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Abstract: Although there is no doubt about the importance of the bacterial activity on the solubilisation and the distribution
of heavy metals in aquatic sediments, hydromorphic soils and ground waters; little is known about the involvement of
bacterial dissolution in periodically anaerobic environments like that found in dredged sediments and little is known about the
processes and the environmental factors controlling this process.The aim of this paper was to study the effect of the
autochthonous bacterial activity on the biodegradation of organic matter and the mobilization of heavy metals in the
sediments of Al-Ghadir river (Mount Lebanon). Sediments were incubated under standard anaerobic conditions and enriched
with glucose to stimulate and accelerate microbial metabolism. The evolution of carbon metabolism (Organic matter evolved,
carbon consumed and organic acids produced) and metals released in batch reactors were followed over time. Under the
adopted conditions, analysis of the chemical parameters indicated that the incubated sediments showed a significant release
of organic carbon corresponding to bacterial development. Mineral analysis showed an important solubilisation of Fe*" and
Mn*" indicating the presence of Fe- and Mn-reducing bacteria in sediments. Pb, Cd and Cr solubilisation profiles were
observed and appeared concomitant to the solubilisation profiles of Fe and Mn indicating that the redox cycle has been well
installed and that Pb, Cd and Cr were associated to Fe and Mn oxides. The production of Cu appeared in parallel to the
mineralization of the organic matter in the sediment indicating that Cu was associated to this fraction. Zn appeared associated
to the sulphide fraction than to the Fe and Mn oxides fraction. Microbiological and genetic analysis showed a decrease and
the disappearance of some bacterial strains due to the shift in the culture conditions and the toxicity of the released heavy
metals but at the same time the development and the growth of many other populations which showed to be tolerant to the
same conditions.
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1. Introduction When these metals discharge to the aquatic environment,
the metal is partitioned between the sediment and the water
column phases. Further partitioning of metals occurs within
the sediment chemical fractions and metal speciation occurs
in water column with different ligands [3, 4]. This process
of metal speciation may lead to the self-purification of
rivers from metal pollution.

Accumulation of these heavy metals in different
compartments of the environment, and particularly in the
river sediments, and their possible mobilization under
environmentally changing conditions induce a perturbation

The biogeochemical cycle of heavy metals has been
greatly accelerated by human activities. Heavy metals enter
the ecosystem through both natural and anthropogenic
processes. Some soils have been found to have a high
background of some trace elements which are toxic to
plants and wildlife.

Anthropogenic processes include inputs of heavy metals
from industrial and municipal effluents, land-fill leaching,
non-point source run-off, and atmospheric deposition [1, 2].
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of both the structure and the function of the ecosystem and
might cause adverse health effect to biota [5].

Only a small portion of heavy metals in soil is
bioavailable. The mobility and availability of these
pollutants are controlled by many physico-chemical
conditions such as the acidification of the medium or a
change in the redox conditions [6, 7, 8, 9]. If the
physico-chemical parameters can roughly explain the
overall solubilization patterns of heavy metals and their
repartition in the different fractions of sediments, the
autochthonous microbial activities play a major role on the
fate of metals in the aquatic systems, in soils and in
sediments [10, 11, 12, 13, 14]. They can provoke a severe
acidification of the medium during sulfide oxidation [15, 16,
17] or reduce iron oxide [18]. Conversely, other organisms
can also promote the oxidation of Fe oxides. If such
phenomena have been described in soils, studies in
sediments are very seldom and particularly in strictly
anaerobic conditions [19, 20]. However, it is necessary to
understand the microbial activity in anoxic sediments since
the potential release of metals, particularly in fresh water,
may contaminate the neighboring ground water masses, for
example, in the case of storage of dredged sediments in wet
ponds [21, 22].

In addition to the role of the autochtonous microbes on
the solubilisation of heavy metals, few studies have been
served to highlight the subtle effects of heavy metal
pollution on the structure of the soil microbial communities
or on the genetic diversity of particular groups of organisms.
Evidence from the field experiments suggests that under
long-term metal stress, a change in the genetic structure of
the soil microbial community will be produced [6]. A
decrease in the total soil microbial biomass under chronic
metal stress has been observed in many field experiments,
but is likely to be preceded by changes in community
structure. A decrease in the size of the microbial biomass
could at least partially be explained by physiological causes
such as a decrease in the microbial substrate utilization
efficiency, depletion of oxygen and an increased
maintenance energy required which varies in the order:
fungi > bacteria > actinomycetes. Genetic diversity is always
present within species and may be crucial in determining the
response of a population to changing conditions [12, 13, 14].
A decrease in the number of substrates which can be utilized
and thus a reduction in the efficient exploitation of all
ecological niches may also explain the decrease in the size of
the biomass.

In the present paper, an attempt has been made to study
the impact of the autochthonous bacterial activity on the
biodegradation of organic matters and mobilization of
heavy metals contained in the sediments of the river.
Sediments were sampled and incubated in anaerobic
conditions (batch cultures) and the release of metals and
their distribution patterns as well as microbial metabolism
were monitored during the incubation period.

2. Materials and Methods
2.1. Study Area

Despite the small size of the river Al-Ghadir (15 km
length, width<3m) it is considered one of the most polluted
rivers in Lebanon and it is the primary source of pollution
of the Mediterranean Sea.

Different sources of pollution have been identified for
this river: (1) Releases of solid and liquid wastes containing
heavy metals and organic pollutants from different plants
(especially in the lower course of the river). (2) Direct
discharge of sewages and household wastes especially in
the upper course where the river runs through crowded
residential neighborhood. All these sources have meant that
the water and the sediments of this river have significant
levels of organic matter and heavy metals.

2.2. Sampling Methodology

Bed load sediments and water were collected from a site
of Al-Ghadir River in November 2010 (Fig.1).

This site is located at the end of the river just before its
water passes in tunnels near the airport and before its
release to the Mediterranean Sea. This study focused on this
site (site E) which was shown to be the most polluted site
chemically and microbiologically as the water of the river
passes downstream carrying with it most of the pollutants.

The collection of bed load sediments was in accordance
with the methods used for shallow rivers [23, 24]. The
method involves wading in water and scooping sediments
from the first twenty centimeters using an aluminium
trowel. Once collected, sediment samples were transferred
into 10 L plastic bottle previously washed with 10% (v/v)
nitric acid to avoid any metallic contamination.

Water samples were collected using 2 one-liter
polyethylene bottles that have been soaked overnight in
10% (v/v) nitric acid. The bottles were rinsed twice with
the river water and then filled with water running in the
direction of the river flow and acidified (with 2% nitric acid)
for heavy metal analysis.

Al Ghadir Watershed

Figure 1. A map of the study area showing the sampling site

Water samples were collected using 2 one-liter
polyethylene bottles that have been soaked overnight in
10% (v/v) nitric acid. The bottles were rinsed twice with
the river water and then filled with water running in the
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direction of the river flow and acidified (with 2% nitric acid)
for heavy metal analysis.

2.3. Experimental Design

Sediment incubations were carried out in anaerobic
conditions in soil microcosms. These microcosms were
carried out in closed autoclaved glass vials of 45 ml
containing 3g of soil and 30 ml of Bromfield medium
amended by Bousserrhine [25, 26] and sterilized by
autoclaving. The incubation started when 3g (dry weight)
were added to 30 ml sterilized culture medium containing
10 gl-1 of glucose (C source) and 0.15 g.l-1 of yeast
extract (N source). This culture medium was used to
stimulate bacterial growth, accelerate the evolution of
sediments and study the impact of microbial activity on the
release of metals. The anaerobic conditions were created by
degassing the system with nitrogen. Incubations were
conducted in the dark at 28+2°C for 10 days without
shaking to avoid resuspension of sediments and
consequently to only consider diffusion of metals during
the incubation and simulate diffusion of metals in calm and
anaerobic areas. Incubations of sediments were realized in
triplicates and all manipulations were done under a
sterilized hood to avoid any microbial contamination.

2.4. Study of the Microbial Metabolism, Density and
Diversity

2.4.1. Study of the Microbial Metabolism

Ph was measured in the culture medium sampled with a
sterile syringe through the septum to keep anaerobic
conditions and filtered through a 0.45um (pore diameter)
cellulose acetate filter. Glucose was measured
enzymatically in 1ml of the culture medium using a
commercial kit (kit D-Glucose/, Roche). Total organic
carbon (TOC) and organic carbon (OC) were measured by
an elemental analyser (Bruker, D8, France). Butyrate,
acetate, succinate and lactate which are the main organic
acids produced during glucose fermentation [18] were
analysed in 1 ml of medium solution by HPLC according to
Tormo and Izco [27]. Separation of organic acids was
realized by HPLC with a reversed phase column (Thermo
ODS hypersil 5 pm, 4.6* 250 mm) and a gradient of
KH2PO4 (20mM) and acetonitrile.

2.4.2. Study of the Microbial Density

Acrophiles, enterococcus, total coliforms (TC) and fecal
coliforms (FC), iron reducing bacteria and Clostridium
perfringes were detected and enumerated in the sediment
samples before and after incubation. Sediment samples
were serially diluted and spreaded over the surface of
MacConkey agar plates, slanetz, Count Agar Plates (PCA),
Tryptone Sulfite Neomycin Agar (TSN) and Bromfield
solid media plates modified by Bousserrhine [28] for the
detection of TC and FC, enterococcus, aerophiles,
Clotridium perfringes and iron -reducing bacteria,
respectively. The inoculated plates were then either

incubated aerobically for 24 hrs at 37°C for the detection of
TC, aerophiles and enterococcus and 44°C for the detection
of fecal coliforms and Clostridium perfringes or
anaerobically at 28°C for the detection of the iron-reducing
bacteria and the number of colonies were counted and
recorded as the colony forming units (CFU) per gram soil
of dry weight.

2.4.3. Study of the Microbial Diversity

Total DNA was extracted from 0.25g of sediments taken
from the sediment samples before and during their
incubation using DNA extraction kits (PowersoilTM, MO
BIO Laboratories, Ozyme, France). After extraction, DNA
was quantified by UV spectrophometry at 260 nm
(ND-1000 Spectrophotometer, Nanodrop, Thermoscientific)
to ensure the presence of DNA to be amplified. The
extracted DNA was then amplified by PCR using 16S
rRNA bacterial primers and several controls were used to
ensure the absence of sample contamination by exogenous
DNA. The amplification products were assayed using

Nanodrop and their quantity was estimated by
electrophoresis on 1% agarose. The amplification products
were then separated by Denaturing Gradient Gel

Electrophoresis (DGGE) (at 150 volt for 15 minutes then at
20 Volt for 6 h) on acrylamide gel with a denaturing
gradient (urea, 30-60% formamide). After migration, the
gel was placed for 15 min in a bath of ethidium bromid and
then rinsed for 10 min with milliQ water. The DNA bands
were then visualized under ultraviolet with the gel Geldoc
reader 2000 (Bio-Rad, Marnes la Coquette, France) and
analysed by Quantity One (Bio-Rad, Marnes la Coquette,
France).

2.5. Metals in Solution and in Sediments

Sediments were dried at room temperature and sieved
with retaining the sediment size fraction of < 250um. Total
metals in sediments were quantified before incubation by
microwave mineralization according to the method of
Bettinelli et al. [29]. Briefly, it consisted in a mineralization
with a mix of 6 ml of HCI (30%), 3ml HNO3 (65%) and 2
ml HF (40%) for 250 mg of dry sediment samples. Total
metals were analyzed in the river water and of the growing
medium after filtration (0.45um acid washed membrane
filter). The sequential extraction technique proposed by
Campanella et al. [30] was followed for partitioning the
trace metals and was slightly modified to separate organic
matter bound metals and sulphide bound metals. The step
allowing to separate organic matter, exchanging for
acid-base effect to humic compounds was removed since
we are only interested in the metals linked to the totality of
organic matter. The different steps of the sequential
extraction were the following:

Exchangeable and Carbonate fraction (F;): 90 ml of
ammonium acetate (1M) adjusted to pH 5 with acetic acid
were added to 9 g of moist sediments. After shaking at 130
rpm for 24 h, the mixture was centrifuged at 2400 g for 15
min. The pH value was checked at the end of the extraction
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step and the supernatant was recovered.

Fe and Mn oxides fraction (F): 90 ml of hydroxyl
ammonium chloride (1M)/ acetic acid (25%) 1:1 (v:v) were
added to the sediment residue. The pH was 3.2. Then the
treatment was the same as the previous step.

Organic matter fraction (F3): 50 ml of NaOH (0.5M)
were added to the sediment residue and the treatment was
the same as the previous step.

Sulphide fraction (F,): 50 ml of HNO3 (8M) were added
to the sediment residue and the treatment was the same as
the previous step. Results obtained in this step must be
interpreted very carefully because the residual fraction
starts to be attacked.

All recovered supernatants were acidified at pH 1 with
nitric acid (65%) and kept at 4°C before analysis. Metals in
solution were subsequently determined by flame atomic
absorption spectrometry (Ray Leigh Model WFX-210 AAS)
using air-acetylene flame. 7 major elements were analyzed:
Cu, Cd, Zn, Pb, Fe, Cr and Mn. Quantification of metals
were based upon calibration curves of standard solutions of
respective metals. The precision of the metal analysis was
controlled by including triplicate samples in analytical
batches. The relative standard deviation of mean of
triplicate measurements was less than 5%. Other parameters
measured in sediments were pH of sediment (in situ) and
total organic carbon by loss on ignition method after [23,
24, 31].

3. Results and Discussion
3.1. Characterization of Sediments

The sediments taken have a rather coarse texture. The pH
of the river sediments was about 8.25 indicating slightly the
alkaline nature of the sediments. The organic content of the
sediment was about 10.80% which may be due to direct
discharge of large amount of industrial and municipal solid
wastes released all along the river.

Table 1. Total content of heavy metals in dry sediments (ug.g”") and river
water (ug.l") before incubation

Samples Pb Cu Zn Cd Fe Mn Cr
Sediments  76.7 21 324 37.9 19770 59 53.9
Water 454 10.1 154 20.0 15501 21.5 31.1

3.1.1. Total Metal Contents

Heavy metal contents in the river water and the sediments
collected from the site were analyzed before incubation
according to the Bettinelli et al. [29]. Table 1 represents the
variation of the total metal contents in sediments and in
water. The results for the total metal in sediment (ug.g-1) are
the sum of the metal content in the five sediment chemical
fractions. A high correlation was exhibited between the total
metal concentration in sediments and water for Zn, Mn, Pb,
Cu, Cd, Cr and Fe. These correlations suggest that some kind
of water-sediment interaction is taking place. In the dry

season, when the river discharge is very low, an interaction
or reaction occurs between bed load sediments and water,
thus an equilibrium between the bed load and water may be
achieved [32, 33, 34] and what should be noted is that the
discharge of the river is very low and therefore, it would be
plausible to assume that the metal pollutants enter the river
where the conditions approximately are that of the closed
system and then interact with sediment. They partition
within the available sediment chemical fractions, interact
with the existing water complexes and differentiate into
different chemical species. This correlation of metals in
sediment and water suggests that their contents in sediments
are mainly due to human activities (Cr, Cd, Zn, Mn, Pb and
Cu) [35, 36]. Total heavy metal concentrations in the water
and the bed sediments decreases in the order of Fell
PbOIMnlICr>Znl]CdICu.

3.1.2. Sequential Extraction

It was performed on the sediments of the studied site
before incubation. Table 2 lists the metal contents in the
different fractions of the sediment before incubation.
Results showed that the different metals are differently
distributed in the different chemical fractions. The
difference between the Fe sediment speciation and the other
metals (Cd, Pb, Zn, Cr, Cu and Mn) can be attributed to the
source of the Fe in sediments and its geochemistry. Metals
of natural origin occur primarily in the residual sediment
fraction [37, 38, 39]. Iron which is abundant in the
sediments occurred primarily in F5, the resistant residual
chemical fraction (Table 2). This is consistent with a natural
source for Fe in the river sediments. The chemistry of Fe
can explain the speciation of Fe in the Fe/Mn oxides
fraction and its nil speciation in the exchangeable/carbonate
fraction [40, 41]. Cu showed its highest concentration
(Table 2) in the organic matter fraction (F3) and the
sulphide fraction (F4). Cr showed its highest concentration
in the Fe-Mn oxides fraction (F2), organic matter fraction
(F3) and sulphide fraction (F4).

Table 2 Contents of metals in the different fractions of the sediment before
incubation (F; Exchangeable/Carbonate ; F> Fe/Mn oxides; F; organic; Fy
sulphide; Fs Residual).

Content (ng.g’) Pb  Cu Zn Cd Fe Mn Cr

F, 203 342 7778 142 786 15.3 2.3
F, 254 135 584 132 7320 15.7 20.1
F3 182 62 244 175 586 4.2 15.1
F, 536 9.57 153 1.6 3545 24 12.1
Fs 74 055 1 1.4 7531 2145 42
Total Contents 76.7 21.1 324 379 19770 59.1 53.9

Mn showed its highest concentration in the residual
Fe-Mn oxides fraction and exchangeable/Carbonate fraction
(F1). The speciation pattern of Zn showed that it belonged
mainly to the sulphide fraction (F4). Cd and Pb belonged
mainly to the carbonate fraction and Fe/Mn oxides fraction.
However, Cd and Pb exhibited strong correlation on their
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metal speciation patterns in the sediments (Table 2). The
highest concentrations of Pb and Cd metal contents are in the
exchangeable/carbonate fraction (F1) and the Fe/Mn-oxides
fraction (F2). However, Cd had a higher association than Pb
with the exchangeable/carbonate fraction (F1) and a lower
association with the Fe/Mn oxides one (F2) (Table 2). The
higher association of Pb in the moderately reducible fraction
is due to the higher stability constant of Pb-oxides than
Cd-oxides [42].

3.2. Evolution of the Microbial Metabolism, Density and
Diversity

3.2.1. Evolution of the Microbial Metabolism

The rate of carbon mineralization of the sediment samples
was high from the beginning of the experiment till the fifth
day of incubation before the stationnary phase was observed
(Fig.2). No log period was observed meaning a good
physiological state of microorganisms and a good adaptation
to the experimental conditions. Glucose was degraded after
5 days of incubation with the production of large quantities
of organic and inorganic carbon and several organic acids:
acetate, lactate, butyrate and succinate. Butyrate and acetate
appeared to be the major organic acids produced by the
bacteria after 5 days of incubation with a maximum value
attained of 8.296 and 3.673 mg of carbon, respectively. Only
small amounts of lactate and succinate were produced (0.665
and 0.286 mg of carbon, respectively). The production of
such organic acids indicated the occurrence of the
fermentation process [20]. Furthermore, Dassonville et al.
[43] demonstrated that soils enriched with glucose under
anaerobic conditions, the microbial metabolism of glucose
led to the initial formation of CO2 and acetate, while smaller
quantities of lactate were accumulated [44]. About 50% of
the organic carbon introduced as glucose was transformed
into organic acids and mineralized carbon after 5 days of
incubation. The organic carbon not determined can be due to
the production of other metabolites such as alcohols,
amino-acids and polysaccharides not analysed and to the
increase of the biomass of the iron-reducing bacteria and
Clostridium perfringes.

Indeed microorganisms increased from about 2.7%105 to
6.2x105 CFU.g-1 of dry sediments for the iron-reducing
bacteria and from about 7x104 to 2.3x105 CFU.g-1 of dry
sediments for Clostridium perfringes after 5 days of
incubation and which was the maximum and therefore the
organic acid production patterns in our incubations indicated
that microorganisms had a fermentative metabolism rather
than an anaerobic respiration since glucose was mainly
transformed into carbon dioxide and organic acids.

The production of such molecules during the incubation
period was responsible for the acidification of the medium
where it was shown that the pH decreases from 8.2 and
arrives to 5.4 at the end of the incubation.

The modification of the metabolic activity during
incubation can be either due to a modification of the
microbial population or due to a modification of the
metabolic pathways of the same communities. To detect
which of these processes have been taken place during
incubation, it was necessary to study the evolution of the
microbial density and diversity.

3.2.2. Evolution of the Microbial Density

A high variability in the concentrations of the different
types of the detected bacteria was observed before and
during incubation (Fig.3) where it was shown that the
density of the iron-reducing bacteria and Clostridium
perfringes has increased dramatically from 2.7x105
CFU.g-1and 7104 CFU.g-1 and reached a pic after 5 days
of incubation with 6.2x105 CFU.g-1 and 2.3x105 CFU.g-1
of dry sediments, respectively. The pics observed during
this incubation period showed that these bacterial
communities have been rapidly adapted to the culture
conditions and their growth have been accelerated due to
the presence of glucose as a source of carbon which is
easily accessible and degradable.
After this period, the density has decreased to stabilize
around 5.6x105 and 2x105 CFU.g-1 of dry sediments at the
end of the incubation for iron-reducing bacteria and
Clostridium perfringes, respectively.
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Figure 2. Evolution between organic and inorganic carbon during incubation
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Figure 3. Evolution of the microbial density during incubation of the sediments

At the same time, persistence of TC, FC and aerophilic
bacteria in the experiment decreased with time during the
experiment. Zhai et al. [45] reported a substantial reduction
(greater than 99%) of faecal coliform and faecal
streptococci concentrations after 2 weeks in an incubation
experiment with poultry manure. Here, it was shown that
the density of TC, FC, enterococcus and aerophilic bacteria
begin to decrease from the 3rd and 4rth days to reach
around 7.6x104, 4x104, 3x102 and 4.3x104 CFU.g-1 of
dry sediments, respectively at the end of the incubation
period. The survival of these bacteria in the incubated
sediments depends on many parameters such as the pH of
the media, the aerated conditions, the media composition
[46, 47, 48] and the presence of other microorganisms and a
change in these conditions was shown to be unfavorable for
their survival but also suitable for the development of
iron-reducing bacteria where it was shown that the density
of these later increased and the density of coliforms,
aerophiles and enterococcus decreased at the same time of
the production of organic acids and the acidification of the
media [49, 50].

3.2.3. Evolution of the Microbial Diversity

The DNA bands observed in DGGE were compared
before and during incubation. Each band was numbered
(Fig.4). For the sediments, a significant change was

observed before and after 5 days of incubation which
confirms that the change in the metabolic activity is mostly
due to a change in the bacterial communities. Many DNA
bands appear or worsen. These bands may therefore
correspond to the development of many species of the
fermentative type which were present in small
concentrations and have been developed following the
addition of glucose.

Figure 4. Evolution of DGGE profiles before and during incubation of
sediments from the site E (Note: Point E represents the sediments of the
site E before their incubations and the point E5 represent the same
sediments after 5 days of incubation).
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3.3. Metals in Solution and Sediments and Their
Relationship with the Microbial Metabolism

Fig 5. showed that the rate of the dissolution of iron and
manganese was similar in the incubated sediments. This
solubilisation rate was shown to be high during the first
five days of incubation and was followed by a plateau.
Maximum contents of Fe and Mn were 2220 and 19.3
mg.ml-1, respectively. The dissolution of Fe and Mn was
maximum during the first days of the experiments and
synchronous with the high decrease of pH. Several
processes may be involved in the general positive
relationship between lowering of pH and metal release,
which has been widely demonstrated for various substrates
[6, 7, 8,9, 51, 52, 53, 54]. What was important was the
high correlation found between carbon mineralization and
the release of Fe (Fig.2 and Fig.5), where it can be noticed
that dissolved iron attained a plateau when glucose was
completely consumed and when organic acids are produced
especially acetate and butyrate which is a characteristic
feature of the microorganism Clostridium butyricum which
is known for its iron reducing activity [18] and therefore
indicating the presence and the effect of iron reducing
bacteria.
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Fig 5. Evolution of the contents of dissolved Fe and Mn during their
incubation

For Pb, Cu and Zn, maximum dissolution contents were
3.20; 0.38; 1.47mg.ml-1, respectively (Fig. 6). The
dissolved contents of the other metals were very low during
the incubation (such for Cd and Cr). High correlations were
found between the dissolution profiles of Fe and Pb, Mn
and Zn in the sediments suggesting that the reductive
dissolution of Fe-oxides in the sediments is highly
correlated with the mobilization of the heavy metals and
that these metals have been released from iron oxides and
this correlation was detected from the beginning of the
experiment.

Fig.7 showed that the mobilization of Fe-oxide and the
heavy metals (Mn, Cu, Zn and Pb) was divided into 2 parts
and this can be explained by the presence of 2 types of iron
oxides (amorphous and crystallized) [55] . Initially, the
amorphous Fe-oxide agglomerates (ferrihydrite) were
easily accessible to bacteria, which justifies the strong Fe
dissolution rate at the beginning of the incubation and at a
rate higher than that of the other metals. Later, the bacteria

could not access to the tiny pores of the ferrihydrite
agglomerate structure [56, 57] which resulted in a decrease
of the Fe dissolution rate and a higher dissolution rate of
the studied metals.
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Figure 6. Evolution of the content of dissolved Pb, Cu and Zn during their
incubation

By contrast, the dissolution of the crystallized iron oxide
(hematite, goethite) did not stop and was delayed as
compared to that of ferrihydrite which explain the later
increase in the dissolution of heavy metals. An important
part of these trace elements could be eliminated from the
sediments and the soil solution to get into the hydrosystem
when the water level decreases. Iron oxides reduction has
also been suggested as a mechanism for heavy metal
mobilization into underground waters [58, 59, 60].

0.05
£ y=0.3746x-0.0018
K] 0.04 1 R2=0.9599
Q
5003 o
[-%
T 0.02
2
2 0.01
g
0 T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12
Dissolved Fe/total Fe
0.05
S y=03868x-0.0013
7 0.04 - R!=0.9675
[=]
e
£003
N
T 0.02
2
g o001
8
0 T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12
Dissolved Fe/total Fe
5 0025
w
g 0.02 1 y=0.1602x + 2E-05
S5 2
S o015 | R'=03
(V]
T
g 001 4
°
& 0.005 4
[=]
0 T T T T T
0 0.02 0.04 0.06 0.08 0.1 012
Dissalved Fe/total Fe




Agriculture, Forestry and Fisheries 2013; 2(3): 116-125 123

c 04
E v=2.8619x-0.0027
T 03
=]
5
s 0.2
-]
$o01
Q
2
.5 0 hd T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12
Dissolved Fe/total Fe

Figure 7. Correlation between dissolved metals and dissolved Fe for the
dissolved metals during incubation

4. Conclusion

During incubation, the organic matter was fermented and
CO2 and organic acids were produced and the release of Cu,
Pb, Zn Fe, and Mn occurred. A strong correlation was
noticed between the dissolution of Fe and the other metals.
This fact led to think that Pb, Zn and Mn were leached from
iron-oxides by iron-reducing bacteria. Furthermore, the
presence of iron-reducing bacteria was highlighted by the
analysis of organic acids and particularly a high
concentration of butyrate, which is usually produced by the
iron-reducing bacterium, Clostridium butyricum. Finally,
the microbiological analysis of the sediments before and
during incubation showed a modification of the bacterial
population after 5 days of incubation where the density of
many bacterial populations has decreased due to the
toxicity of the released heavy metals while others
intensified because they were tolerant to the same
conditions and this was clearly detected by the genetic
analysis of the bacterial diversity done on the same samples
which showed the changes of the bacterial communities
after their incubation which have been detected by the
intensification of the DNA bands corresponding to the
development of bacteria of the fermentative type and the
disappearance of many bands corresponding to the
disappearance or decrease of many bacterial populations.

In the context of these experiments, the recreated
conditions were different from the field conditions where
the soil containing the contaminants is traversed by fluid
and the contact time is much shorter where certain observed
reactions in the closed reactors didn’t have the time to be
initiated. Therefore, it would be interesting in further
studies to compare the results obtained in closed reactors to
those obtained in laboratory column experiments and under
the conditions of dynamic transfer to obtain a model of
mobilization of metals on soil and it is also necessary to
identify the effect of the detected microorganisms, through
their interaction with the different components of the soil,
on the mobility of heavy metals through the process of
transport (convection/dispersion) and other heterogeneous
phenomena  (dissolution/precipitation, oxydoreduction,
adsorption/ desorption) and the drainage of these metals
and different microorganisms to the underground water.
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