §ladowymi w celu unikniecia ich zatapiania, gdyz nadmiar stojacej wody (wa-
runki beztlenowe) prowadzi do wzrostu rozpuszczalnoSci i jednocze$nie aktywnosci tych
metali w roztworze. Ten proces jest zdecydowanie silniejszy w warunkach wystepowania
znacznych ilosci Fe i materii organicznej.

Stowa kluczowe: miedz, zelazo, mangan, rozpuszczalno§é, aktywno$¢ metali, uwilgot-
nienie gleby.

INTRODUCTION

As a result of increased input from industry, traffic and agriculture, the
average trace metal content in soils worldwide is increasing considerably.
This has become a major point of concern during the last few decades since
metal contents have reached potentially toxic levels in urban as well as
agricultural soils in the vicinity of mining and metallurgical industries, thus
creating areas frequently depicted as hot spots (HELIOS-RYBICKA 1996). Metal
solubility, toxicity and transfer away from the contamination point depend
on many soil chemical and physical properties. However, risk assessment is
still entirely based on the total soil metal content. Ecotoxicological studies
revealed, however, that metal speciation in the solution phase is one of the
key factors that regulate metal toxicity in soil subjected to contamination
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(RENNER 1997, MEIBNER et al. 2008). Hence, metal toxicity (bioavailability) ap-
pears to be related closely to free metal activity in solution instead of the
total soil metal content in the solid phase (HARE, TEsSIER 1996). Consequent-
ly, changes in soil chemical conditions that control the concentration and
free metal activity (pH, solubility, desorption) induce changes in the availa-
bility without apparent changes in the total metal content (SPUrRGEON and
Horxin 1996, McBrIDE et al. 1997). Soil parameters that affect metal solubili-
ty and speciation in the soil solution include moisture status, total metal
content, pH, organic matter and clay content.

Soils may contain appreciable amounts of iron and manganese, which
under conditions of water excess, activate redox processes of soils. GoToH
and Patrick (1972, 1974) studied the distribution of different forms of Fe and
Mn in water logged soil over a wide range of closely controlled potential
and pH conditions. These researchers reported that increases in water-solu-
ble and exchangeable iron were favoured by a decrease in both redox poten-
tial and pH. Moreover, they found that at pH 5 almost all of the soil manga-
nese was converted from reducible into water-soluble plus exchangeable.
ScHwAB AND LiNDsaY (1983) plotted the Fe?* activity as a function of pH and
reported that the Fe3+ activity is controlled by FeCOg (siderite) at pH below
8 and by Fes(OH)g (ferrosic hydroxide) at pH above 8. According to Hassan
(1990), the solubility of manganese was controlled by MnO, at the beginning
of the flooding period, whereas MnCOg (rhodochrosite) controlled this solu-
bility up to 15 weeks.

Some reports have pointed out that contaminated soils are becoming
frequently subjected to flooding (HeLIOS-RYBIcKA and Apamiec 2001, SaHa and
ManpaL 2000, KeLLy et al. 2003).

This is of great concern since specific site contaminants are potentially
dispersed into neighboring areas, thus creating some environmental threat.
The monitoring of solubilized metals and their concentrations under flood-
ing conditions is still a matter of great challenge due to several constraints
(instability of bulk waters, continuous inputs of suspended organic and min-
eral particles, uncontrolled dilutions rates, etc.). Comprehensive investiga-
tions dealing with soil moisture status and how water excess induces the
solubility and controls metal ion activity in the soil solution are still absent
from scientific literature. Little is known about the effect of anoxic condi-
tions on metal solubility and the subject has been less intensively studied
because of experimental difficulties. With an increase in soil moisture, the
solution concentration of most cationic metals and calcium tentatively in-
creases due to strengthened solubility and desorption. But the commonly
observed rise in solution pH leads to a decrease in metal concentration and
ion activity in the solution due to adsorption processes (KaBATA-PENDIAS 1993,
DiaTTA et al. 2004).

The purpose of the current study was to evaluate the impact of three
soil moisture statuses, i.e., 150, 200 and 300% FWC (Field Water Capacity)
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on mutual Cu, Fe, and Mn solubility and solution activity control of four
soils under different levels of metal contamination, mainly that of copper.
Another aim was to elucidate the effect of equilibrium pH on the activity
of solubilized metals.

MATERIAL AND METHODS

Physical and chemical soil properties

Soil samples used in this study were collected (0-20 cm depth) from
lands subjected to the Glogow Copper Smelter activity (N 51°41°03” and E
15°57°12”, Poland). Prior to basic analyses, they were air-dried and crushed
to pass through a 1 mm mesh sieve. Particle size distribution was deter-
mined according to the method of Bouyoucos-Casagrande modified by
PrOszyNski (rok). Organic carbon was determined by the dichromate wet oxi-
dative method of Tiurin, in which soil organic carbon is oxidized with potas-
sium dichromate in the presence of sulphuric acid. The unreacted potassi-
um dichromate was back titrated with ferrous sulphate. Soil pH (in 0.01
mole CaCl,) was potentiometrically measured in the soil solution (ratio 1:5),
according to the Polish Standard (1994). Total dissolved solids (TDS) were
determined conductively in supernatants collected during the incubation time
and additionally in water extracts (soil/water ratio 1:5) at the end of the
study. The specific surface area (SSA) was estimated by the ethylene glycol
monoethyl ether (EGME) method as reported by CARTER et al. (1986). The
cation exchange capacity (CEC) of the soils at their initial pH was deter-
mined by the barium chloride (0.10 mole BaCl;) method as described by
HenpERSHOT and DuQUETTE (1986), whereas the summation of exchangeable
alkaline cations and acidity was done according to THoMAS (1982).

Experimental design and soils incubation

Prior to establishing the experiment, the water retention capacity of the
soils was determined by the method of the capillary rise of soil moisture
(LrtyNsk1 et al. 1962). The method consists of filling in with a weighted soil
a weighted metallic cylinder (diameter = 4 cm; length = 17 ¢cm) supplied with
a sieve located at 1 cm from the bottom of the cylinder, which is immersed
in a crystallizer containing distilled water as shown below (Figure 1).

Once moisture appears on the surface of the soil, the cylinder contain-
ing the moist soil is taken out of the crystallizer and weighted after 1/2
to 1 hour. The difference between the moist and dry soil gives the amount
of water the soil is able to retain.

The field water capacity (FWC) of soils used for the current experiment
was as follows: 22.5% (No. 1 — slightly loamy sand); 31.0% (No. 2 — light
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Fig. 1. Metallic cylinder and equipment used for the determination of the Field Water
Capacity (FWC) of soils

loamy sand); 36.9% (No. 3 — light loamy sand) and 47.5% (No. 4 — silty
medium loam). Soils (200 g) were weighted into polyethylene containers
(500 cm3) and amounts of bidistilled water were properly added to reach the
targeted moisture status of 150, 200 and 300% of the FWC. The incubation
was held under laboratory conditions at the temperature of 19-20°C for
a period of 30 days. All objects were duplicated.

Supernatant collection and analysis

Supernatants (10 cm3) were collected at given intervals of time, filtered
and analysed for pH (potentiometrically) as well as for Cu, Fe, and Mn by
the FAAS method (Flame Atomic Absorption Spectrophotometry, Varian
250 plus). The same amounts of bidistilled water (i.e., 10 cm3) were added
back to polyethylene containers in order to keep the moisture status con-
stant. Computation of the results and processing of the graphs were per-
formed by the use of Excel® sheet facilities.

RESULTS AND DISCUSSION

Some of the properties of the four soils used in the current study are
listed in Table 1. The soil reaction was mostly acidic to ca neutral and
varied within the range 4.3-6.5, in contrast to the organic carbon content,
which ranged widely from 2.1 to 31.5 g-kgl. The cation exchange (CEC) of
soils varied accordingly from 11.3 to 29.7 cmol(+) kg™!, which implied that
the buffer properties were sufficiently developed and could probably affect
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the solubility process. This could be related to a rather high level of both
silt and clay contents, whose amounts ranged between 300 and 610 g-kgl.
The content of metals as listed in Table 1 varied significantly, e.g. from
455 up to 10 710 mg kgl in the case of copper (Cu). According to the
guidelines elaborated by KaBaTa-PENDIAS et al. (1993), copper contents can be
classified as follows: Soil No. 1 — natural content (degree 0); No. 3 — slight
contamination (degree II) and for soils No. 2 and No. 3 — strong contamina-
tion (degree V) and pollution (degree V), respectively. Under conditions
of water excess (submerged soils), some complex interacting geochemical re-
actions could be expected which would reduce or enhancne the solubility,
desorption, diffusion of Cu, and interestingly iron (Fe) and manganese (Mn),
basically (RoMKENs et al. 1996).

Copper solubility (activity) and solution pH at 150, 200 and 300% FWC

While most studies in environmental soil chemistry have focused on the
adsorption or sorption of ions and molecules on soils, the solubility/desorp-
tion process is less studied but equally important. This is particularly true
for soils that are subjected to (i) contamination or already contaminated and
(i1) under conditions of temporary or permanent water excess. The results
illustrated in Figures 2a, 3a, 4a for the respective moisture status 150, 200,
300 % FWC (Field Water Capacity) report the course of copper (Cu?*) solu-
bility expressed in terms of Cu?+ activity versus the equilibrium solution pH
for the representative soils (No. 1, No. 2, No. 3 and No. 4). According to
Barrow et al. (1981) and DiMirkou et al. (2002), the first Cu hydrolysis con-
stant (pK,) is about 8.0, (i.e., 7.2-8.1), which means that copper ions in the
soil solution do not easily undergo hydrolysis process, which practically im-
plies that the activity of Cu?* ions should be significantly high throughout
the pH values up to 8. This is particularly important since under a high
contamination level and elevated moisture status, copper solubility, mobility
and possible toxicity may gradually rise. Copper solubility shown in Figures
2a, 3a, 4a suggests that several ions and compounds may control its dynam-
ics and activity in the soil solution. Most studies over the pH-dependence of
copper solubility indicated that solubility and activity decreased with increas-
ing pH (Ma, DonG 2004). This can be illustrated by the copper solubility
diagram reported by KaBata-PeEnDpias and PenDIiAS (1999), from which it could
be deduced that up to pH ca 9.0, Cu2*, CuOH*, CuO, Cuz(OH)22+ and even
CuCOgq are the potential Cu forms and ions inducing copper solubility and
solution activity. Some years ago HARTER (1983) assessed that at pH < 6.0,
copper in solution was virtually present (=98%) as Cu?* and at pH 4.0 about
0.01% of the copper ions should be present as CuOH*. This percentage may
increase 10-fold as the pH is raised to 5.0. Thus, the effect of pH in depress-
ing the activity of free ions in the soil solutions could also be attributed to
an increase in the pH-dependent charges of organic matter and also of alu-
minium, iron and manganese oxides (ABD-ELFATTAH, WADA 1981, Jarvis 1981,
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Fig. 2: Copper (a), iron (b) and manganese (c) activities in supernatants pH at 150%
FWC (Field Water Capacity) for investigated soils (No. 1, No. 2, No. 3 and No. 4)
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FWC (Field Water Capacity) for investigated soils (No. 1, No. 2, No. 3 and No. 4)
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RitcHIE, JaRVIS 1986, KinGg 1988). Therefore, if we assume that an increase
of pH > 5.7 may lead to over 1.0% of copper ions hydrolyzing in a solution
(SmitH, MARTELL 1976), then the mechanism that could be involved in the
transformation can be presented as follows:

CuZ* ) + nHy0 — = Cu(OH), 27 + nHY

that is at n = 1, the hydrolysis may concern:

Cu?*(,, + HOH ———— CuOH* + H*

The activity of Cu2* ions decreased gradually with an increasing pH
of the solution, irrespective of the moisture status. This trend was more
pronounced for the 150 and 200% than for the 300% FWC, for which the
activity of Cu?* in soil No. 1 increased slightly, mainly in the pH range
from 4.5 to 6.5. Such copper behaviour was in close agreement with the fact
that in extremely diluted media the activity of ions increases and this reac-
tion is activated by a relatively low solution pH. The impact of pH on cop-
per activity in the case of the soils No. 3 deserves particular attention. As
listed in Table 1, this soil was characterised by the highest pH value (6.5)
and acid soluble copper amount of 114.3 mg-kgl. Theoretically, copper ac-
tivity in this medium could be expected to be similar to that observed for
soil No. 1, since the acid soluble Cu amount was only 3-fold higher. Unex-
pectedly and interestingly, the values of the log(Cu2*) fluctuated within
a similar range (from —4.3 to —5.8 molcdm'3) except that more than 95% of
all Cu activity values were comprised within the pH interval 7.0-7.5, irre-
spective of the soil moisture status. At such high pH, the dissolution
of organic compounds may take place and Cu complexation directly reduces
Cu activity levels according to the following reaction:

Cu2* + *HUM ———— = CuH®»HUM + nH*

where HUM expresses the organic compound.

Copper forms stable complexes with dissolved organic compounds in so-
lution and therefore higher levels will reduce the free ionic Cu?* activity.
According to RoMkENS and DorrinG (1998) at pH levels higher than 5 usually
more than 99% of the total dissolved copper concentration is bound to dis-
solved organic compounds, which by developing their net negative surface
charge acted as efficient carriers participating in copper solubility and mo-
bility in soils, particularly under high moisture status. Copper activity
of highly contaminated and polluted soils, i.e. No. 2 and No. 4, increased
gradually along with an increasing moisture status. This could be attributed
to the dilution effect, which practically strengthens Cu dissolution process
and. Additionally, to the rise of pH along with an increase in the moisture
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status, as shown in Table 2. Similar observations were pointed out by CHUAN
et al. (1996), SarA and MaNDAL (2004), KeLLy et al. (2003) and WaNG and STAUN-
TOoN (2005), who stated that soil submersion (flooding) rapidly induced strong-
ly reducing conditions, with a consequent increase in pH, which acts in
a dual way: on the one hand, it tends to lower Cu activity in the solution
and, on the other hand, simultaneously increases Cu solubility throughout
its complexation by pH-dependent dissolution of organic compounds.

Iron (Fe) and Mn solubility (activity) versus solution pH at 150, 200
and 300% FWC

The solubility and further activity of Fe and Mn in soil solutions pro-
ceed throughout redox processes, which are practically controlled by the soil
moisture status, the length of anoxic conditions (occurrence of ferric — Fe3+
and ferrous — Fe2* compounds) and simultaneously mediated by pH, whose
changes from acidic to alkaline reaction induce the following reactions of Fe
with hydroxide ions:

Fe3t (Fe?*) OH- Fe(OH>* OH" Fe(OH),* OH" Fe(OH),
— — —

simple cation hydroxy metal cations hydroxide

(soluble) (relatively soluble) (insoluble)

As shown in Figures 2b, 3b and 4b respectively for the moisture status
150, 200 and 300% FWC (Field Water Capacity), Fe activity varied in a nar-
row range i.e. -5.0 and -6.0 molcdm‘3, which implied that Fe transforma-
tions under current anoxic conditions could be related to more factors than
to moisture status, basically. Solution reaction (pH) was one of the funda-
mental factors which decidedly influenced Fe solubility and activity. Accord-
ing to ATTA et al. (1996) the Fe reduction rate increased along with decreas-
ing pH and was more pronounced at pH significantly below 7.0. This finding
agrees well with the results illustrated in Figures 2b, 3b and 4b, which
report the gradual decrease of Fe activity with increasing pH mainly for
soils No. 1, No. 2 and No. 4 for pH values varying roughly between 5.55
and 6.63 (Table 2). The data included in Table 2 unequivocally show that
anoxic conditions induced a slight rise in pH, which in turn could act as a
limiting factor for Fe activity. This confirms that the more acidic the soil
becomes, the more ferrous ions build up. As a consequence, larger ferrous
iron concentrations after submergence are to be expected in more acidic
soils since the hydrogen ion activity increases. This results in more iron
being released from the crystalline or amorphous forms, which are present
in the soil as free iron oxides, as earlier pointed out by PoNNaMPERUMA (1986).
Interestingly, pH changes recorded in the case of soil No. 3 (Table 2) de-
serve special attention, since they varied in a specifically close range i.e.
7.30-7.33, respectively for the soil moisture status 150-300% FWC. Impor-
tantly, Fe activity occurred at solution pH ca 7.5 (Figures 2b, 3b and 4b),
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Table 2

Mean concentrations of soluble Cu and pH changes of soils incubated for 30 days at 150, 200
and 300% FWC (Field Water Capacity)

Moisture status (% of FWC — Field Water Capacity)
150 200 300

Soil No.
Cu concentrations (mg-dm™) and solution pH

Cu pH Cu pH Cu pH
No. 1* 0.234 + 0.094 5.96 0.186 + 0.039 6.04 0.178 + 0.064 6.10
No. 2 0.773 + 0.641 6.46 0.724 + 0.564 6.55 0.578 + 0.222 6.63
No. 3 0.283 + 0.108 7.30 0.231 + 0.065 7.33 0.216 + 0.055 7.42
No. 4 2.603 + 0.985 5.55 2.489 + 0.624 5.54 1.772 + 0.216 5.72

*1 — slightly loamy sand; 2 — light loamy sand; 3 — light loamy sand; 4 — silty medium loam

which implied that under alkaline conditions Fe solubility may occur but
with a slightly lower Fe activity. This could be attributed to the formation of
less soluble compounds such as hydroxides, and — with higher pH — carbon-
ates. This observation is in line with the results reported by ScuwaB and
Linpsay (1983), who plotted the Fe2+ activity as a function of pH and pointed
out that Fe3* activity was controlled by FeCOj4 (siderite) at pH below 8.0
and by Feg(OH)g (ferrosic hydroxide) at pH above 8. Based on these state-
ments, it can be deduced that Fe activity was less dependent on the mois-
ture status but more on pH changes, which controlled the extent of Fe
solubility. Siderite was most probably the main compound regulating Fe con-
centrations in the water solution of soils, since the pH did vary up to ca
7.5. The fact that Fe activity did not vary much (practically between —5.0
and -6.0 molcdm's) for solution pH between 4.0 and even 7.5 was strikingly
unexpected. Further studies should be undertaken in order to elucidate this
Fe behaviour.

The geochemical transformation of manganese (Mn) is by essence more
complex than in the case of iron, due to the fact that the spectrum of Mn
redox potential involves several steps i.e. from Mn’* up to Mn2* (KaBATA-
-PENDIAS, PENDIAS 1999). According to Brabny (1984) in well-oxidized soils the
manganic (Mn**) form is dominating whereas under waterloggind conditions
the reduced manganous form (Mn2*) prevails. The results reported in Fig-
ures 2¢, 3¢ and 4c for the moisture status 150, 200 and 300% FWC (Field
Water Capacity), respectively, are basically quantitative, therefore the Mn2+
was considered to represent the overall reduced forms of Mn under anoxic
conditions of the current trial. Manganese solubility expressed in terms of
its solution activity (logMn2+) varied mostly between —4.0 and —7.0 molcdm'3,
irrespective of the effect of the moisture status and was found to be signifi-
cantly sensitive to pH changes. On the other hand manganese solubility
depended additionally on the soil-born manganese content (extracted in
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6 moles HCI), since soils characterized by highest content (i.e. No. 1 and
No. 4, Table 1) exhibited higher Mn activity, which gradually decreased along
with the pH increase as observed for the soil No. 1. Interestingly, manga-
nese solubility and activity course developed in the case of the soil No. 4,
seemed to be more complex and may not be related to its soil-born content
solely. A slight increase in Mn activity with a raise of pH was even unex-
pected, since the equilibrium solution pH of this soil did not exceed the pH
value of 6.5. Two assumptions may be formulated: i) the extremely high Fe
content detected in the soil No. 4 could be a substantial source of electrons,
which acted as efficient Mn reducing agents in one hand and ii) the signifi-
cantly high organic matter content (31.5 g-kg'l) as a potential precursor of
electrons, which could additionally strengthen Mn reduction, on the other
hand. This finding is in line with the data reported by Arrta et al. (1996) who
pointed out that the enrichment of submerged soils with organic matter
induced an increase in the water-soluble Mn fractions by simultaneously
decreasing the content of the residual Mn pool. According to Hassan (1990),
the solubility of manganese was controlled by MnO,, at the onset of flood-
ing, whereas the MnCOj (rhodochrosite) controlled this solubility in pro-
longed periods of water logging, i.e., up to 15 weeks. In the current study,
the suggested Mn solubility and activity could have been mediated by the
following reactions:

MnO, + 4H* + 26 —» Mn2+ + 2H,0
solid simple cation
(insoluble) (soluble)

MnOOH3+ + 3H* + 46 —» Mn2+ + 2H,0
hydroxycation simple cation

(relatively soluble) (soluble)

Manganese geochemical transformations observed for soil No. 3, as il-
lustrated in Figures 2c, 3c and 4c, operated basically within pH ranges 7.0
and 7.6, similarly to those reported earlier for Fe. Interestingly, Mn2+ activ-
ity in a soil solution tended to increase along with pH increase, in contrast
to the trends reported in many studies. Besides, it acted opposite to Fe. At
such slightly alkaline pH of the solution, the hydroxy manganese forms could
prevail, hence controlling the solubility as well as activity processes. The
high-pH inducing manganese solubility and activity observed in the current
study, which was characteristic for the slightly alkaline soil No. 3, agreed
with the data reported by Atrta et al. (1996) and WaNG and StaunToN (2005).
But it should be pointed out that the effect of high pH on the increase
of Mn activity was limited, which implied that this activity was basically
moisture-dependent. The occurrence of MnCO4 (Hassan 1990) as a manga-
nese solubility/activity controlling factor was less probable under the cur-
rent experimental conditions.
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CONCLUSIONS AND STATEMENTS

1. The activity of Cu?* ions decreased gradually with increasing pH of
the solution, irrespective of the moisture status. This trend was more pro-
nounced for the 150 and 200% than for 300% FWC (Field Water Capacity).
This was attributed to the dilution effect, which practically strengthened the
Cu dissolution process and, additionally, to the rise of pH along with the
increased moisture status.

2. The activity of Fe varied in a narrow range i.e., —5.0 and —6.0 molcdm'3,
which implied that its transformations under current anoxic conditions was
related more strongly to the solution pH than to the moisture status. The
fact that the Fe activity did not vary greatly for a solution pH between 4.0
and 7.5 was strikingly unexpected. Further studies should be undertaken in
order to elucidate such Fe behaviour.

3. Manganese solubility and solution activity varied mostly between
—4.0 and -7.0 molcdm'3, and was found to be less sensitive to pH changes.
But it should be decidedly pointed out that the effect of high pH on the
increase of Mn activity was limited, which implied that Mn2+* activity was
moisture-dependent, basically.

4. Care should be taken to avoid any submersion of soils subjected to
contamination and polluted by trace metals, since any excess of stagnant
water (anoxic conditons) leads to increased solubility and simultaneously high-
er activity of trace metals in the solution. This process is evidently strength-
ened by significant amounts of soil-born Fe and organic matter.

REFERENCES

ABp-EvraTTan A., Wapa K. 1981. Adsorption of lead, copper, zinc, cobalt and cadmium by
soils that differ in cation exchange materials. J. Soil Sci., 32: 271-283.

Arrta KH S., MonammeD A. S., VaN CLEEMPUT O., ZAYED A. 1996. Transformations of iron and
manganese under controlled Eh, Eh-pH conditions and addition of organic matter. Soil
Technol., 9: 223-237.

Barrow N.J., Bowpen J.W., THE LATE PosnEr A.M., QUIRK J. P. 1981. Describing the adsorption
of copper, zinc and lead on variable charge mineral surface. Aust. J. Soil Res., 19: 309-321.

Brapy C.N. 1984. The nature and properties of soils. 9" Ed. Macmillan Publ. Comp., NY,
125 p.

CaARTER D.L., MorTtLAND M.M., KEmMpER W.D. 1986. Specific surface. In: Methods of soils analy-
sis. Part 1. Physical and mineralogical methods. A KLUTE ed., 2" ed.; Monogr. 9 ASA and
SSSA, Madison, WI, 413-423 p.

Cauan M.C., Sau G.Y., Liv J.C. 1996. Solubility of heavy metals in a contaminated soil.
Effects of redox potential and pH. Wat, Air Soil Pollut., 90: 543,

Diarra J.B., GrzeBisz W., WiaTrowska K. 2004. Competivity, selectivity and heavy metals-
induced alkaline cation displacement in soils. Soil Sci. Plant Nutr., 50 (6): 899-908.

Dimirrou A., PapaporouLos P., Ioannou A., FULEKY G. 2002. Copper adsorption by bentonite and
soils high in iron oxides. 17" WCSS Symp. No. 8, paper 1589 pp. 1-14. August 14-22,
Thailand.



488

Goron S., Patrick W.H. JR. 1972. Transformation of manganese in a waterlogged soil as
affected by redox potential and pH. Soil Sci. Soc. Am. Proc., 36: 738-748.

GoroH S., Patrick W.H. JR. 1974. Transformation of iron in a waterlogged soil as affected by
redox potential and pH. Soil Sci. Soc. Am. Proc., 38: 66-71.

Hare L., TessiEr A. 1996. Predicting animal cadmium concentrations in lakes. Nature, 360:
430-432.

Harter R.D. 1983. Effect of soil pH on adsorption of lead, copper, zinc and nickel. Soil Sci.
Soc. Am. J., 47: 47-51.

Hassan M.A.M. 1990. Chemical equilibria and availabilities of iron and manganese in some
Egyptian soils. PhD thesis (Summary). Suez Canal University, Ismailia, Egypt.

Hevios-Rysicka E. 1996. Impact of mining and metallurgical industries on the environment
in Poland. Appl. Geochem., 11: 3-9.

HeLios-RyBicka E., Apamiec E. 2001. Total and bioavailable fraction of heavy metals in the
Odra River solids. In: Biogeochemical processes and cycling of elements in the environ-
ment. Eds. WEBER J., Drozp J., KarczEwska A., 175-176 pp.

Henpersnor W.H., Duquerte M. 1986. A simple barium chloride method for determining
cation exchange capacity and exchangeable cations. Soil Sci. Soc. Am. J., 50: 605-608.

Jarvis S.C. 1981. Copper sorption by soils at low concentration and relation to uptake by
plants. J. Soil Sci., 32: 257-269.

KaBaTa-PEnDIAs A. 1993. Behavioral properties of traces metals in soils. Appl. Geochem.
Suppl., 2: 2-9.

KaBaTa-PENDIAS A., MoTOWICKA-TERELAK T., PioTROWSKA M., TERELAK., WITEK T. 1993. Ocena stopnia
zanieczyszczenia gleb i roslin metalami ciezkimi i siarkq. (Evaluation of the degree
of soils and plants contamination by heavy metals and sulphur). Ramowe wytyczne dla
rolnictwa (Guidelines for agriculture, 20 p.). IUNG - Putawy, str. 20.

KaBara-PenDiAs A., Penpias H. 1999. Biogeochemia pierwiastkéw sladowych. (Biogeochemi-
stry of trace elements, pp. 111 and 320). Wyd. Nauk. PWN, Warszawa, str. 111 i 320.
KeLLy R.W., WEarMANN A.H., HoLm R.T., TaLBoTT L.J., SKoOwroN M.L. 2003. Subsurface move-

ment of zinc from contaminated dredge spoils at a periodically flooded site. Environ.
Geol., 45: 23-34.

King L.D. 1988. Retention of metals by several soils of the Southeastern United States.
J. Environ. Qual., 17: 239.

LityNskr T., Jurkowska H., GorracH E. 1962. Analiza chemiczno-rolnicza. Gleby i Nawozy.
(Agricultural and chemical analysis. Soils and fertilizers, 162 pp.). Wyd. Nauk. PWN,
str. 162.

Ma L.q. Dong Y. 2004. Effects of incubation on solubility and mobility of trace metals in two
contaminated soils. Environ. Pollut., 130: 301-307.

McaripE M.B., Sauvi S., HenxpersHor W. 1997. Solubility control of Cu, Zn, Cd and Pb in
contaminated soils. Eur. J. Soil Sci., 48: 337-346.

MEeIANER S., RENNERT T., RINKLEBE J., TorscHE K.U. 2008. Dissolved metals in a floodplain soil:
comparison of soil solution, extract and soil column experiment data. Geophysical
Research Abstracts. Vol. 10, EGU2008-A-07588, SRef-ID:1607-7962/gra, 2 p.

Mocexk A., Drzymara S., Maszner P. 2000. Geneza, analiza i klasyfikacja gleb. (Genesis, Analy-
sis and Soils Classification, 91-129 pp.). Wyd. AR Poznan (in Polish).

Polish Standard 1994. Polish Standardisation Committee, ref. PrPN-ISO 10390 (E). Soil
quality and pH determination. First edition.

PonnampERUMA F.N. 1986. Behavior of trace elements as affected by redox processes. 8th
Congr. Int. Soc. Soil Sci., 715-728 pp.



489

RennER R. 1997. Rethinking water quality standards for metals toxicity. Environ. Sci. Tech.,
31: 464-468.

Ritrcuie G.S.P., Jarvis S.C. 1986. Effects of inorganic speciation on the interpret-tation of
copper adsorption by soils. J. Soil Sci., 37: 205-210.

Romkens P.F.A.M., BriL J., SaLomons W. 1996. Interaction between Ca®* and dissolved organic
carbon: implications for metal mobilization. Appl. Geochem., 11: 109-115.

Romkens P.F.A.M., DorrinG J. 1998. Effect of Ca on the solubility and molecular size distribu-
tion of DOC and Cu binding in soil solution samples. Environ. Sci. Technol., 32: 363-369.

SanA J.K., ManpaL B. 2000. Redistribution of copper in Alfisols under submergence. 1. Native
copper. Commun. Soil Sci. Plant Anal., 31: 1111-1119.

ScawaB A.P., Linnsay W.L. 1983. The effect of redox on the solubility and availability of iron.
Soil Sci. Soc. Am. dJ., 47: 201-205.

SmitH R.M., MarTeLL A.E. 1976. Critical stability constants. Vol. 4. Inorganic complexes.
Plenum Press, NY, 108 p.

SpurceoN D.J., HopriN S.P. 1996. Effects of variations of the organic matter content and pH
of soils on the availability and toxicity of zinc to the earthworm Eisenia fetida. Pedo-
biologia, 40: 80-96.

Traomas G.W. 1982. Exchangeable cations: Methods of soil analysis. Part 2. Chemical and
microbial properties (No. 9), ASA-SSSA. Second Ed. Edited by Page A.L., MiLLEr R.H.
and Keeney D.R., Madison, Wisconsin, USA, 159-165 pp.

Waneg G., StauntoN S. 2005. Evolution of water-soluble copper in soil with time as a unction
of organic matter amendments and aeration. Eur. J. Soil Sci., 10: 1-9.






