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The fate of potentially harmful metals (PHM) after their entry into an unpolluted fresh water body
depends on the physicochemical and biological parameters of the aquatic ecosystem. This paper consid-
ers the effect of pH and suspended particles (SP) on the behavior of Cu, Zn and Cd when they enter a fresh
water reservoir. In a field experiment, four mesocosms were constructed in the Novosibirskoye Reservoir
to allow systematic variation of SP concentration (15 or 250 mg/L) and pH (8.5 or 6.5). The initial concen-
trations of Cu, Zn and Cd in the mesocosms were 1000, 1000 and 200 pg/L, respectively. Natural bottom
sediments were used to provide additional mineral SP, and water hyacinth was used as a floating plant
species. Over 11 days, measurements were made of several indicators: residual metal concentration in
solution ([PHM],,); metal concentration in SP ([PHM];); primary productivity of the phytoplankton
community; mass of settled SP; PHM concentration in settled SP; and PHM bioaccumulation by water
hyacinth. The ratio [PHM],,/[PHM]; in the water varied in the order Cu < Zn < Cd and was higher at pH
6.5 than at pH 8.5. This observation reflects different PHM sorption (Cu > Zn > Cd) onto mineral SP and
PHM biosorption by planktonic organisms. Phytoplankton acts as a renewable source of organic SP and
plays an important role in metal removal from the water in the mesocosms. After 11 days the residual
concentrations of Cu, Zn and Cd in the mesocosm without SP addition (initial SP concentration was
15 mg/L) were 272, 355 and 84 ug/L, respectively. The residual concentrations of Cu, Zn and Cd in
mesocosms with SP addition were 57, 100 and 14 pg/L at pH 8.5 and 80, 172 and 20 pg/L at pH 6.5,
respectively. Therefore, addition of SP resulted in faster and more complete removal of metals into the
bottom sediments. Floating plants (water hyacinth) accumulated PHM (Cu > Zn > Cd) more effectively
at pH 8.5 than at pH 6.5, and PHM concentrations in the roots were higher than in settling SP. The general
trends of PHM removal from contaminated water via sedimentation and bioaccumulation are compared
with changes of metal speciation in solution.

Editorial handling by L. Munk

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Pollution of fresh water basins by potentially harmful metal
(PHM) salts is a serious problem in many regions of the world.
One major source of such contamination is acid mine drainage
(AMD) formed by gradual oxidation of sulfide-containing rocks in
dumps from the mining industry (Salomons, 1995). As a result of
the formation of AMD in the basin of the Tinto and Odiel rivers
(Spain) the annual transport of Fe, Al, Zn, Cu and Mn by river water
totals 7900, 5800, 3500, 1700 and 1600 t, respectively, together
with other metals (Nieto et al.,, 2007). The detrimental effect of
AMD on natural ecosystems is determined not only by the compo-
sition of these river waters (high acidity, PHM and total dissolved
solid (TDS) contents), but also by the behavior of soluble products
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in ground and surface waters. The effect of these factors in the
vicinity of an AMD emission source has been the subject of much
investigation (Webster et al., 1998; Lee et al., 2002; Tutu et al.,
2008; Butler, 2009; Nimick et al., 2009; Hayes et al., 2009). The fate
of metals in such highly disturbed ecosystems is determined by
their sorption and/or coprecipitation by/with mineral particles,
formed from dissolved components in the drainage because of
changes in water parameters.

Beyond the zone where these processes occur, the main condi-
tions in the aquatic medium are determined by natural factors,
including biotic factors. Clay minerals, Al-Fe-Mn oxides and
hydroxides, and aquatic microorganisms strongly influence metal
mobility (Cortecci et al., 2009). The partitioning of metals onto sus-
pended particulate matter is an important factor influencing metal
bioavailability and transport in natural waters. The ability of sus-
pended matter to adsorb metals decreases in the order Pb > Cu > Zn
(Bibby and Webster-Brown, 2006). Organic matter and organic
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ligands have been found to be important in controlling Cu and Pb
adsorption (Lofts and Tipping, 1998; Lu and Allen, 2001; Ratasuk
et al., 2003; Walker and Hurl, 2002; Huang et al., 2000). Speciation
and toxicity of dissolved Cd, Cu and Zn during mixing of AMD and
ambient river water have been investigated in connection with the
processes occurring in the mixing and reaction zone (Balistrieri
et al., 2007). Metal adsorption and assimilation by aquatic microor-
ganisms is considered as one of the major process controlling the
fate of metal pollutants in the environment (Pokrovsky et al.,
2010).

Consequently, the eventual fate of metals entering a water eco-
system would depend on the conditions to a greater degree than
on the AMD composition. In addition, the analysis of the effects
of such ecosystem pollution calls for consideration of not only pol-
lutants’ behavior, but their influence on natural communities of
aquatic organisms or, in other words, consideration of the behavior
of metals in river basins.

This approach is typical of other sources of pollution in fresh
water basins, for example, airborne contamination (Moiseenko
et al.,, 1995), or in accidental spillages occurring in industrial and
mining areas. The objectives of this paper are to study the behavior
of PHM after their entry into an undisturbed water ecosystem and
to estimate the possibility of minimizing the effects of the
pollution.

The main processes of PHM removal from water are sorption on
suspended particles (SP) and subsequent settling onto bottom
sediments, and bioaccumulation by organisms with fairly long life
cycles. These processes depend on a well known set of parameters:
metal speciation in solution, water composition, and the amount
and composition of SP. Mesomodeling methodology has been
employed to study the influence of these parameters. The idea of
using mesocosms, temporarily isolating an area of a real reservoir,
was proposed by Odum (1984). Predetermined concentrations of
pollutants are added into the mesocosm and then their behavior
and the response of water organisms are studied under controlled
natural abiotic and biotic conditions. The mesomodeling method-
ology in such a “passive” mode of observation has been used by
many authors to study the behavior of various inorganic and or-
ganic pollutants in fresh water basins. The present authors have
employed it to investigate the effects of integrated contamination
by several metals (Smolyakov et al., 2000; Bortnikova et al., 2001)
and have suitably modified it for variations in metal speciation,
and concentration of DOM and SP in mesocosms (Smolyakov
et al., 2004, 2008a,b). This methodology of “active” natural
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Fig. 1. Map of Novosibirskoe Reservoir location.

experiments has been used in this work. To study of effects of
Cu, Zn and Cd bioaccumulation by floating plants, the water hya-
cinths were placed into the mesocosms.

2. Materials and methods
2.1. Local characteristics

The full-scale experiment was carried out in summer 2006 in
the Novosibirskoye Reservoir. This reservoir was created in 1957
after dam building on the river Ob to the south of Novosibirsk
(Fig. 1). Now the reservoir area covers 1070 km?, with a capacity
of up to 8.86 km?, and an average depth of 8.8 m. Water chemistry
data reported by Vorotnikov et al. (1999) are given in Table 1.
According to the same authors, the concentrations of suspended
particles vary from 4 to 90 mg/L, and their mineral compositions
(fraction <0.01 mm) are as follows: the main minerals are quartz
and plagioclase; the minor minerals are K-feldspar, mica and Mg-
Fe-chlorite; the trace minerals are amphibole, calcite and montmoril-
lonite. The Novosibirskoye Reservoir was chosen for the field
experiments because its water chemistry and suspended particle
characteristics are similar to many other fresh water reservoirs.
Over the course of the experiment the water temperature was
23-26°C and the concentration of suspended particles was
15 mg/L.

2.2. Mesomodeling

Four mesocosms made from transparent polyethylene film
were mounted simultaneously near the shore of the reservoir
(Fig. 2). One mesocosm (M1) was used as a control. Into three other
mesocosms (M2-M4), solutions of Cu(NOs);, Zn(NOs),, and
Cd(NOs), were added with the initial concentrations of Cu, Zn
and Cd in water equal to 1000, 1000 and 200 pg/L, respectively.
In M2 the water was acidified, by bubbling of CO,, up to
pH =6.5. This pH value was maintained during the experiment
(11 days). In M3 and M4 the pH of water was at the natural value
for this reservoir (8.5 + 0.6). The pH variations within this range
were caused by spatial (with depth), diurnal (night and day), and
temporal (depending on weather conditions) dynamics of produc-
tion-destruction processes in the water.

The initial concentration of natural suspended particles in the
mesocosms was 15 mg/L. To simulate the availability in water of
higher concentrations of suspended particles, additional SP were
introduced into M2 and M4. Equal portions of SP (250 mg/L) as a
suspension were added three times: immediately after PHM inser-
tion, then 69 and 212 h after the experiment began.

Aquatic plants, represented by water hyacinth (Eichhornia
crassipes (Mart) Solms-Laub), were placed in each mesocosm. The
plants were weighed before and after the experiment. The
influence of PHM was estimated by the increase of their mass in
comparison with the control mesocosm.

2.3. Sampling
Natural bottom sediments from near the mesocosms were sam-

pled to provide the SP added to M2 and M4. The dried sediments
were sieved at a selection of grain size fractions <0.25 mm. SP

Table 1
Water chemistry.
ca** Mg Na* K* HCO3 SO2- cl NO3 NHj} Cu Zn cd
18.7 5.6 4.8 0.2 91.5 8.3 2.5 0.6 0.12 2/3 9/14 0.08/0.07

Concentrations of ions in mg/L; concentrations of microelements (in solution and in weighed particles, before and after slash, respectively) in mcg/L.



B.S. Smolyakov et al./Applied Geochemistry 25 (2010) 1153-1161

CO, PHM SP

-‘\

VI

!

1155

PHM

!

PHM

!

SP

!

pH 85 pH6.5

3

3m 2m

M1 M2

b 0
o .
°

Vo

oo

pH 85 pH 8.5

M3 M4

Fig. 2. Scheme of mesocosms.

settling onto mesocosm bottom sediments was sampled using sed-
imentary traps submerged in each mesocosm. The traps were lifted
three times: after 67 and 210 h from M2 to M4 and after 256 h (be-
fore the experiment was completed) from all mesocosms, includ-
ing the control M1. The trapped sediments were separated by
filtering onto filter paper, dried, weighed, and then analyzed for
PHM and C.

Over the course of the experiment, several parameters were
measured in the mesocosms: pH, dissolved O, (DO) concentration,
aqueous Cu, Zn and Cd concentrations, and the amount of SP in the
water. Samples were collected from three depths (the surface, 1.5
and 2.5 m) at three times during the day (dawn, noon and sunset).
The measurements of pH and DO were carried out immediately
after the samples were collected. The DO data were used to esti-
mate total daily primary production P by the Bruevich method
(Bruevich, 1978). The P values for three depths were averaged
and compared with similar data for P° in the control mesocosm.
Because the basic producer of O, in water is phytoplankton, it is
suggested that the P/P° ratio represents a first approximation of
the response of this plankton community to the action of PHM.

In mesocosms M2-M4, 50 mL samples from the three sampling
depths were collected in the middle of the day for metal analysis.
Each sample was stirred and filtered through a 0.45 pm membrane
filter, MFAS-0S-2 (Vladipor, Russia). The concentration of [PHM],,
in the filtrate was measured immediately and the filter with resid-
ual matter was dried for subsequent determination of the concen-
tration of [PHM]; on the SP. The total value of [PHM],, and [PHM]
is equal to the average concentration of [PHM]; in 1 L of water in a
mesocosm, and their ratio is a coefficient of PHM partitioning
between the solution and suspended substance.

The plants (water hyacinth) were sampled after the experiment
was completed. They were dried, and the aerial (leaves and stems)
and submerged (roots) parts were isolated for PHM determination.

2.4. Chemical analysis

For pH measurement in water freshly sampled from mesocosms
an ionomer ANION-410 (Infraspak, Russia) with electrodes ESL-43-
07 and EVL-1M (Volta, Russia) was used. The standard deviation
(SD) of repeated measurements was 0.02. The same device was
used for potentiometric measurements of DO with a thallic elec-
trode (Smolyakov and Pogodina, 1977): the corresponding SD
was 5%. The [PHM],, in the filtered water samples was determined
by the adsorptive stripping voltammetry method (IVA-3, Russia),
yielding relative SDs for more than three replicate samples of
<10% for all PHM. For determination of [PHM]; the filters with SP
were dissolved in 1M HNOs and the obtained solution was ana-
lyzed by atomic absorption (Perkin-Elmer Model 3030 with graph-
ite atomizer HGA-600 for Cu and Cd, spectrometer SP-9 for Zn,

SD < 10%). The sediments collected in the sedimentation traps,
and dried plants, were analyzed for PHM content by the same
method. The C content in sediments was determined by CHN-
analyzer (Euro EA 3000), SD < 4%. To study the solid phase, XRD
was used with a DRON-4 instrument (Russia), Cu Ko radiation
and a graphite monochromator.

3. Results
3.1. Dynamics of residual concentration of metals in water

The metals, added into mesocosms as salt solutions, were rap-
idly sorbed onto suspended particles. After 2 h from the beginning
of the experiment the residual concentrations [Culy, [Zn],, and
[Cd]w in solution in M3 (without addition of SP) were 76%, 88%
and 91% of their initial concentrations, respectively, and the resid-
ual concentrations [Culs, [Zn]s and [Cd]s of suspended particles
were 23%, 11% and 6%, respectively (Fig. 3a and b). At this time
the total concentration [PHM]; = ([PHM],, + [PHM];) in water re-
mained close to the initial [Me]q (Fig. 3¢). The metal’s removal from
water into bottom sediments with the settling of the suspended
particles became clearer later in the experiment. After 23 h, the
amounts of PHM remaining in the water (relative to their initial
concentrations) were 35% (Cu), 71% (Zn) and 77% (Cd). The gradual
decrease of [PHM],,, [PHM]; and [PHM]; concentrations continued
during the whole experiment. After 259 h, 27% of Cu, 38% of Zn,
and 45% of Cd remained in the water volume. [Cu]s, [Zn]s and
[Cd]s data show more effective sorption of Cu onto SP than Zn and
Cd, corresponding to a more complete removal of Cu into bottom
sediments.

The introduction of additional SP into mesocosm M4 resulted in
considerably faster transfer of PHM from the water volume into
bottom sediments (Fig. 4). After 2 h the share of [Cu], [Zn]w, and
[Cd]w in this mesocosm was less than in M3 and amounted to
36%, 65% and 66%, respectively, of the initial amounts (Fig. 4a).
Meanwhile, the portions of [Cu]s, [Zn]s and [Cd]s increased (28%,
13% and 8%) (Fig. 4b). The total [PHM]; was much less than 100%,
suggesting that the metals were already partly transferred to bot-
tom sediments by settling within the first 2 h. The residual concen-
trations [PHM],,, [PHM]s and [PHM]; in M4 show a more complete
removal of all metals from polluted water than in the mesocosm
M3. As a result, at the end of the experiment only 6% of Cu, 10%
of Zn and 9% of Cd remained in the water of M4.

Data on the dynamics of [PHM]y, [PHM]s and [PHM], for meso-
cosm M2, where the pH of water was decreased to 6.5, are shown
in Fig. 5a-c. The introduction of additional SP into mesocosm M2
also promoted the faster reduction of residual metal concentration
when compared with M3. However, comparison with correspond-
ing data for M4 shows that water acidification resulted in a
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Fig. 5. Dynamics of residual concentration of metals in mesocosm M2 (notations as in Figs. 3 and 4).

considerable decrease of metal sorption onto SP over the course of
the experiment. As a result, the efficiency of metal removal into
bottom sediments was reduced. This effect was more important
for Zn and Cd than for Cu. Total residual concentrations [Zn]; and
[Cd]; in water of mesocosm M2 were 20% and 17%, respectively,
by the end of the experiment, a factor of 2 higher than those of
M4, whereas the residual concentration of Cu was only slightly
higher (near 8%).

3.2. The action of metals on phytoplankton
The introduction of Cu, Zn and Cd into mesocosms M2-M4

caused a drastic decrease in phytoplankton activity as compared
with the control mesocosm M1. This was manifested in a decrease

of the diurnal amplitude of DO (the difference between the maxi-
mum and minimum values of DO in the afternoon and at dawn)
in water. As an illustration, the dynamics of DO in the near-surface
water layer of M1-M4 over the course of the experiment are
shown in Fig. 6. The intensity of synthesis and intake of DO in
the control mesocosm varied erratically with a number of factors
including weather conditions. Under favorable conditions the diur-
nal amplitude of DO attained 3.2 mg/L, but under adverse condi-
tions was only 0.8 mg/L. In mesocosms M2-M4 the diurnal
amplitude of DO was far lower at the beginning of the experiment,
and increased (but did not exceed) 1.7 mg/L by the end of the
experiment.

The DO values measured at the three depths (surface, 1.5 and
2.5 m) in each mesocosm were used for estimation of total daily
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primary production P. The average P values were expressed in
units of mg C/L. Throughout the experiment the primary produc-
tion in the control mesocosm M1 (P°) showed day-to-day varia-
tions in the range 0.5-2 mg C/L on different days. The P/P° ratio
(Fig. 7) was used to correct for these variations when estimating
the effect of metals on phytoplankton productivity in mesocosms
M2-M4. Lower P/P° values indicate more prominent depression
of phytoplankton productivity. The greatest depression was noted
during the first two days after metal addition. Subsequently the
phytoplankton productivity increased gradually, though it re-
mained generally lower than the control level after 10 days. The in-
crease in P/P° implies that new generations of phytoplankton
organisms had appeared in water of mesocosms M2-M4. Compar-
ison of P/P° values for different mesocosms reveals that the nega-
tive action of metals on phytoplankton activity was lower at pH 8.5
than at pH 6.5, especially in M4. The latter result is attributable to
the lower concentration [PHM],, in M4 relative to M3, noting that
M3 had an equal pH to M4 but lacked the addition of SP (Figs. 3 and
4). Although the concentration [PHM],, in M2 with added SP was
lower than in M3 (Fig.5), M2 showed the strongest degree of
phytoplankton inhibition.

3.3. Composition of settling sediments

The initial composition of bottom sediments, which were added
to M2 and M4, was as follows: main minerals - quartz and plagio-
clase; minor minerals - K-feldspar, mica, Mg-Fe-chlorite; trace
minerals - amphibole and illite-smectite. Specific mass of these
sediments was 2.53 g/cm>; the Cu, Zn and Cd contents were 30,
92 and 0.5 pg/g, respectively; and total C content was 24 mg/g.
The mass M of sediments collected in sedimentary traps after 67,
210 and 259 h from the start of the experiment, and the contents
of Cu, Zn, Cd and C were different in all mesocosms (Table 2). It
should be noted that complete settling of all natural suspended
particles present in the water at the start of the experiment should
not yield a total mass exceeding 30 g (mesocosm volume 2000 L;
initial SP concentration 15 mg/L, Table 1). However, the M value
in the control mesocosm was far greater (116 g). It is, therefore, as-
sumed that the source for most settled sediment was the continu-
ous supply of dead plankton organisms. The total mass M of
sediments settled in mesocosm M3 (with addition of metals but
without addition of SP) was 65 g. This value is twice the initial
mass of SP in the water and nearly half that of the control meso-
cosm. The values of M for the mesocosms M2 and M4 were much
higher and corresponded closely to the amount of additional SP
(500 g per mesocosm), added at the beginning of the experiment
and after 67 and 210 h. The total mass of settled sediments was
1247 and 1502 g in M4 and M2, respectively.

The highest concentration of metals was found in the settled
sediments sampled from M3 after 67 h. The concentration subse-
quently decreased as the residual concentration of metals in the
water decreased. In contrast, the concentration of C in these sedi-
ments increased during the experiment, ultimately reaching
187 mg/g. These results indicate a decrease in the contribution of
mineral particles to the settling sediments, and an increase in the
contribution from dead organisms. The concentration of C in the
sediments from M2 and M4 was much lower (about 40 mg/g) than
in M3, but a little higher than in the initial SP (24 mg/g). Hence,
mineral particles remained as the main part of the deposits settling
in M2 and M4 throughout the experiment.

The concentration of Cu, Zn and Cd in sediments collected in the
mesocosm M4, and especially in M2, was far less than in M3. How-
ever, taking into account M, the quantity Q of metals removed from
water into bottom sediments was higher in mesocosms M4 and M2
(Fig. 8). The effect of added SP on the removal of metals from water
was greatest for Zn and Cd. Acidification of water from pH 8.5 in
M4 to pH 6.5 in M2 was accompanied by almost a factor of 2
decrease in Q for Zn and Cd.

3.4. Metal sorption by bottom sediments

In the field experiment natural bottom sediments were added
into mesocosms M2-M4 to increase SP content. Their ability to
sorb Cu, Zn and Cd from natural water was further estimated in
a laboratory experiment. For this purpose 25 mg of bottom

Table 2
Characteristics of the sediments settled in mesocosms M1-M4.
t (h) M (g) Cu (mg/g) Zn (mg/g) Cd (mg/g) C (mg/g) M (g) Cu (mg/g) Zn (mg/g) Cd (mg/g) C (mg/g)
M1 M2
67 ns ns ns ns ns 602 1.16 0.27 0.14 41
210 ns ns ns ns ns 411 0.71 0.28 0.11 41
259 116 0.08 0.24 0.01 175 489 0.20 0.19 0.05 32
M3 M4
67 28.7 15.8 3.76 1.10 80 389 1.96 0.81 0.33 48
210 26.3 10.3 2.40 0.73 98 448 0.72 0.58 0.22 37
259 10.0 8.0 1.79 0.40 187 410 0.19 0.30 0.09 33

ns = No sample.
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Table 3
Metal sorption (mg/g) onto bottom sediments.
pH A B
Cu Zn cd Cu Zn Ccd
8.5 3.67 £0.06 3.37+£0.09 0.38 £ 0.06 0.92 £ 0.02 0.58 £ 0.06 0.10+0.01
6.5 3.46 +0.04 1.20+£0.2 0.17 £0.08 0.87 £0.03 0.33+0.08 0.07 £ 0.02

A: Cu 1000, Zn 1000, Cd 200 pg/L; B: Cu 250, Zn 250, Cd 50 pg/L.

sediment (fraction <0.063 mm) were placed into a vessel contain-
ing 100 mL filtered natural water at pH 6.5 or 8.5 with added
Cu?*, Zn** and Cd?*. Metal concentrations varied from 1000, 1000
and 200 pg/L (scenario A) to 250, 250 and 50 pg/L (scenario B)
for Cu, Zn and Cd, respectively. These values corresponded to initial
and subsequent additions of SP in the field experiment, when the
residual concentration of metals in solution decreased. The results
are shown in Table 3, expressed as the amount of metal adsorbed
per gram of adsorbent.

A fourfold decrease in concentration of dissolved metals was
accompanied by a general reduction of their sorption onto the
adsorbent. This result implies that the ability of natural bottom
sediments to adsorb Cu, Zn and Cd, remains approximately con-
stant throughout the range of the metal concentrations. The sorp-
tion of Cu was higher than that of Zn and Cd for both values of pH.
Acidification of the water resulted in a decrease of Zn and Cd sorp-
tion but had less effect on the sorption of Cu.

3.5. Accumulation of metals by floating plants

The addition of Cu, Zn and Cd into mesocosms M2-M4 had a
detrimental effect on floating plants ( E. crassipes). During the
experiment the plant mass m in the control mesocosm M1 in-
creased by more than a factor of 2, from 71 to 154 g. Meanwhile,
the values of m for plants in mesocosms M2-M4 were reduced
by 2-3%. This clearly shows the impact of the metal on plant

Table 4
Cu, Zn and Cd content, mg/g, in the roots (A) and aerial parts (B) of water hyacinths in
mesocosms M1-M4.

M1 M2 M3 M4
A B A B A B A B

Cu 0.063 0.029 2.11 0.56 215 1.46 3.65 0.30
Zn 0.108 0.084 0.60 0.38 5.89 0.88 2.15 0.43
Cd 0.027 0.006 0.15 0.08 1.19 0.21 0.49 0.09

growth. The data on Cu, Zn and Cd content in the plants show that
the concentrations of all metals in the submerged part (roots) were
higher than in the aerial part (leaves and stems) (Table 4).
Although the hyacinths from the control mesocosm contained
more Zn than Cu or Cd, the hyacinths in the mesocosms polluted
by metals (M2-M4) accumulated more Cu. The highest concentra-
tions of Cu, Zn and Cd were found in the plants from M3 where
[PHM],, decreased less intensively than in mesocosms M2 and
M4. The concentrations of Cu, Zn and Cd in the roots of the hya-
cinth were 350, 55 and 44 times higher than in the hyacinth roots
from the control mesocosm, respectively. Lower metal contents
were found in the roots and leaves of plants from mesocosms M2
and M4 where the residual concentration [PHM],, decreased rap-
idly during the experiment. The lowest extraction of Cu, Zn and
Cd by the hyacinths was in the mesocosm M2 (pH 6.5), although
the concentration [PHM],, in this mesocosm decreased less
markedly than in M4 (pH 8.5).

4. Discussion
4.1. PHM removal from water to bottom sediments

4.1.1. Metal sorption on suspended particles

The experimental results showed that PHM added to the meso-
cosms were rapidly sorbed on SP. The subsequent settling of SP
determined the dynamics and completeness of PHM removal from
water into bottom sediments. The efficiency of these processes de-
pends both on the concentration of metals in solution, and on the
concentration of the suspended particles. During the experiments
both factors changed with time to different degrees for different
mesocosms (Figs. 3-5). To further investigate these changes the
relationship between dissolved and sorbed forms of PHM in water
was estimated as a partition coefficient R = [PHM],,/[PHM]|s where
higher R values indicate less sorption of a given metal on the sus-
pended particles. The R values obtained from [PHM],, and [PHM];
in the different mesocosms (Fig. 9a-c) appeared to be reasonably
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constant during the experiment, indicating that the distribution
between the dissolved and adsorbed phases of metals in the water
quickly reached equilibrium, even though the concentrations of
these phases varied. The introduction of additional SP into M4 re-
sulted in a decrease in R values (increase of PHM sorption) for Zn
and Cd by approximately a factor of 2 whereas the R for Cu was re-
duced to only 20%. Acidification of water to pH 6.5 in M2 caused an
increase in R values (decrease of PHM uptake) by a factor of 3 for
Zn and Cd and by a factor of 2 for Cu. Nevertheless, the order
R(Cu) < R(Zn) < R(Cd) was observed in all mesocosms. In other
words, sorption of Cu is higher than Zn and Cd, regardless of pH
and SP concentration.

The same trends of metal sorption were found in the laboratory
experiment, in which the quantity and composition of SP were
fixed (Section 3.4). Sorption data for Cu, Zn and Cd (Table 3, sce-
nario A) show that their concentrations in sediments settled after
67 h in mesocosms M4 and M2 (with additions of SP) were some-
what lower than the concentrations found in the laboratory exper-
iment with initial SP (Table 2). This is attributable to the difference
between sizes of particles used in the laboratory (<0.063 mm) and
in the field (<0.25 mm) experiments. The settling time of particles
in the mesocosm water column (H =3 m) can be estimated from
the specific mass of these sediments (2.53 g/cm?). Particles with
a diameter of 0.25 mm will settle within 1 min and particles with
a diameter of 0.01 mm will settle within 10 h. The larger particles
settled more rapidly on the bottom and as a result, they adsorbed
less Cu, Zn and Cd. This effect was shown to a lesser degree after
the repeated addition of the suspended particles, when the residual
concentration of metals in solution was lower. Data on metal sorp-
tion for scenario B (Table 3) are in close agreement with the data
on concentration of metals in sediments settled after 212 h in mes-
ocosms M4 and M2 (Table 2).

4.1.2. Role of plankton in metal removal to bottom sediments

As was shown in Section 2.2, the ability of phytoplankton
organisms to reproduce in the polluted water was gradually re-
stored after the initial period of reduced activity. These organisms
therefore provided a renewed source of suspended particles
capable of biosorption of metals from water. The phytoplankton
life cycle is limited to 2-3 days, and dead organisms gradually set-
tle to the bottom, thus providing a sink for metals.

The contribution of plankton to the total mass of sediments can
be roughly estimated from data on initial production P in the mes-
ocosms. The total value of P in the control mesocosm M1 (P°) for
the duration of the experiment was 13.7 mg C/L of water or
27.4 g C/2000 L mesocosm. A first approximation of the share of
C in the dry mass of phytoplankton of 0.4 yields 68.5 g of dry mass
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of dead organisms settling on the bottom of M1. This amount is
nearly 60% of the total mass of sediments (M = 116 g, Table 2). In
M3 the total production P was 2.52 mg C/L and a similar calcula-
tion gives 12.6 g of settled phytoplankton mass. This is nearly
20% of M (65 g for the duration of the experiment). Consequently,
the nascent phytoplankton in a polluted water basin forms the
principal renewable source of suspended particles. Rehabilitation
of the productive ability of a phytoplankton community after the
initial period of depression (Fig. 7) results in a gradual increase of
its contribution to the removal of metals by sedimentation. The
contribution of organisms to the settling sediments is supported
by their high C content (Table 2).

The share of dead organisms in the total mass M of settled sed-
iments was less in mesocosms M2 and M4 than in M3 because of
the added SP that subsequently settled in M2 and M4. For M4,
the calculation of dry phytoplankton mass on the basis of the total
production P (3.46 mg C/L) gives 17.3 g/mesocosm, equivalent to
only 1.4% of the total mass (1247 g) of deposits settled in M4. A
similar calculation for M2 (P=1.93 mg C/L) shows that the share
of dead organisms in M (1502 g) is 0.6%. However, most of the
added SP settled on the bottom during the first few hours, and
the contribution to M of settling dead phytoplankton organisms
subsequently increased. The plankton therefore provides a channel
for removal of Cu, Zn and Cd by sedimentation in the mesocosms
with added SP (M2 and M4). The fact that this contribution is less
at pH 6.5 (M2) than at pH 8.5 (M4) may be linked to severe phyto-
plankton depression in M2 (Section 3.2).

4.2. PHM removal by floating plants

The ability of floating plants to accumulate a significant amount
of metals from the water has been well studied. The water hya-
cinth (E. crassipes) has been found to be one of the most effective
plants for removal of different metals (Mishra and Tripathy,
2008), and the possibility of using not only living hyacinth but also
their dried parts (especially roots) as an inexpensive adsorbent for
the removal of metals from contaminated waters has been shown
(Schneider et al., 1995). Results of the present study allow
estimates of the efficiency of bioaccumulation of metals by water
hyacinth and their removal by the settling suspended particles in
a fresh water reservoir.

Adding Cu, Zn and Cd into mesocosms influenced the behavior of
floating plants, manifested by a decrease in hyacinth mass increase
relative to the control mesocosm (Section 3.5). Nevertheless, hya-
cinths are capable of effectively removing Cu, Zn and Cd from water,
and increase their uptake of metals as the concentration [PHM],,
increases. The concentration of the metals accumulated by plants

300

0 100

t,h

200 300 0 300

[¢-Cuy,

o-Z2n,

A-Cd]

Fig. 9. Values of the partitioning coefficient of metals between solution and weighed particles in mesocosms M3 (a), M4 (b), and M2 (c). Note: dashed lines mark the points in

time at which the additional portions of SP were input into mesocosms M4 amd M2.
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varied in the order Cu > Zn > Cd, and was higher at pH 8.5 than at pH
6.5 (Table 4). Most extracted metals were found in the roots, where
their concentration was higher than the concentration of metals
found in settling particles (Tables 2 and 4). Hence, bioaccumulation
of metals by plants appears to be a more effective way of PHM re-
moval from the polluted water than their removal in bottom sedi-
ments by settlement of suspended particles. However the action
of floating plants is limited to the surface layer of water, and the role
of sedimentary processes will grow as the depth of a reservoir
increases.

4.3. Effect of water pH

The results of field and laboratory experiments show that the
sorption of metals on particles suspended in water, and the con-
centration of metals in settling particles and in floating plants
change in the order Cu>Zn>Cd and essentially depend on pH.
The effect of metals on phytoplankton also depends on pH. It is log-
ical to assume that the general reason for these patterns is the me-
tal speciation in water.

To estimate the Cu, Zn and Cd speciation in the water in the
Novosibirskoye Reservoir at pH 6.5 and 8.5 WATEQ4f software
(Ball and Nordstrom, 1991) were used and the following parame-
ters: metal concentrations 1000, 1000 and 200 pg/L for Cu, Zn
and Cd, respectively, the mineral composition of water given in
Table 1, and the concentration of fulvic acids of 2.86 mg/L (Schvar-
zev and Savichev, 1999).

Results of the speciation calculation are presented in Fig. 10 as a
distribution of different metal species. As the concentration of sul-
phates and chlorides in Novosibirskoye reservoir water is small
(Table 1), the contribution of complexes with these ligands does
not exceed 1%. The dominating role of complexes with OH,
HCO; and CO§’ among the inorganic complexes is strongly pH
dependent. At pH = 8.5 the main species of Cu are uncharged com-
plexes Cu(OH), and CuCOs, whereas the share of cationic forms

o]
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(Cu®* + CuOH" + CuHCOY ) is only 0.3%. Decreasing water pH from
8.5 to pH 6.5 causes a dramatic redistribution of these species and
the share of cationic forms increases to 58%, mainly at the expense
of an increase in the share of Cu?* from 0.1% to 36%. Hence, the
acidification of water causes an effective decrease in the binding
of “free” Cu®* ions with natural ligands. Zinc speciation differs to
that of Cu?*, in that the share of “free” Zn?* ions is important at
pH = 6.5 (13%) and it becomes the main species at pH = 8.5 (76%).
The share of Cd?>* dominates (78% and 88%) at both pH values.
The contribution of MeFulv is greater for Zn and Cd at pH = 8.5 than
for Cu as a consequence of competition between inorganic and or-
ganic complexes of metals in which the former are more preferable
for Cu.

In summary, the estimated metal speciation in a solution
shows: (i) the ability to form complexes with natural ligands fol-
lows the order Cu > Zn > Cd; and (ii) the share of “free” Cu?*, Zn®*
and Cd?* ions is greater at pH = 6.5 than at pH = 8.5. On this basis,
it is possible to explain experimental observations regarding the
effect of pH on sorption of metals, their bioaccumulation by float-
ing plants, and on the ability of phytoplankton organisms to repro-
duce in polluted water.

The fact that the detrimental influence of metals on phyto-
plankton was stronger at pH = 6.5 than at pH = 8.5 is directly con-
nected to the higher share of free ions, which are the most toxic
metal species (Morel, 1983; Brown and Markich, 2000), at lower
pH. The order of metal sorption (Cu > Zn > Cd) and its dependence
on pH are similar for different inorganic and biological matrices
where surface active sites are weakly acidic (Pagnanelli et al.,
2003). The general trend for these matrices is that the metal sorp-
tion increases when the pH increases owing to the deprotonation
of the active sites on the adsorbent. Higher adsorbent affinity for
Cu than Zn or Cd at the same pH correlates with their ability to
form complexes with inorganic ligands in a solution. Clearly, the
presence of weakly acidic surface sites on suspended mineral par-
ticles, planktonic organisms and plant roots leads to the result that

T T

0% 20% 40%

1 ||I||||H|I||||||IIIIHIIII||||IIIIHIIIII||IIIIIIIIIIII:I|||||||||I|||HI|I||||IIIIIHIIII||||IIIIIIIIIII||||||I:|III||||IIIIIHIIIIIIIPErE

60% 80%

100%

0% 20% 40%

100%

0% 20% 40%

T T

60% 80% 100%

MeOH"
L[] Me(CO,),*

[ me(oH), MeHCO,*

- MeFulv

Fig. 10. Metal speciation, %, in natural water at pH =8.5 (1) and pH = 6.5 (2).
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pH controls the efficiency of Cu, Zn and Cd removal from polluted
water via sedimentation and bioaccumulation.

5. Conclusions

A modified methodology of active natural experiments has been
used to study the behavior of Cu, Zn and Cd after their entry into
undisturbed water ecosystems under varying pH and SP concentra-
tions. The results of this work show that the fate of metals in a
water body depends strongly on physicochemical as well as biolog-
ical parameters. The action of sedimentation as a mechanism for
Cu, Zn and Cd removal is determined not only by their sorption
onto mineral particles, but also by their biosorption by planktonic
organisms which act as a renewable source of SP. The other avenue
for metal removal from water is bioaccumulation by aquatic
plants. The effectiveness of both mechanisms depends on water
pH and is found to be higher at pH 8.5 than at pH 6.5. These pat-
terns can be used in remediation of natural water basins polluted
by metals, whereby the addition of bottom sediments as sus-
pended particles with simultaneous pH correction (if necessary)
is liable to provide rapid elimination of metals from water. Floating
plants from coastal areas (which are extracted from the basin) can
be used for localization of pollutants entering from catchments
over a long time period.

Acknowledgements

We thank Valeriy Aksenov for field assistance as well as Zhimnit
Badmaeva for metal analysis of solid samples. This work was fund-
ing by the Russian Foundation for Basic Research, Grant 07-05-
00033. Also, authors thank Professor F. Ruge and two anonymous
reviewers for helpful comments that greatly improved this manuscript.

References

Balistrieri, L.S., Seal II, R.R., Piatak, N.M., Paul, B., 2007. Assessing the concentration,
speciation, and toxicity of dissolved metals during mixing of acid-mine
drainage and ambient river water downstream of the Elizabeth Copper Mine,
Vermont. USA. Appl. Geochem. 22, 930-952.

Ball, JW., Nordstrom, D.K, 1991. User’s manual for WATEQ4f, with revised
thermodynamic data base and test cases for calculating speciation of major,
trace and redox elements in natural waters. US Geol. Surv. Open-File Rep., 91—
183.

Bibby, R.L., Webster-Brown, ].G., 2006. Trace metal adsorption onto urban stream
suspended particulate matter (Auckland region, New Zealand). Appl. Geochem.
21,1135-1151.

Bortnikova, S.B., Smolyakov, B.S., Sidenko, N.V., Kolonin, G.R., Bessonova, E.P.,
Androsova, N.V., 2001. Geochemical consequences of acid mine drainage into a
natural reservoir: inorganic precipitation and effects on plankton activity. J.
Geochem. Explor. 74, 127-139.

Brown, P.L., Markich, S.J., 2000. Evaluation of the free ion activity model of metal-
organism interaction: extension of the conceptual model. Aquatic Toxicol. 51,
177-194.

Bruevich, S.V., 1978. Problems of Marine Chemistry. Nauka, Moscow (in Russian).

Butler, B.A., 2009. Effect of pH, ionic strength, dissolved organic carbon, time, and
particle size on metals release from mine drainage impacted streambed
sediments. Water Res. 43, 1392-1402.

Cortecci, G., Boschetti, T., Dinelli, E., Cidu, R, Podda, F., Doveri, M., 2009.
Geochemistry of trace elements in surface waters of the Arno River Basin,
northern Tuscany. Italy. Appl. Geochem. 24, 1005-1022.

Hayes, M., White, A., Thompson, L., Maier, M., Chorover, ]., 2009. Changes in lead
and zinc lability during weathering-induced acidification of desert mine
tailings: Coupling chemical and micro-scale analyses. Appl. Geochem. 24,
2234-2245.

Huang, Y.B., Wang, W.H., Peng, A., 2000. Accumulation of Cu(Il) and Pb(Il) by
biofilms grown on particulate in aquatic systems. Environ. Sci. Health 35, 575-
592.

Lee, G., Bigham, ]J.M., Faure, G., 2002. Removal of trace metals by copreciation
with Fe, Al and Mn from natural waters contaminated with acid mine
drainage in the Ducktown Mining District. Tennessee. Appl. Geochem. 17,
569-581.

Lofts, S., Tipping, E., 1998. An assemblage model for cation binding by natural
particulate matter. Geochim. Cosmochim. Acta 62, 2609-2625.

Ly, Y., Allen, H.E., 2001. Partitioning of copper onto suspended particulate matter in
river waters. Sci. Total Environ. 277, 119-132.

Mishra, V.K., Tripathy, B.D., 2008. Concurrent removal and accumulation of
heavy metals by the three aquatic macrophytes. Biores. Technol. 99, 7091-
7097.

Moiseenko, T.I, Kudryavtseva, L.P., Rodushkin, LV., Dauvalter, V.A., Lukin, A.A.,
Kashulin, N.A., 1995. Airborne contamination by heavy metals and aluminum in
the freshwater ecosystems of the Kola Subarctic region (Russia). Sci. Total
Environ. 160 (161), 715-727.

Morel, F.M.M., 1983. Principles of Aquatic Chemistry. Wiley, New York. pp. 300-
3009.

Nieto, .M., Sarmiento, A.M., Olhas, M., Canovas, C.R., Riba, 1., Kalman, J., Dellvalls,
T.A., 2007. Acid mine drainage in the Tinto and Odiel rivers (Iberian Pyrite Belt,
SW Spain) and bioavailability of the transported metals to the Huelva Estuary.
Environ. Int. 33, 445-455.

Nimick, D.A., Gurriery, J.T., Furniss, G., 2009. An empirical method for estimating
instream ore-mining pH and dissolved Cu concentration in catchments with
acidic drainage and ferricrete. Appl. Geochem. 24, 106-119.

Odum, E.P., 1984. The mesocosm. Bioscience 34, 558-562.

Pagnanelli, F., Esposito, A., Toro, L., Veglio, F., 2003. Metal speciation and pH effect
on Pb, Cu, Zn and Cd biosorption onto Sphaerotilus natans: Langmuir-type
empirical model. Water Res. 37, 627-633.

Pokrovsky, O.S., Feurtet-Mazel, A., Martinez, R.E., Morin, S., Baudrimont, M., Duong,
T., Coste, M., 2010. Experimental study of cadmium interaction with periphytic
biofilms. Appl. Geochem. 25, 418-427.

Ratasuk, P., Parkpian, P., Jugsujinda, A., DeLaune, R.D., 2003. Factors governing
adsorption and distribution of copper in Samut Prakarn coastal sediment,
Thailand. J. Environ. Sci. Health A 38, 1793-1810.

Salomons, W., 1995. Environmental impact of metals derived from mining
activities: Processes, prediction. Prevention. ]. Geochem. Explor. 52, 5-23.
Schneider, A.H., Rubio, J., Misra, M., Smith, RW., 1995. Eichhornia crassipes as

biosorbent for heavy metal ions. Miner. Eng. 8, 979-988.

Schvarzev, S.L., Savichev, 0.G., 1999. Basic points for hydrogeochemical monitoring -
the new methodical base to solve the water-environmental problems. Obskoy
vestnik 3-4, 27-32 (in Russian).

Smolyakov, B.S., Pogodina, L.P., 1977. The potentiometric analysis of dissolved
oxygen with membraneless thallium electrode. Izvestiya Sibirskogo otdeleniya
Akademii nauk SSSR, seriya khimicheskikh nauk 5, 20-26.

Smolyakov, B.S., Belevantsev, V.I, Zhigula, M.V.,, Bobko, A.A., Ryzhikh, A.P.,
Badmaeva, Zh.0., 2000. In situ modelling of pollution caused by Cu, Cd, Pb,
and Hg in a freshwater body. Water Resour. 27, 543-548.

Smolyakov, B.S., Bortnikova, S.B., Zhigula, M.V., Bogush, A.A., Ermolaeva, N.I,
Artamonova, S.Yu., 2004. Mesocosm-based estimation of the consequences of
complex contamination of a freshwater body by metal salts. Water Resour. 31,
333-342.

Smolyakov, B.S., Ryzhikh, A.P., Bogush, A.A., Badmaeva, Zh.0., 2008a. State of metals
(Cu, Pb, Zn, Cd) in the contaminated freshwater bodies: the role of the
suspended matter. Investigated in Russia 75, 789-797. <http://
zhurnal.ape.relarn.ru/articles/2008/075.pdf>.

Smolyakov, B.S., Ryzhikh, A.P., Kobzistaya, N.Yu., Badmaeva, Zh.0., 2008b. Effect of
pH, humate and herbicide on Cu, Pb and Cd distribution between solution and
suspended matter in the contaminated freshwater bodies. Chem. Sust. Dev. 16,
217-221.

Tutu, H., McCarthy, T.C., Cukrowska, E., 2008. The chemical characteristics of acid
mine drainage with particular reference to sources, distribution and
remediation: the Witwatersrand Basin, South Africa as a case study. Appl.
Geochem. 23, 3666-3684.

Vorotnikov, B.A., Kuskovsky, V.S., Anoshin, G.N., 1999. Peculiarities of chemical
composition of natural waters of the Novosibirskoye reservoir. Obskoy vestnik
3-4, 48-61 (in Russian).

Walker, D.J., Hurl, S., 2002. The reduction of heavy metals in a stormwater wetland.
Ecol. Eng. 18, 407-414.

Webster, ].G., Swedlund, P.J., Webster, K.S., 1998. Trace metal adsorption onto an
acid mine drainage iron(Ill) oxy hydroxyl sulfate. Environ. Sci. Technol. 32,
1361-1368.


http://zhurnal.ape.relarn.ru/articles/2008/075.pdf
http://zhurnal.ape.relarn.ru/articles/2008/075.pdf

	Behavior of metals (Cu, Zn and Cd) in the initial stage of water system  contamination: Effect of pH and suspended particles
	Introduction
	Materials and methods
	Local characteristics
	Mesomodeling
	Sampling
	Chemical analysis

	Results
	Dynamics of residual concentration of metals in water
	The action of metals on phytoplankton
	Composition of settling sediments
	Metal sorption by bottom sediments
	Accumulation of metals by floating plants

	Discussion
	PHM removal from water to bottom sediments
	Metal sorption on suspended particles
	Role of plankton in metal removal to bottom sediments

	PHM removal by floating plants
	Effect of water pH

	Conclusions
	Acknowledgements
	References


