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The theory and practical utilization of simplification of the original general expressions for the reflection 
of compression and shear waves at a boundary as a function of the densities and velocities of layers in 
contact are presented in this paper. The original general expressions are highly non-linear and 

presumed to defy physical insight. Elimination of the properties of Vs and ΔVs in favour of  and Δ 
enabled the success of a two-term approximation and revealed the surprising effects of Poisson’s ratio 
on P-wave reflection coefficient which was a neglected elastic constant. The simplified equation was 
further expressed in terms of angular reflections to obtain first order reflectivity expression in terms of 
Rp and Rs. The number of unknown parameters is thus reduced by assuming that the fractional changes 
in material parameters are small across layer interfaces. Simplification of the equation has brought into 
existence the Amplitude Variation Offset (AVO) attributes with successful practical utilization in 
hydrocarbon delineation in many oil fields including the Niger Delta Slope. Determination of the terms 
of the linearized equation from rock properties and seismic events remains of vital value in practice as 
demonstrated in the evaluation of hydrocarbon potential in North-Built field. 
 
Key words: Compressional and shear waves, densities, velocities, Poisson’s ratio, amplitude variation offset 
(AVO) attributes, hydrocarbon. 

 
 
INTRODUCTION 
 
Knott (1899) and Zoeppritz (1919) deduced the general 
expressions for the reflection of compression and shear 
waves at a boundary as a function of the densities and 
velocities of layers in contact. The unwieldy nature of the 
equations makes visualising how the variation of a 
particular parameter will affect the reflection coefficient 
curve very difficult (Castagna, 1993). Realising that the 
simplifications and approximations of the equations are 
desirable in order to apply them, Aki and Richards (1980) 
gave a more convenient form.  This work is thus aimed at 
the practical utilization of the Zoeppritz equations 
approximations in North-Built field of the Niger Delta 
Slope.  

The  Zoeppritz’s  equations   satisfying   four   boundary  

conditions are in the following forms (Sheriff and Geldart 
1982): 
 
 

1022221111 cossincossincos  ABABA 
        (1) 

 
 

1022221111 sincossincossin  ABABA 
      (2) 

 
 

110222122111111 2cos2sin2cos2sin2cos  ZABZABZA 
 (3) 

 
 

111022222221111111 2sin2cossin2cos2sin  ABABA   (4) 
 

Where  
 ;piii VZ 

 
 

s iii V 
            (5) 
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Figure 1. Stresses and displacement across the boundary of elastic media. 
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These equations yield amplitudes that are accurate up to 
the critical angle as their description does not include 
head-wave energy (Sheriff, 2002). The equations assume 
continuity of stress and displacement at the interface.  

At an interface, the densities and velocities in each of 
the media must be known, and then 

 
212121 and,,,Z,Z 

can be derived. If 
 

0A
 and 

 
1  are known, then 

 
122,  and
 can be computed to 

obtain amplitudes
 

2121 ,,, BandBAA
. 

For a normal incident P-wave, 
 

2121 ,,  and  reduce 

to zero hence
 1coscos 21   , then

 0sinsin 21   .  
In practice, detectors only respond to the longitudinal 

component of the waves, therefore, 
 

21 BandB
 do not 

exist. Thus:  
 

 
021 AAA 

                                    (7) 
 

That is 
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VV

V
T








             (8) 
 
T is the transmission coefficient. 

Therefore, 
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0
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A

A
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
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                   (9) 
 
If the incident wave intercepts the interface obliquely, the 
situation becomes more complicated because the R is a 
tortuous function of the angle of incidence; the densities 
of the two bounding media; the ratio of velocities of the 
two media and the Poisson’s ratio contrast of the two 
media (Figure 1). 

Aki and Richards (1980) and Waters (1981) gave the 
equations in matrix form as: 
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APPROXIMATION OF ZOEPPRITZ’S EQUATIONS 
 
The Zoeppritz’s equations are highly non-linear with 
respect to velocities and densities (Spratt et al., 1993). 
From the matrix description of the Zoeppritz equations, 
Aki and Richards (1980) derived the following formula: 
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Where the elastic properties are related as follows to 
those on each side of the interface 
 

 2)()(
1212 PPPPPP VVVandVVV 

       (12) 
 

     2
1212 SSSSSS VVVandVVV 

       (13) 
 

     21212   and                  (14) 
 
The angle 

angles 
   2.. 12  ei . 

 
By proposing a polynomial fit for the reflectivity that is 

accurate for an angle of incidence up to 35°, Shuey 
(1985) modified Equation (11) by eliminating the 

properties 
 

SS VV ,
 in favour of  

 

     21212   and                 (15) 
 
The substitution is effected using the equation 
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and the amplitude at NI were factored out by the 

differential of Equation (11) thus resulting in 
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Multiplying Equation (17) through by 
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Equation (22) displays, which combinations of elastic 

properties are effective in successive ranges of angle . 
The first term gives the amplitude at normal incidence 

  0 , the second term characterises R () at 
intermediate angles, and the third term describes the 
approach to critical angle.  
Castagna et al. (1998) adopted Swan, (1993) approach 
to express the Aki and Richards (1980) (Equation 12) for 
the Richards and Frasier (1976) approximation in terms 
of the angular reflections A, B and C: 
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Spratt et al. (1993) derived the first order reflectivity 
expressions from Equation (11) (in order to reduce the 
number of parameters that can be uniquely found) by 
assuming that the fractional changes in material 
parameters are small across the interface. 

Assuming the incident angle is small while only terms 

to first order in 2sin  are retained, Equation (13) 
becomes: 
 
 

    



 2

2

22

2

sin4sin1
2

1
sin41

2

1

S

S

P

S

P

P

P

S

V

V

V

V

V

V

V

V
R









































     (27)   
 
Rearranging the terms gives: 
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SP RandR

are the compression and shear reflectivity 

respectively (correct to first order in the ’s).  
 

If  
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 = 2, then 2* = 2 and 0* = 0 and the expression 
reduces to 
 

      2sin2 SPP RRRR 
                                (29) 

 
In most sedimentary basins, small changes in density can 
be expressed as small changes in (compressional) 
velocity, (Ross, 2000) such that 
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   is an expansion 
coefficient for other effects in higher-order corrections.      
Using Equation (30), (24) and (25) can be rewritten as 

Equations (31) and (32) respectively assuming 
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By substituting equation (31) into equation (32) and 

letting 
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which can be further reduced to 
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The simplification of the P-wave reflection coefficient 
given by Zoeppritz to various expressions (Equations 12 
to 34) has enabled the determination and application of 
what is popularly referred to as  Amplitude  Variation  with  
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Offset (AVO) attributes. The three most commonly used 
approximations are: 
 

     2sinBAR 
                                              (35) 
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                     (36) 

 

    22 sincos PRNIR 
           (37) 

 

Where, R = reflection coefficient;  = angle of incidence; 
A = AVO intercept; B = AVO gradient.  

Equation (35) is the original two-term Shuey (1985) 
equation, where the higher terms have been dropped by 
limiting the angle of incidence to θ < 30°. Equation (36) 
was introduced by Fatti et al. (1994) while Verm and 
Hilterman (1995) introduced Equation (37). A is the 
normal incidence (NI) attribute while B is the Poisson 
Reflectivity (PR) attribute.  

Within the range of incidence angles (up to 35°) 
typically used in exploration (Seriff et al., 1980), 
Equations (35) to (37) can be considered equivalent, 
hence we have: 
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Rs is normal incidence S-wave reflection coefficient which 
is called pseudo shear because it is strictly the shear only 
when Vp/Vs = 2 (Hendrickson et al. 1991). From the 
approximations of Zoeppritz’s equations, determination of 
A and B values of the linearized version of the equation 
becomes imperative. This can be obtained from rock 
property measurements in well logs (Oladapo and 
Adetola, 2005) and seismic events (Figure 2). 
 
 
PRACTICAL UTILIZATION  
 
Ostrander (1984) in the first practical approach to AVO, 
proposed a method that could distinguish between gas-
related amplitude anomalies and non-gas-related 
anomalies. The change in zero-offset reflectivity R0, or 
intercept, is the most diagnostic feature. The seismic 
response depends on the encasing geology, porefill, and 
interference effects (Veeken and Rauch-Davies, 2006). 
AVO interpretation may  be  enhanced  by  cross  plotting  
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Figure 2. AVO Gradient and intercept. 
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Figure 3. AVO Crossplot from a Niger Delta slope prospect. The highlighted points (red) on the crossplot 
indicate points that are anomalous due to fluid effects. 

 
 
 
the AVO NI (Normal Incidence) intercept (A) and gradient 
RP (Poisson Reflectivity) (B) two parameters obtained 
from Shuey’s two-term approximation of Zoeppritz’s 
equations (Smith and Gidlow, 1987; Foster et al., 1993; 
Ross, 2000; Veeken et al., 2002; Oladapo et al., 2009; 
Kim et al., 2011; Hossain et al., 2012). Under a variety of 
reasonable petrophysical assumptions, brine-saturated 
sandstones and shale follow a well-defined “background” 
trend  in  an  Intercept-Gradient  plane.  Hilterman  (1987) 

observed that A and B are generally negatively correlated 
for background rocks. Deviations from the background 
trend may be indicative of hydrocarbons or lithology with 
anomalous properties. Typical attributes crossplot from 
Niger Delta Slope field is presented in Figure 3.  

In the Niger Delta, AVO analyses have been 
successfully utilized for the detection and mapping of gas 
(Osuntola et al., 1997; Oladapo et al., 2009). A semi 
quantitative AVO analysis of a horizon (termed BB  within  
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Figure 4.  Sub-Stacks Amplitude maps of Buit-BB horizon. 

 
 
 
time window of 2.668 s) within Buit North field of Niger 
Delta Slope was evaluated using the two parameter AVO 
attributes.  Applications of Intercept and Gradient for Buit-
North Field Evaluation are: 

 

Near amplitude 
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Far amplitude 
 

ff BAa 2sin
         (40) 

 
Solving this for B and for A for near and far stack: 
 

  nfnf Baa  22 sinsin 
 

  
 nf

nf aa
B

 22 sinsin 




           (41) 
 

 

fn

fnnf aa
A




22

22

sinsin

sinsin






           (42) 
 
Pairs of far and full, and the near and far offset data 
(using Equations 39 and 40) were utilised for generating 
BB horizon substacks maps (Figure 4). The average 
angles used for the sub-stacks are near 10°, far 22.5°, full 
27.5°. Using Amplitude/Background normal (a/b or AOB) 
approach, Equations 39 and 40 becomes: 
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Figure 5. Intercept (A) amplitude map of Buit-BB horizon. 
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Similar computations were undertaken for the full and far 
data. The average of the two results utilised for 
generating Intercept and Gradient maps (designated L 
and M respectively) shown in Figures 5 and 6 are as 
follows: 
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The above equations exhibit the dependence of intercept 
and gradient on a/b (AOB) values of near, far and full 
stack. The computation is analogous to regression with 
four points, once for near and full and twice for far stack. 
The horizon is characterised by higher amplitudes on 
both the intercept and gradient sections that are 
diagnostic of class III gas sand using the classifications of 
Rutherford and Williams (1989).  The seismic attribute A 
(or L), B (or M) and Background normal (Bn) maps 
(Figures 4, 5, 6 and 7) show rising AVO profiles within the 
horizon.  
 
 
Conclusion 
 
These semi-quantitative AVO tools are effective 
hydrocarbon indicators (HCI) as displayed within BB 
horizon. Hydrocarbon potential rating (which is apparently 
higher at the north-western flank of the field) can be 
achieved    using   the   approximation    attributes.    This  
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Figure 6. Gradient (B) map of Buit-BB horizon. 

 
 
 

 
 

Figure 7. Background normal (bn) map of Buit-BB horizon. 
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assumption is based on the consistently higher AVO 
profile (AVO gradient and normal incidence amplitude) 
characterising the north-western section of the horizon. 
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Delayed ettringite formation (DEF) is a chemical reaction with proven damaging effects on hydrated 
concrete. Ettringite crystals can cause cracks and their widening due to pressure on cracked walls 
caused by the positive volume difference in the reaction. Concrete may show improvements in strength 
at early ages but further growth of cracks causes widening and spreading through the concrete 
structure. In this study, finely dispersed crystallization nuclei achieved by adding air-entraining agent 
(AEA) and short vibration of specimens is presented as the main prerequisite for reducing DEF-induced 
deterioration of hydrated concrete. The study presents the method and mechanism for obtaining the 
required nucleation. Controlling long-term DEF by providing AEA-induced crystallisation nuclei, 
prevented excessive and rapid initial strength improvements, and resulted in a slight increase of 
compressive strength of fine grained concrete with only marginally lower density. 
 
Key words: Delayed ettringite formation (DEF), aerated concrete, strength improvement. 

 
 
INTRODUCTION 
 
Delayed ettringite formation in cementitious materials is 
considered a harmful chemical reaction leading to a 
variety of damages (Diamond, 1996; Thomas, 2001; 
Barbarulo et al., 2005). The volume of the formed DEF 
crystals in the hardened concrete is larger than the 
volume of reactants and the main results are forces from 
the growing crystals acting upon walls of the crack. As a 
consequence, DEF cracks continue getting wider and 
spread through the concrete structure (Sahu and 
Thaulow, 2004; Thomas et al., 2008). In the study of DEF 
on railroad ties, Sahu and Thaulow (2004) found massive 
ettringite deposits at the interface between the paste and 
aggregate but with no signs of alkali-silica reaction, DEF 
was found to be the sole reason for map cracking. 
However, recent research has led to a better 
understanding of the mechanisms of DEF. It is believed 
that internal  sulphate  attack  (ISA),  which  occurs  in  an 

environment free from external sources of sulphate, is the 
main mechanism that leads to DEF, particularly for heat-
cured concrete structures (Collepardi, 2003).  

In general, it is acknowledged that DEF is a result of a 
number of factors and conditions including excessive 
temperatures of above 70°C, the presence of sulfates, 
existing cracks, moist conditions etc (Taylor, 1990; 
Lawrence, 1995a, b; Ekolu et al., 2007a). Ekolu et al. 
(2007b)

 
summarise various control measures that could 

be used for prevention of DEF, including the use of 
chemical additives. However, preventative measures and 
improvements in general durability require further 
attention.  

In practice concrete and mortar mixes are normally 
based on Portland cement clinker, where the chemical 
process of hydration of clinker minerals yields hydrates 
and hydroxides. Because of the presence of gypsum,  the  
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chemical reaction between tricalcium aluminate (C3A), 
gypsum (CaSO4, 2H2O) and water, forms ettringite 
crystals (3CaO, Al2O3, 3CaOSO4, 31H2O). The volume 
difference in this reaction is positive and ettringite crystals 
grows faster, quickly growing on the unhydrated cement 
particles, which can slow down the hydration 
(Swaddiwudhipong et al., 2002). The presence of 
ettringite in a liquid cementitious system is unproblematic 
but its formation or re-formation in already hydrated 
concrete can lead to extensive damages (Collepardi, 
2003). Due to the resulting volume difference particularly 
in the presence of sulfates, an expansive force within 
concrete can cause its disintegration (sulfate corrosion). 
It is well known that cements with low C3A content are 
more resilient to sulfate corrosion although this also 
depends on the form of C3A (Mather, 1968). For instance, 
crystalline C3A is more reactive than its amorphous 
version.  
The positive volume difference as a result of early 
ettringite formation (EEF) in cementitious materials rich 

with 
 SAC 34  calcium aluminate sulphate (expansive 

cement) can be used to compensate for the shrinkage 

during drying (Collepardi, 2001). In this case 
 SAC 34  

hydrates within a few hours or days producing uniform 
distribution of ettringite and homogeneous expansion of 
hardened concrete at early stages. However, it is less 
known that ettringite could be formed in hardened 
cementitious materials without causing the well 
documented damages, which could potentially lead to 
their controlled strengthening.  

The formation of a new phase characterized by volume 
expansion for the purpose of strength improvement is 
well known in the mainstream material science literature 
(Mishnaevsky, 2007). Such strengthening is based upon 
the creation of the internal compressive stresses on the 
contact between the existing matrix and the new phase 
particles, and depends on their shape, size and overall 
dispersion (Clifton and Ponnersheim, 1994). The newly 
formed particles should be small, spherical and located 
sufficiently apart from each other to avoid overlapping 
stress fields. Strength improvement of the Al2O3 ceramics 
with finely dispersed ZrO2 particles is one example of this 
kind of strengthening (Cutler et al., 1987; Marshall et al., 
1991). Internal stresses in the Al2O3 matrix created by 
applying the external force trigger polymorphic 
transformation of a tetragonal crystalline structure of ZrO2 
into a monoclinic crystalline structure. Increased volume 
creates substantial compressive stresses in the matrix 
surrounding the transformed particles leading to a several 
fold increase in compressive strength as well as 
resistance to the spreading of cracks. Studies that apply 
mechanisms of this kind for strength improvement of 
concrete are rare (Sobolev et al., 2006).  

The creation of internal compressive stresses around 
particles or nuclei that have been transformed is the key 
requirement for such  transformational  strengthening.  Its  

 
 
 
 
intensity depends on particle morphology, size and 
dispersion. Ideally, the particles should be small, 
spherical and uniformly dispersed to avoid overlapping 
their stress fields. 
 
 
MATERIALS AND METHODS 

 
In this study, the authors provide an investigation of a type of 
controlled DEF that may prevent deterioration or perhaps improve 
mechanical properties of hydrated fine grained concrete. A 
microstructure where crystallization nuclei are formed as a result of 
adding finely dispersed air-entraining agent (AEA) is the key 
prerequisite for such improvements. It is assumed that this would 
lead to localized and controlled formation of ettringite crystals, 
which could prevent DEF-induced deterioration. Their size and 
distribution depends on the level of dispersion of added AEA. The 
formation of localized ettringite crystals in the nuclei, particularly 
those adjacent to cracks, creates beneficial internal compressive 
stresses as the ettringite fills the nuclei. Similar to strength 
improvement of the Al2O3 ceramics described above, these internal 

compressive stresses lead to closure of nearby cracks preventing 
the growth of ettringite crystals. Furthermore, Ryu and Otsuki, 
(2002) show that the closure itself is beneficial since it decreases 
concrete permeability.  

On the whole the experiments were based on fine grained 
concrete mixes using one type of cement, one type of AEA, fly ash 
and sand according to EN 196-1. Water-cement ratio, quantities of 
additives and hydration conditions were determined through 
laboratory testing. In addition, the experiments were based on 

specific climatic conditions necessary to achieve a controlled DEF 
in hydrated concrete. The investigation was based on four Portland 
cement (PC) CEM I 42, 5 R fine grained concrete mixes presented 
in Table 1.  

The objective of this study is to investigate whether controlled 
DEF could lead to the reduction of deterioration and potential 
strengthening of hydrated fine grained concrete. To achieve this 
objective the study involves the following methods: 
 
(1) Exposing hardened fine grained concrete prisms from the mix BI 
to the Duggan’s test (Grabowski et al., 1992) (that is, prisms BI-DT); 
the test is essentially a cyclical interplay of heating and humidity 
and consists of a number of phases: prisms were first immersed in 
demineralised water for 72 h at 20 ± 2°C followed by 24 hours of 
drying in a drying chamber at 81 ± 2°C; they were then again 
immersed in the demineralised water for 24 h at 20 ± 2°C before 
being subject to 24 h drying in the chamber at 81 ± 2°C; in the last 

phase, prisms were immersed in the demineralised water for 24 h at 
20 ± 2°C and then dried in the chamber for 72 h at 81 ± 2°C; the 
prisms were laboratory conditioned for 48 h in  desiccators in 
between each of the above phases, and were once again immersed 
in the demineralised water for 24 h in order to fill the capillaries and 
voids with water, 
(2) Strength comparison between hardened concrete prisms from 
mixes A, B, BI and prisms from mix BI that were exposed to the 

Duggan’s test, 
(3) Measuring ettringite formation by monitoring the length change 
(expansion) with a digital micrometer, 
(4) microstructure comparison between hardened fine grained 
concrete samples from mixes A and AI where ettringite crystals 
were not detected with samples that were exposed to Duggan’s test 
using electronic microscopy (that is, samples B-DT and BI-DT), 
(5) Chemical analysis of ettringite crystals from samples B-DT and 
BI-DT in order to determine mass and atomic quantities of individual 

elements. 
 

Four  different  mixes  (A  and  AI,  B   and   BI)   were   used   for  
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Table 1. The four fine grained concrete mixes under investigation. 
 

Parameter Mix A (g) Mix AI (g) Mix B (g) Mix BI (g) 

Water 250 218,2 225 218,2 

PC 450 450 310 310 

Fly ash - - 140 140 

AEA - 6,8 - 6,8 

Standard sand EN 196-1 1350 1350 1350 1350 

 
 
 

Table 2. Results of the laboratory analysis for fly 

ash components. 
 

Component part Content (%) 

Loss on ignition 0.41 

Insoluble residue 16.67 

SiO2 impure 13.08 

SiO2 pure 47.62 

SiO2 soluble 0.64 

SiO2 total 48.26 

SiO2 active 35.18 

Cao active 7.56 

SO3 1.88 

CaO free 2.00 

 
 
 
comparative purposes because  variations carried on: 
 
(1) AEA content (A and B without AEA, versus AI and BI with AEA) 
(2) Fly ash content (A and AI without fly ash versus B and BI with fly 
ash). 

The comparison is necessary to identify the potential impact AEA 
and fly ash may have on mechanical properties before the prisms 
are exposed to Duggan’s test (e.g. undesirable loss of compressive 
strength).  

The above fine grained concrete mixes were prepared using a 
laboratory mixer according to EN 196-1. The conformity of fly ash 
for concrete was tested according to EN 450-1. The laboratory 
analysis of components presented in Table 2 confirmed that the fly 
ash used fulfils the criteria set in EN 197-1.  Prisms were cast using 
40 × 40 × 160 mm steel moulds. The samples from the mix B 
without AEA were then vibrated for 120 seconds with a standard 
low frequency of 50Hz and amplitude of 0.75 mm. The AEA-based 
samples from mixes AI and BI were vibrated for only 5 seconds 
under the same standard vibrating conditions as mix B samples in 
order to keep the volume of entrained air at an acceptable level 
(that is, preventing excessive reduction of strength). Past research 
shows that AEA-based samples should be vibrated with caution. 

For instance, Crawley (1953) found that high-frequency vibration 
causes more rapid loss of entrained air than moderate or low 
frequency vibration, and Hover (2001) reports that excessive 
vibration may lead to a complete loss of entrained air.  

On the other hand, it has been found that short vibration cycles 
can improve compressive strength of concrete (Ozyldirim and Lane, 
2003). A much shorter low-frequency vibration was therefore 
adopted to avoid a complete loss of finely dispersed crystallisation 
nuclei required for the controlled DEF. Controlled DEF is achieved 

by providing space for growth of ettringite crystals in the AEA-
induced nuclei without any harm to hardened concrete. Specific 
climatic conditions were achieved by curing all prisms for 28 days in  

 
 
Figure 1. Apparatus for the measurement of length change of 

hardened concrete according to ASTM C490-86 placed in a 
climatic chamber. 

 
 
 
a climatic chamber at a temperature of 20±2°C and relative 
humidity of 98±2%. After a required 28-day curing period six prisms 
from each of the mixes B and BI were exposed to Duggan’s test in 
order to achieve the accelerated ettringite formation. The prisms 
were then placed into a standard apparatus for the determination of 
length change of hardened cement paste, mortar and concrete, 
constructed according to ASTM C490-86. During these 
measurements the apparatus itself was placed in the climatic 
chamber with a constant temperature of 20±2°C and relative 
humidity of 98±2% shown in Figure 1.  

Ettringite formation was then monitored by measuring length 

change (expansion) with Mahr’s MarCator 1080/12.5/0.005 mm 
digital micrometer. The results were recorded with an 
analogue/digital converter connected to a workstation. Developing 
expansion was measured regularly in 15 m intervals with a 
measurement accuracy of 0.005 mm, although intervals could well 
be longer considering the slow pace of DEF. 

Density of hardened fine grained concrete (ρ), its compressive 
(fc) and flexural strength (fm) were measured on 10 additional 

prisms for each of the three mixes after standard 7, 14 and 28 days, 
and additionally after 56 and 121 days when compressive and 
flexural strengths should reach a plateau. Mechanical properties of 
fine grained concrete were examined with a universal dynamometer 
and a method according to EN 196-1. Optical microscopy using 
OLYMPUS SZX stereo microscope and QUANTA 200 3D electronic 
microscope was used to monitor the microstructure development in 
the hydrated fine grained concrete. The use of the latter enables 
longer low-vacuum observations without gold or carbon coating of 

samples. Chemical analysis of reactants in the hydrated paste was 
performed with Line Scan Microscopy (LSM) using SIRION 400 NC 
scanning  electron  microscope  that   works   at   high-vacuum   but 
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Table 3. Densities and mechanical properties of hardened fine grained concrete (mix A). 
 

Time interval (days) ρ (kg/m
3
) fm (MPa) fc (MPa) 

121 1894 6.1 26.4 

 
 
 

Table 4. Densities and mechanical properties of hardened fine grained concrete (mix AI).  

 

Time interval (days) ρ (kg/m
3
) fm (MPa) fc (MPa) 

7 1876 4.0 18.0 

14 1904 4.4 21.8 

28 1883 7.2 23.3 

56 1885 7.3 23.5 

121 1887 7.4 25.5 

 
 
 

Table 5. Densities and mechanical properties of hardened fine grained concrete (mix B).  

 

Time interval (days) ρ (kg/m
3
) fm (MPa) fc (MPa) 

7 1860 3.2 11.9 

14 1857 3.5 14.2 

28 1868 3.9 17.4 

56 1872 4.1 19.3 

121 1866 5.6 22.1 

 
 
 

Table 6. Densities and mechanical properties of hardened fine grained concrete (mix BI).  
 

Time interval (days) ρ (kg/m
3
) fm (MPa) fc (MPa) 

7 1801 2.7 11.6 

14 1807 5.2 14.3 

28 1803 4.1 17.7 

56 1805 4.1 17.8 

121 1818 5.6 21.0 

 
 
 
specimens have to be dry and treated (carbon treatment in this 
case). The ettringite crystals were characterised with the Energy 
Dispersive X-Ray (EDX) spectroscopy using JEOL JSM 5610 
scanning electron microscope operated at 20kV for single-point 100 
s long EDX measurements.  

 
 

RESULTS AND DISCUSSION 
 
Tables 3, 4, 5 and 6 show measured densities, flexural fm 
and compressive strength fc of hardened fine grained 
concrete prisms for mixes A, AI, B and BI that were not 
exposed to Duggan’s test. The compressive strength of 
AI (BI) prisms after 121 days is only 3.4 % (5 %) lower 
than that of prisms A (B), which indicates that loss of 
strength due to added AEA can be prevented with short 
low-frequency vibration. These results reveal that  5 s 

vibration of BI prisms was sufficient to achieve a 
minimum loss of mechanical properties, which is normally 
expected from added AEA. On the other hand, the short 
vibration interval prevents the loss of crystallisation nuclei 
that can be seen later in the text.  

Tables 7 and 8 show measured densities and 
mechanical properties of hardened fine grained concrete 
prisms for mortar mixes B and BI, but this time after 121 
days, and exposed to Duggan’s test after 28 days. 
Flexural strength of prisms B-DT that were exposed to 
Duggan’s test has almost doubled to 11.2MPa, and 
compressive strength has more than doubled as well. 
These substantial increases in strength were not 
expected but to some extent there are some parallels 
with a study by Zhang et al. (2008). The study show that 
growth of ettringite crystals in a limited space of microvoids 
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Table 7. Density and mechanical properties of hardened fine grained concrete (B-DT: mix B 
exposed to Duggan’s test). 
 

Time (days) ρ (kg/m
3
) fm (MPa) fc (MPa) 

121 2211 11.2 60.4 

 
 
 

Table 8. Density and mechanical properties of hardened mortar prisms (BI-DT: mix BI with 

Duggan’s test). 
 

Time (days) ρ (kg/m
3
) fm (MPa) fc (MPa) 

121 1810 6.0 22.4 
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Figure 2. Change of length of six B-DT mortar prisms after the Duggan’s test. 

 
 
 
or preformed microcracks may lead to further evolution of 
localised microcracks. This process decreases the 
strength of prisms in early stages but ettringite crystals 
penetrate into the newly formed microcracks leading to 
partially recovered flexural strengths at later stages. One 
of the reasons for the increases could be associated with 
the increased ductility as a result of DEF-related 
expansion reported by Brunetaud et al. (2008). The 
observed causal relationship between tensile ductility and 
compressive strength has been observed in more detail 
by Bortolotti (1994). However, such increases are short-
lived because the observed  growth  of  ettringite  crystals 

leads to the expansion at later stages, causing further 
cracking and deterioration of concrete. 

Figures 2 and 3 show change of length for the six fine 
grained concrete prisms from the mixes B and BI that 
were exposed to Duggan’s test and a final 24 hour 
immersion in demineralised water. The change of length 
of prisms was recorded daily and stopped after 93 days 
when measurements did not show any further expansion.  

Comparing microstructures of the specimens from fine 
grained concrete mixes A, AI, and BI presented in Figure 
4a, b and c demonstrate that, as expected, similar AEA-
induced nuclei exist in AI and BI specimens.  
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Figure 3. Change of length of six BI-DT fine grained concrete after the Duggan’s test. 

 
 
 

 

 

 

(a) (b) (c) 

a b c 

 
 
Figure 4 (a, b, c). Microstructures of fine grained concrete A, AI and BI after 121 days (500x magnification in all three 

cases; images obtained with OLYMPUS SZX stereo microscope). 

 
 
 
Although ettringite crystals can be found in concretes 
produced by using pure Portland cement, no visible 
ettringite crystals were detected in any of the large 
number of prisms from the mix A. Ettringite crystals did 
appear in specimens of all other fine grained concrete 
mixes. Microstructures of specimen from the fine grained 
concrete mix AI show no visible ettringite crystals in AEA 
nuclei themselves displayed in Figure 5a, but they were 
detected in microcracks as seen in Figure 5b and c. 
Similar to Myneni et al. (1997) these crystals have thin, 
needle-shaped morphology and are approximately 2 µm 
in length revealing rapid growth. Fly ash in fine grained 
concrete mix BI may well be a source of soluble calcium 
for  ettringite  formation   (Solem   and   McCarthy,   1992; 

Zhang and Reardon, 2003; Chrysochoou and Dermatas, 
2006), because its crystals were found in greater 
quantities in microcracks and within the AEA-induced 
nuclei. Figure 6a, b, c and 7a, b, c, d, e, f show that 
ettringite crystals have thin, needle-shaped morphology 
but those found in microcracks are only approximately 
2µm in length shown in Figure 7f, as opposed to 10 µm 
crystals found in the nuclei in Figure 6b.  

The microcrack that appeared on the surface of a 
nucleous in Figure 7f can be associated with the 
shrinkage of the matrix during hydration (Stang, 1996). 
The comparison between various different BI specimen 
shows that ettringite crystals start growing wherever there 
is  enough  space  for  growth  before   further   damaging  



Lubej and Radosavljevic          1313 
 
 
 

 

 

 

 

 

 

 

 

 

 

d) 

a) b) c) 

d 

c 
a b 

 

 

 

 

 

 

d) 

a) b) c) 

d 

c 
a b 

 
 
Figure 5 (a, b, c, d). Microstructure of fine grained concrete Al after 121 days (500x magnification in Figure 5a, and 9000x 

magnification of an area with thin approximately 2µm long ettringite crystals in figure 5b and 11000x magnification with 
QUANTA 200 3D electronic microscope in figure 5d; the results of the EDX analysis of a crystal from this area is in Figure 5c. 

 
 
 

 

 

 

a) b) c) 

a b c 

 
 

Figure 6 (a,b,c). Microstructure of fine grained concrete Bl after 121 days (500x magnification in Figure 6a; the first studied 

area under 500x magnification of a nucleus with thin ettringite crystals with needle-shaped morphology and approximately 
10um in length in figures 6b with the results of the EDX analysis of crystal 563 in Figure 6c). 

 
 
 
concrete which enables further growth. AEA-induced 
nuclei may therefore act as relief reservoirs enabling the 
growth of substances like ettringite crystals in hardened 
concrete with minimum or no damaging effects. Hime, 
(1996) recommends air-entrainment as a way to prevent 
DEF and reports only a single incident where air-
entrained concrete suffered from DEF. 

Mix B has only been used to compare the 
microstructure and mechanical properties of specimen 
where fly ash has been added and the prisms were 
exposed to Duggan’s test. Figure 8a reveals a microcrack 
in the B-DT sample at 500x magnification and Figure 8b 
clearly shows a cluster of up to 3 μm long ettringite 
crystals in the microcrack at 5000x  magnification.  Mehta 

(1983) reports that such type II crystals with the length of 
1 to 2 μm and thickness of 0.1 to 0.2 μm are known to be 
more expansive and potentially more damaging than 
much longer - type I crystals. Because there are no AEA-
induced nuclei DEF in B-DT samples increased 
microcracking giving space to further growth of ettringite 
crystals, which inevitably damage the hardened concrete. 
However, expansion of B-DT samples was not dissimilar 
to expansion of other samples. This may be assigned to 
a relatively short time interval since expansion was 
monitored for only 93 days after the Duggan’s test.  

Ettringite crystals growing in microcracks fill the empty 
space and press against their walls causing the DEF-
induced expansion of concrete. As discussed earlier,  this  



1314          Int. J. Phys. Sci. 
 
 
 

 

 

 

 

  

a) b) c) 

d) e) f)  

a) b) c) 

d) e) f) 

a 
b c 

f 
e 

d 

 
 
Figure 7 (a,b,c,d,e,f). Microstructure of fine grained concrete Bl after 121 days (the second studied area from figure 6a 

under 5000x magnification in Figure 7a,d and f; the results of the EDX analysis of crystal 564, 566 and 568 are in Figure 
7b,c and e respectively). 

 
 
 

 

 

a) b) 

 

a) b) 

a b 

 
 

Figure 8 (a, b). Microstructure of fine grained concrete Bl after 121 days (500x 
magnification in figure 8a and 5000x magnification in Figure 8b; this mortar mix was used 
for comparative purposes only). 

 
 
 

may in turn lead to initially improved mechanical 
properties before they are significantly reduced due to 
further evolution of growth-related microcracking. 
Compressive and flexural strength figures for B-DT 
samples after 121 days confirm this with compressive 
strength more than double the compressive strength of all 
other specimen. This improvement of mechanical 
properties is probably caused by ettringite crystals filling 
the empty space in existing microcracks before further 
evolution of localised microcracks that would significantly 
decrease the mechanical properties and damage 
concrete.  

If DEF is limited to growth in microcrasks then 
specimens BI-DT that were exposed to Duggan’s test 
should exhibit similar properties to B-DT specimens. 

Microstructure of the hardened fine grained concrete BI-
DT after 121 days reveals visible ettringite crystals in 
AEA-induced nuclei in Figures 9b and 10b at 1,000 x and 
5,000 x magnification respectively. These crystals are 
longer 10 μm type I crystals that are reportedly less 
damaging. The studied sections where AEA nuclei were 
present exposed some localised microcracking within the 
nuclei and presence of short ettringite crystals with 
needle-shaped morphology in the microcracks seen in 
Figure 11a and b. However, the majority of ettringite 
crystals were found within the nuclei themselves so the 
effect of their growth was assumed to be less damaging. 
Minimum expansion as shown in Figure 3 and 
comparable mechanical properties of specimens from all 
mixes, confirm this assumption. 



Lubej and Radosavljevic          1315 
 
 
 

 

 

 

 

a) b) c) 

a b c 

 
 

Figure 9 (a, b, c). Microstructure of fine grained concrete Bl after 121 days (500x magnification in Figure 8a with 5000x 

magnification of group crystals in the first studied area in figure 9b; the results of the EDX analysis of crystal 583 are in 
Figures 9c). 
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Figure 10 (a, b, c, d, e, f). Microstructure of fine grained concrete BI-DT after 121 days (500x magnification of a group of 

AEA-induced air voids in Figure 10a and 1000x magnification of an air void in Figure 10b; the results of EDX analysis of 
approximately 5 µm long crystals 586 and 587, and approximately 2 µm long crystals 588 and 589 are in Figures 7c, d, e 
and f respectively). 
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a b c 

 
 
Figure 11 (a, b, c). Microstructure of fine grained concrete BI-DT after 121 days (750x magnification of an AEA nucleus 

with a microcrack in Figure 11a, 7,500x magnification of the microcrack in Figure 11b and 5000x magnification of the edge 
of the nucleus with a group of ettringite crystals in Figure 11c). 
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Table 9. Density and mechanical properties of hardened fine grained concrete 
without added AEA after 121 days for (prisms A, B and B-DT). 
 

Variables A B B-DT 

ρ (kg/m
3
) 1894 1866 2211 

fm (MPa) 6.1 5.6 11.2 

fc (MPa) 26.4 22.1 60.4 

 
 
 

Table 10. Density and mechanical properties of hardened fine grained 
concrete with added AEA after 121 days for (prisms AI, BI and BI-DT). 

 

Variables AI BI BI-DT 

ρ (kg/m
3
) 1887 1818 1805 

fm (MPa) 5.6 5.6 6.0 

fc (MPa) 25.5 21.0 22.4 

 
 
 

Table 11. EDX analysis results of the ettringite crystal at point 

562 from sample AI in Figure 5c after 121 days. 
 

Element Mass % Atomic % 

Al 1.851 2.189 

Si 26.567 30.187 

S 1.740 1.732 

Ca 55.105 43.878 

 
 
 
The achieved compressive and flexural strengths of BI-
DT specimens presented in Table 8 were similar to those 
of specimens B and BI in Tables 5 and 6 respectively and 
only 12% (15%) lower than those of specimens A(AI). 
The predominantly nuclei-based growth of ettringite 
crystals prevented excessive growth-related pressure on 
the walls of microcracks so no unusual initial 
improvements of mechanical properties were detected in 
the studied period. With a diameter of approximately 100 
μm the nuclei offer sufficient space for ettrigite crystals to 
grow without causing progressive cracking and damaging 
the concrete.  

The EDX analysis was performed on a number of 
identified crystals to examine the presence of ettringite, 
which was confirmed in all cases. Tables 9-15 show 
compositions of studied ettringite crystals from Figures 5-
11. The cement paste close to fly ash particles often 
contains CH crystals (Xu et al., 1993). It is therefore not 
unusual to see variations in Al/Ca and S/Ca ratios 
between different crystals that are presented in the 
tables. Wherever CH crystals are present Al/Ca and S/Ca 
ratios remain high (0.1-0.18 and 0.05-0.24 respectively). 
On the other hand, Al/Ca and S/Ca ratios are low at 
points where CH crystals are absent (0.01-0.05 and 0.01-
0.04 respectively). Relatively high content of Si at some 
points follows high Al/Ca and S/Ca ratios in a similar way 

Table 12.EDX analysis results of the ettringite 

crystal from the first studied area at point 563 from 

sample BI in Figure 6c after 121 days. 
 

Element Mass % Atomic % 

Al 2.975 2.280 

Si 10.235 7.536 

S 1.595 1.029 

Ca 38.594 19.915 

 
 
 
as shown by Richardson (2000). This could be 
associated with the availability of active SiO2 in the fly 
ash although the values remain high even for specimens 
AI that do not contain fly ash. This, on the other hand, 
could also be associated with increasing concentrations 
of Si in the cement paste during hydration as reported by 
Rothstein et al. (2002).  

Ettringite crystals have formed as a result of 
volumetrically expansive sulfate reaction in porous areas 
predominantly within AEA-induced nuclei, microcracks 
and microvoids in general. Because the solid product 
volume in this reaction is greater than the solid reactant 
volume, this has led to the creation of internal stresses in 
the ettringite growth areas. Their growth within  the  AEA- 
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Table 13. EDX analysis results of the ettringite crystal from the second studied area at points 564, 566 and 
568 from sample BI in Figure 7b, c and e after 121 days. 
 

Point 564 566 568 

Element Mass % Atomic % Mass % Atomic % Mass % Atomic % 

Al 1.464 1.212 0.702 0.825 1.329 1.736 

Si 5.077 4.038 4.347 4.907 4.696 5.896 

S 1.034 0.720 0.836 0.827 0.467 0.513 

Ca 49.763 27.735 80.577 63.744 50.309 44.269 
 
 

 
Table 14. EDX analysis results of the ettringite crystal from the first 

studied area at point 583 from sample BI-DT in Figure 9c after 121 
days. 
 

Element Mass % Atomic % 

Al 5.970 6.509 

Si 15.727 16.473 

S 9.340 8.568 

Ca 47.938 35.185 
 
 
 

Table 15. EDX analysis results of the ettringite crystal from the second studied area at points 586, 587, 588 and 589 from 
sample BI-DT in Figures 10c, 10d, 10e and 10f after 121 days. 
 

Point 586 587 588 589 

Element Mass % Atomic % Mass % Atomic % Mass % Atomic % Mass % Atomic % 

Al 4.875 5.783 0.225 0.328 0.831 1.109 3.958 4.260 

Si 11.808 13.457 1.148 1.607 4.107 5.264 11.331 11.718 

S 4.657 4.648 0.960 1.177 0.897 1.006 5.384 4.876 

Ca 62.473 49.892 95.707 93.929 82.188 73.815 57.537 41.696 
 
 

 

induced nuclei created compressive stresses within the 
concrete matrix that then led to strength improvements as 
suggested by Springenschmid and Breitenbucher (1998). 
 
 
Conclusion 
 
DEF has been detected in all fine grained concrete 
prisms that were exposed to Duggan’s test (B-DT and BI-
DT). In addition, non-aerated fine grained concrete 
prisms B-DT show rapid and excessive increases in 
compressive strength, which leads to known harmful 
damages of hardened, concrete. Controlling DEF by 
using AEA as a nucleation agent results in a slight 
increase of compressive strength of fine grained concrete 
with only marginally lower density (comparison between 
BI-DT and BI). The detected ettringite crystals within the 
crystallisation nuclei prevented initial improvements of 
mechanical properties, which were observed in fine 
grained concrete B-DT without AEA as a result of 
excessive growth-related pressure on the walls of 
microcracks. This could be one of the reasons why air-
entrained concrete normally does not suffer from DEF  as 

reported by Hime (1996). The investigation shows that 
AEA-induced nucleation can prevent deterioration of 
hardened concrete and may even offer a mechanism for 
improvement of mechanical properties but further 
investigations over longer test periods are required to 
establish whether the deterioration can be completely 
avoided and whether such improvements can be 
achieved and sustained.  
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Trace element distribution was monitored for Uluabat lake water polluted with point and non-point 
sources in Bursa. An examination of Zn, Cr, Ni, Cu, Pb, As, B concentrations during the study period 
indicated that the particulate phase at the bottom of the water column were high in regard to dissolved 
phase. The source of trace elements in the deeper parts of the water column was derived from the 
higher concentrations of suspended solids present. Storm conditions and resuspension process in the 
lake was targeted as the source of trace elements’ configuration in the dissolved and particulate 
phases. Significant correlations were found among temperature, pH, organic matter percentage, 
suspended solids, chlorophyll-a and particulate trace elements parameters. Factorial Anova Analysis 
was performed to help to understand the effects of parameters on adsorption of trace elements. 
Decrease in water level, increase of pH, organic matter percentage and suspended matter were 
appeared responsible for the increase of dissolved and particulate trace elements concentrations in 
summer season. Especially Cr, Zn, Pb and Cd concentrations were detected higher than the standards 
of EPA and WHO. The concentrations of trace elements in water column have to be monitored and the 
external loading with heavy metals coming from point and non-point sources has to be reduced for the 
conservation of ecological values. 
 
Key words: Trace elements, dissolved phase, suspended particulate matter, Lake Uluabat. 

 
 
INTRODUCTION 
 
Certain heavy metals and trace elements in the form of 
dissolved and suspended particulate matter can 
introduce easily into the sediment layer (Stumm and 
Morgan, 1996; Sigg et al., 1987). Dissipation of trace 
elements from the water column is originated by the 
cycles  of  major  elements   in   lake   as   photosynthetic 

production, CaCO3 formation, iron and manganese 
oxides, aluminium and silicates (Stumm and Morgan, 
1996). The pH interval in natural waters is between 7 to 
8.5 which is the most acceptable range for  adsorption  of 
trace element ions to hydroxides and organic 
particulates.  The  heavy  metal  cations   are   completely
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released under circumstances of extreme acidic 
conditions (Shukla et al., 2002). Temperature, pH, redox 
potential, organic matter, ion exchange processes and 
microbiological activity affect some characteristics of 
trace elements such as mobility and bioaccumulation 
properties (Filgueiras et al., 2004). International standard 
values are used for determination of the evaluation of 
heavy   metal’s   toxicity.   Values   of   WHO    and   EPA 
guidelines can be given as an example for the standards 
(Anonymous, 2006a, b). The study site is shallow Lake 
Uluabat. It is subject to the “Convention on Wetlands of 
International Importance, especially as Waterfowl 
Habitat” (the RAMSAR Convention), which was approved 
in Ramsar, Iran in 1971. It was selected as the study area 
due to the international importance of this lake. The 
surface area of the lake is 161 km

2
 at maximum water 

level and 138 km
2
 at minimum water level and its average 

depth is 3 m (Dalkıran et al., 2006). Lake Uluabat has 
been contaminated by domestic and industrial waste 
waters and polluted runoff waters resulting from rainwater 
for many years. Particular problems of the Lake are 
eutrophication (Akdeniz et al., 2011) and heavy metal 
pollution. There are 67 residential areas, factories, 
workplaces, agricultural operations and mines in the 
basin of the Mustafakemalpaşa (MKP) creek which feeds 
the lake (Dalkıran et al., 2006). Furthermore, the MKP 
creek carries a significant amount of suspended solids, 
which is linked to a 12% reduction in the surface area 
and the volume of the lake, recorded between 1984, 
1993 and 1998

 
(Aksoy and Özsoy, 2002). One of the 

most important centers in the MKP Basin, Tavşanlı has a 
sewage system without any treatment facility and the 
wastewater of Tunçbilek Thermal Power Plant and lignite 
plant are discharged to Orhaneli creek after being 
physically treated. The sewage water of MKP creek, 
wastewater of the leather organized industrial zone with 
physical treatment, wastewater of 27 dairy and butchery 
plants are discharged to the MKP creek without any 
treatment. In addition, there are 16 residential areas 
along the creek. The domestic and industrial wastewater 
of Akçalar is discharged to Akçalar creek, and then finally 
to Uluabat Lake (Dalkıran et al., 2006). Uluabat, Atabay 
and Karaoğlan pumping stations is that some of the 
neighbouring residential areas and factories discharge 
their wastewaters into the drainage canals of State 
Hydraulic Works (SHW).

 
Reverse current occurs in the 

Kocasu creek draining the lake, because of flow rate is 
increased by rainfall during winter. The Kocasu creek 
formed by the merging of the Nilüfer and Simav creeks 
carry pollutants into the lake.  

The objective of this study is to examine the 
concentration of selected trace elements in dissolved and 
particulate phase at 8 stations in Lake Uluabat annually 
between May 2008 and 2009. In addition, it is aimed to 
evaluate the effects of pH, temperature, organic matter 
percentage, suspended solids, chlorophyll-a and electrical 
conductivity parameters against trace element adsorption.  

 
 
 
 
MATERIALS AND METHODS 
 
Study area and sampling 
 
The water and sediment samples were taken once in a month for 
annually, between May 2008 and 2009 in order to observe 
seasonal differences. The samples  were  taken  on  the  same  day 
from 8 stations, which were selected according to their distances 
from the contaminant sources in the lake and their hydrodynamic 
characteristics. The sampling stations presented different degrees 
of pollution around the lake. The first station is located in the 
outflow of Lake Uluabat. The second station is located near to the 
Atabay pumping station. Whereas the third station represented the 
north part of the lake, the fourth station is located in the entrance of 
the Mustafakemalpaşa creek. The fifth station represented the 
southwestern part of Island Mutlu which is located in nearby of 
Eskikaraağaç village. The sixth station is situated between Island 
Mutlu and Gölyazı village. The seventh station is presented at the 
near of Eskikaraağaç village. The new planned highway would pass 
close to these villages and finally the eighth station is located at the 
near of Akçalar village. The coordinates of sampling stations were 
determined with GPS and are shown in the map (Figure 1) and in 
Table 1. Determination of coordinates was based on European 
1950 UTM coordinate system by the help of Magellan XL handheld 
GPS. 

Samples were taken from all the sampling stations at two heights 
within the water column. The water samples at 0.5 m below the 
surface were taken by using the precleaned dark polyethylene 
bottles (Nguyen et al., 2005; An and Kampbell, 2003; Katip, 2010; 
İleri, 2010) and the others were taken from the lake bottom (just 
above the layer of the sediment) by using a precleaned standard 
sampling device (Hydro-Bios brand), which can take samples along 
the depth. Samples were transferred into dark-colored polyethylene 
(PE) bottles that had been washed with HNO3 and deionized water. 
During sampling in situ, Temperature (T), pH and Electrical 
conductivity (EC) were measured using a HACH brand Sension 156 
device (Burton and Pitt, 2002; Katip et al., 2012a, b). Sediment 
samples were taken from the top 5 cm of the sediment with an 
Ekman sediment sampler (Hydro-Bios brand) and transferred to the 
laboratory in plastic bags (Burton and Pitt, 2002). Arm-length gloves 
were used during sampling (Nguyen et al., 2005). A 1-liter water 
sample was taken along the water column in order to determine the 
chlorophyll-a concentrations, which is known to be linked to 
suspended solid concentration. In summer, as the algae increases, 
the SS concentrations also increase (Stumm and Morgan, 1996). 
The samples were transferred into the laboratory in dark-coloured 
PE bottles (Parsons and Strickland, 1963). 

 
 
Sample handling and analysis 
 

Suspended solids were determined gravimetrically by filtering 100 
ml sample through a pre-weighed Milipore filter paper (pore size of 
0.45 µm) (APHA, 1998). After the 1 L of sampled water was filtered 
through a GF/C filter paper, chlorophyll-a concentrations were 
measured by extracting the filtered water in 90% acetone and then 
reading the results on a spectrophotometer at 665, 645 and 630 nm 
wavelengths (Parsons and Strickland, 1963). Percentage of organic 
matter of sediment was measured by incineration method. pH and 
conductivity parameters of sediment were measured by 1 : 10 
sediment-water mixture (Radojevic and Bashkin, 1999).  

For trace element analyses, the following procedures were 
implemented. Water samples were filtered through a Milipore filter 
paper with preweighed 0.45 µm pore-size. The filter papers were 
then put into precleaned petri dishes and stored in a freezer. The 
filtered water samples were acidified with 0.2% (v/v) concentrated 
nitric acid and kept in glass bottles  cleaned  with  detergent,  water,



Karaer et al.          1321 
 
 
 

 
 

Figure 1. Sampling Stations in Lake Uluabat. 

 
 
 

Table 1. The coordinates of sampling stations in Uluabat Lake. 
 

Station No X (East) (1950 UTM m) Y (West) (1950 UTM m) 

1 626865 4451240 

2 629634 4448777 

3 633217 4450699 

4 633953 4446460 

5 637299 4444284 

6 641498 4445781 

7 638853 4449214 

8 645313 4448410 

 
 
 
nitric acid and Mili-Q water respectively (An and Kampbell, 2003). 
The filter papers containing the suspended solids were air dried and 
reweighed again. They were digested with 4/1 (v/v) HNO3/HCl 
mixture using a microwave device. After cooling, digestions were 
diluted to 30 ml with Mili-Q water. Samples were placed in Teflon 
cups and digestion operations were performed in a CEM brand 
Mars 5 model microwave device. Microwave decomposition 
operations were programmed as a 3-phase process. The device 
operated at 34.45 kPa for 1 min in the 1st stage, at 172.25 kPa for 
5min in the 2nd stage and at 826.8 kPa for 60 min in the 3rd stage 

(Nguyen et. al., 2005). Trace elements were  determined  using  the 

VISTA-MPX model of the VARIAN brand ICP-OES device. The 
operating conditions of the device, the wavelengths used in the 
detection of the elements and detection limits for analytical methods 
are shown in Tables 2 and 3 respectively (Anonymous, 2007a). 

Three   different   groups   were   formed   while    preparing    the 
standards in order to prevent elements from interfering with each 
other during detection. The grouping is as follows: 1st Group, Fe, 
Zn, Cr, Mn, Ni, Cu; 2nd Group, B, Cd, Pb; 3rd Group, As. The 
element As, in the 3rd group, was analyzed using a hybrid system. A 
standard stock solution of 1000 µg ml-1 (5% HNO3) was used in the 
preparation of standards. As the concentrations  of  trace  elements  
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Table 2. Operating conditions of the ICP-OES.  
 

Parameter  

Power (kW) 1.2 

Plasma flow ( L min
-1

) 15 

Auxiliary flow ( L min
-1

) 1.5 

Nebulizer flow ( L min
-1

) 0.9 

Replicate read time (s) 5 

Instry stabilization delay (s) 30 

Sample uptake rate (s) 40 

Pump rate (rpm) 15 

Rinse time (s) 10 

Replicates  3 

Display mode Axial 

Gas Argon 

 
 
 

Table 3. Wavelengths used in the detection of the elements.  
 

Elements Wavelength (nm) Detection limit (µg L
-1

) 

As 188.98 3 

B 249.772 0.1 

Cd 214.439 0.2 

Cr 267.716 0.5 

Cu 327.395 0.9 

Fe 238.204 0.3 

Mn 257.61 0.1 

Ni 231. 604 0.7 

Pb 220.353 1.5 

Zn 213.857 0.2 

 
 
 
dissolved and particulate in water are very different concentrations 
according to the each other, three different standard series (low, 
mid and high) were prepared at ppb level. The device was 
calibrated using a solution of 5 mg l-1 prepared from a Merck Mn 
solution of 500 mg L-1. The ambient temperature was kept at 25°C 
to prevent possible expansion during the calibration (Anonymous, 
2007a).  

Statistical analysis of dissolved and particulate forms of trace 
elements in water was done. Correlation coefficients (r values) 
determine the correlations between parameters and p values show 
the significance levels. Factorial ANOVA Analysis was carried out 
by using General Linear Model method to be able to understand 
whether the differences of the trace element concentrations in the 
dissolved and particulate forms among stations, months and depth 
were significant. Study sample size is 192. All analyses were done 
in duplicate. The significance level was detected as p=0.05. All 
statistical calculations were done with Minitab 15.0 Program 
(Anonymous, 2007b). 
 
 

RESULTS AND DISCUSSION  
 

Dissolved trace elements 
 
The concentrations of dissolved trace elements in the 
samples from Lake Uluabat varied  between  0.0653  and  

 
 
 
 
15.7298 mg L

-1
 (Fe), 0 and 0.1732 mg L

-1
 (Mn), 0.0011 

and 1.3471 mg L
-1

 (Zn), 0 and 0.3508 mg L
-1

 (Ni), 0.0016 
and 1.9597 (Cr), 0 and 0.3846 (Cd), 0 and 0.116 (Cu), 
0.0012 and 0.0933 (As), 0.2253 and 5.5038 (B), 0 and 
0.5028 mg L

-1
 (Pb), respectively. A comparison between 

the dissolved trace element concentrations found in Lake 
Uluabat and other fresh waters is presented in Table 4. It 
is seen that Fe, Zn, Cr, Ni, B and Pb concentrations in 
Lake Uluabat are higher than those of other water 
resources and other elements are within the similar 
ranges. 

The degree of toxicity of dissolved metals according to 
their annual mean concentrations was evaluated with the 
help of international standards. Accordingly, As, Ni and B 
concentrations were found to be high according to 
standard values for potable water published by the World 
Health Organization (WHO)

 
(Anonymous, 2006a) and low 

(except B) according to EPA guidelines
 
(Anonymous, 

2006b). Pb concentrations were found to be high 
according to WHO values and chronic effect values 
published by the EPA, and low according to the level of 
acute effect (Anonymous, 2006b). It was determined that 
mean Mn and Fe concentrations were below the 
standards. It was determined that Cd concentrations 
were higher than the standards of both WHO and EPA; 
Cu concentrations exceeded the chronic toxicity level and 
were very close to the acute level; Cr concentrations 
were higher than the chronic toxicity level; and Zn 
concentrations were higher than both the chronic and 
acute toxic limit values (Anonymous, 2006b). Table 5 
shows the mean dissolved trace element concentrations 
in Lake Uluabat in comparison with international standard 
values. 
 
 

Factorial ANOVA analysis of dissolved trace 
elements  
 
Differences in the annual mean concentrations of 
dissolved trace element according to stations, depths and 
months; and differences in depths according to stations 
(interaction between station and depths) were examined 
using analysis of variance. The Factorial ANOVA results 
for dissolved trace elements are shown in Table 6. 
Analysis of variance showed significant differences 
between sampling stations in terms of Cr, Cd, Cu, Ni, B 
and Pb levels, and non-significant in differences between 
levels of As, Fe, Mn and Zn. The concentrations of Cr, 
Cu, Ni, B and Pb were highest at the 1

st
 station, which is 

close to the outlet of the lake. The Kocasu creek which 
provides the outflow of the lake and reverse currents 
occasionally occur in it and Uluabat and Atabay Pumping 
Stations which are point sources of pollution are close to 
the 1

st
 station. As the current in the stations 6, 3, 4 and 8 

are faster than the other sampling locations, trace 
elements have a higher chance of being adsorbed to 
suspended solids and they are far from the pollution 
source. Trace elements concentrations  were  determined  
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Table 4. Dissolved trace element concentrations in Lake Uluabat and other fresh waters. 
 

Elements References Mean ± SD 

As (mg L
-1

) Lake Texoma (An and Kampbell, 2003) <0.033 

(Lake Uluabat) 0.023 ± 0.0179 

   

B (mg L
-1

)  Lake Texoma
 
(An and Kampbell, 2003) 0.225 ± 0.049 

(Lake Uluabat) 2.1668 ± 0.9964 

   

Cd  (mg L
-1

) Lake Balaton
 
(Nguyen et al., 2005) 0.000002 

River Vistula
 
(Gue´guen and Dominik, 2003) 0.00056 ± 0.000018 

Lake Texoma (An and Kampbell, 2003) 0.020 ± 0.061 

(Lake Uluabat) 0.0116 ± 0.0427 

   

Cr  (mg L
-1

) Lake Texoma (An and Kampbell, 2003) 0.004 ± 0.002 

River Vistula (Gue´guen and Dominik, 2003) 0.0013 ± 0.00005 

(Lake Uluabat) 0.0992 ± 0.2347 

   

Cu (mg L
-1

)  Lake Balaton (Nguyen et al., 2005) 0.000475 

Lake Texoma (An and Kampbell, 2003) 0.024 - 0.020 

 River Vistula (Gue´guen and Dominik, 2003) 0.03085 ± 0.0008 

(Lake Uluabat) 0.0115 ± 0.0142 

   

Fe (mg L
-1

)  Lake Texoma (An and Kampbell, 2003) 0.119±0.093 

(Lake Uluabat) 0.5344 ± 1.3989 

   

Mn  (mg L
-1

)  Lake Texoma (An and Kampbell, 2003) 0.007 ± 0.018 

 River Vistula (Gue´guen and Dominik, 2003) 0.35813 ± 0.00491 

(Lake Uluabat) 0.0116 ± 0.02 

   

Ni (mg L
-1

) Lake Texoma (An and Kampbell, 2003) 0.005 ± 0.003 

Lake Balaton (Nguyen et  al., 2005) 0.0006 

(Lake Uluabat) 0.0304 ± 0.0448 

   

Pb (mg L
-1

) Lake Balaton (Nguyen et al., 2005) 0.00009 

 Lake Texoma (An and Kampbell, 2003) <0.015 

River Vistula (Gue´guen and Dominik, 2003) 0.00023 ± 0.00001 

(Lake Uluabat) 0.0355 ± 0.0567 

   

Zn (mg L
-1

)  Lake Balaton (Nguyen et. al., 2005) 0.00085 

 Lake Texoma (An and Kampbell, 2003) 0.059 ± 0.036 

River Vistula (Gue´guen and Dominik, 2003) 0.09225 ± 0.000966 

(Lake Uluabat) 0.1955 ± 0.2384 

 
 
 

as minimum at these sampling stations. It was 
determined that while elements like Cu, Pb, Hg and Zn 
are affected by organic ligands, Cd formed a complex 
with inorganic ligands especially in muddy and summer 
conditions

 
(Bradl, 2005). Highest Cd levels were found in 

the 2
nd

 and 1
st
 stations. The relation between the 

suspended solid substances and the trace elements was 
presented in Suspended particulate trace elements 
section. 

The molar ratios of B:Fe:Zn:Mn:Cr:Ni:As:Cu:Cd:Pb are 
200425:9160:2439:2238:1631:517:240:201:86:171 res-
pectively and their order of size according to their 
concentrations was 
B>Fe>Zn>Cr>Pb>Ni>As>Cu>Mn>Cd, which were 
determined using their annual mean concentrations. 
Figure 2 shows the changes in the dissolved forms of Cr, 
Cd, Cu, Ni, B and Pb according to sampling stations. The 
concentration  levels  were  observed  to  be   low   during 
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Table 5. Mean values of dissolved trace element concentrations in Lake Uluabat and international standard values 
(Anonymous, 2006 a, b). 
 

Trace elements (mg L
-1

) 
WHO EPA, water quality criteria 

Lake Uluabat 
Drinking water CMC CCC 

As 0,01
 P

 0.34 A,D,K 0.15 A,D,K 0.0182 ±0.0176 

B 0,5
 T

   2.1668 ± 0.9964 

Cd 0,003 0.002 D,E,K 0.00025 D,E,K 0.0097 ± 0.0371 

Cr  0.57 D,E,K 0.074 D,E,K 0.0848 ± 0.2092 

Cu 2 0.013 0.009 D,E,K 0.0128 ± 0.0141 

Fe   1 0.5116 ± 1.2313 

Mn 0,4
 C

   0.0123 ± 0.0217 

Ni 0,02
P
 0.47 D,E,K 0.052 D,E,K 0.0304 ± 0.0416 

Pb 0,01 0.065 D,E 0.0025 D,E 0.0355 ± 0.0567 

Zn  0.12 D,E,K 0.12 D,E,K 0.1595 ± 0.2169 
 

CMC, Acute; CCC, Chronic; P, Provisional value. It is known to be hazardous but there is limited data about its effects on health;  
T, Provisional data; The measured values are below the refinable level; A, Recommended criterion derived for As (III). Adopted for 
total As because it shows similar effects with As (V); D, Recommended water quality criterion, based on the criteria for aquatic 
organisms by use of a conversion factor (CF); E, Standard values measured as a function of the hardness in the water column;  K, 
Adapted from the criteria developed for aquatic organisms in 1995. 

 
 
 

Table 6. Factorial ANOVA results of dissolved trace elements. 
 

Elements Stations Depths Months Stations*Depths 

As 0.411 0.123 0 * 0.959 

B 0 * 184 0 * 0.613 

Cd 0.002 * 0.545 0.010 * 0.983 

Cr 0.008 * 0.763 0.057 0.6 

Cu 0.007 * 0.081 0 * 0.632 

Fe 0.767 0.621 0.394 0.376 

Mn 0.330 0.600 0.516 0.651 

Ni 0.004 * 0.175 0.003 * 0.987 

Pb 0 * 0.202 0.001 * 0.384 

Zn 0.439 0.513 0 * 0.563 
 

* p < 0.05. 
 
 
 
rainy season with respect to arid season. The monthly 
variations were statistically significant for As, Cd, Cu, Ni, 
Zn, B and Pb, and non-significant for Cr, Fe and Mn.       

The trace elements with significant variations in 
monthly concentrations had high concentrations in 
summer and at the beginning of autumn in September, 
when there is no rain, and low concentrations in spring, in 
mid autumn and in winter, when concentrations were 
diluted by the increased rainfall. While the highest value 
of Cu was observed in summer, its lowest value was 
observed in October. This may be because of rainfall 
increase during this month, transporting more suspended 
solids to the lake by surface flows. Because if the lake is 
shallow compared to the winter months it mixes more 
easily, thereby increasing adsorption. In contrast to other 
metals, B levels were highest in November.  It  is  thought 

that this was due to the increase in the flow rate and 
runoff in this month because of the pollution sources and 
rainfall. The monthly variations in the levels of dissolved 
As, Cd, Cu, Ni, Zn, B and Pb are presented in Figure 3. 

Stronger winds cause vertical mixing of bottom 
sediment within the water column. This promotes to 
bonding between dissolved trace elements and 
particulates. The annual mean concentrations of 
suspended solids at the surface and the bottom of the 
water column were 37.15 and 60.70 mg L

-1
, respectively. 

According to Table 6, concentrations showed non- 
significant differences depending on regions and 
significant differences depending on sampling stations. 
Factorial ANOVA analysis showed non-significant 
variation between the concentrations of dissolved trace 
elements at  the  surface  and  the  bottom  layers  of  the  
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Figure 2. Variations in the concentrations of dissolved Cr, Cd, Cu, Ni, B and Pb according to sampling stations. 

 
 
 
water column.  
 
 
Suspended particulate trace elements 
     
Factorial ANOVA analyses of suspended particulate 
trace elements  
 
Table 7 shows annual means, standard deviations and 
concentration intervals of the particulate trace elements. 
In general concentration intervals are wide range. 
Adsorption-desorption mechanisms affected the 
particulate trace element concentrations within the 
suspended solids in the lake. 

Factorial ANOVA was used to examine variations in the 
annual mean concentrations of particulate trace elements 
according to stations, surface and bottom distinction and 
season. Variations in Cr, Zn and B  according  to  stations 

were found to be significant, and variations in the other 
trace elements were found to be non-significant. The 
maximum concentrations of Cr, Zn and B were observed 
at the 2

nd
, 3

rd
 and 1

st
 stations respectively. This may be 

because of those regions are exposed to a lot of wind 
and are also affected by the nearby SHW pumping 
stations, both of which cause water turbulence and 
increase the suspended solids concentration. The highest 
level of suspended solids (94.04 mg L

-1
) was recorded at 

the 2
nd

 station and the second-highest level of suspended 
solids (45 mg L

-1
) was recorded at the 3

rd
 station. 

Variations in the concentrations of particulate Cr, Zn and 
B according to sampling stations are shown in Figure 4. 
The statistical analysis showed that the variations in 
monthly means were significant for all of the elements. 
Therefore, the monthly variations in particulate trace 
elements are presented graphically in Figure 5. The 
annual mean of organic  matter  percentage  in  sediment 
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Figure 3. Monthly variations in dissolved As, Cd, Cu, Ni, Zn, B and Pb.  
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Table 7. Particulate trace element concentrations in Lake Uluabat and other fresh waters. 
 

Elements References Min. - Max. Mean ± SD 

Cd  (mg kg
-1

) 

Changjiang and Hangzhou Bay
 
(Che et. al., 2003) 0.04 - 8.39 0.565 ± 0.82 

Lake Balaton (Nguyen et  al., 2005) 0.11 - 1.25 0.385 

River Danube (Yiğiterhan and Murray, 2008)  1.14 

Lake Uluabat 0 - 6.1877 1.1667 ± 0.5874 
    

Cr  (mg kg
-1

) 
Lake Balaton (Nguyen et al., 2005)  19 

Lake Uluabat 0.0140 - 168.1396 13.4087 ± 20.2079 
    

Cu  (mg kg
-1

) 

Changjiang and Hangzhou Bay (Che et al., 2003) 0.5 - 157.5 46.05 ± 25.6 

Lake Balaton (Nguyen et al., 2005)  16.5 

River Danube (Yiğiterhan and Murray, 2008)  115 

Lake Uluabat 0 - 49.9319 5.3701 ± 5.2744 
    

Fe (mg kg
-1

) 

 Lake Balaton (Nguyen et al., 2005)  3700 - 27300 9950 

River Danube (Yiğiterhan and Murray, 2008)  36000 

Lake Uluabat 33.1149 - 26509.08 2039.2269 ± 2949.51 
    

Mn (mg kg
-1

) 

Lake Balaton (Nguyen et al., 2005) 199 – 12500 1300 

River Danube (Yiğiterhan and Murray, 2008)  1700 

Lake Uluabat 3.9596 - 565.8088 50.9093 ± 66.6561 
    

Ni (mg kg
-1

) 
Lake Balaton (Nguyen et al., 2005)  25 

Lake Uluabat 0.0161 - 123.9227 18.6455 ± 26.0972 
    

Pb (mg kg
-1

) 

Changjiang and Hangzhou Bay (Che et al., 2003) 2 – 175 32.5 ± 18.3 

Lake Balaton (Nguyen et al., 2005)  29.5 

River Danube (Yiğiterhan and Murray, 2008)  84 

Lake Uluabat 0 - 105.247 7.61223 ± 9.4288 
    

Zn (mg kg
-1

) 

Lake Balaton (Nguyen et al., 2005) 18-147 71.5 

River Danube (Yiğiterhan and Murray, 2008)  248 

Lake Uluabat 0.2246 - 162.4596 26.8742 ± 27.4318 

 
 
 
was found to be 3.81% for the lake; this increased to 
3.99% in summer and decreased to 3.55% in winter. The 
highest organic matter content for an individual sampling 
station was 4.2%, recorded at the 8

th
 station. This station 

had the lowest values of Cr, Zn and B. Moreover, it was 
determined (Table 8) that the level of Zn is related to the 
percentage of organic substances in the sediment. When 
monthly variations of trace elements were examined, it 
was found that concentrations tended to increase in 
summer and in September while to decrease from the 
mid autumn to the end of spring in general. 

This increase in summer was thought to occur as a 
result of elements transferred from the sediment to the 
water column, as a result of wind induced mixing

 
(Bailey 

and Hamilton, 1997) and the decrease in dilution and the 
reduced water level. The transfer of elements from the 
sediment to the water showed a particular increase as a 
result of the increase in the solubility of metals as 
temperature increases, and elements bounded to the 

suspended solids again. Cd, Cu, Zn, As and B were 
found in high concentrations during rainy seasons. This 
may be resulted by the adsorption of those elements to 
solid substances which are increased with surface flows 
and then carried into the lake and by the amount of 
phytoplankton increases especially in spring

 
(Straškraba 

et al., 1993).  
The molar ratios of B:Fe:Mn:Zn:Ni:Cr:Cu:As:Cd:Pb, 

were37002:365145:9266:4110:3175:2606:845:127:103:3
67, respectively, which were determined by taking the 
annual mean of the particulate trace elements in the lake. 
Their order of size according to their concentrations was 
Fe>Mn>B>Zn>Ni>Cr>Pb>Cu>Cd>As. This differed from 
the size order of dissolved trace elements. A comparison 
of the concentrations of the particulate trace elements 
with the other fresh waters sources is presented in Table 
7. According to this comparison, except for Cd, the 
concentrations of the other metals examined were at low 
levels. The reason is that Cd can form a complexation 
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Figure 4. Variations in the concentrations of particulate Cr, Zn and B according to sampling 
stations.  

 
 
 
with inorganic ligants in mudier and arable soils (Bradl, 
2005). Therefore, Cd was accumulated in the mudier 
sediment layer of Uluabat lake. Concentration of 
particulate form of Cd was increased by flows in water 
and resuspension process. Some dissolved trace 
elements like Fe, Zn, Cr, Ni, B, Pb concentrations are 
higher than the water sources. Another reason is that 
heavy metals coming from point sources such as creeks 
and pump stations located around the lake are in 
dissolved form. 

Factorial ANOVA analysis showed higher 
concentrations of particulate  Cu,  Ni,  Fe  and  Mn  within 

samples at the bottom of the water column compared to 
surface samples. The other elements showed non-
significant variations between surface and bottom 
samples. This was resulted from the greater amount of 
suspended solids at the bottom of the water column and 
the relationship between chlorophyll-a and suspended 
solid concentrations. Due to these differences between 
surface and bottom concentrations, variation graphs of 
the particulate trace element concentrations were 
produced by calculating the surface-bottom means of 
each station. Figure 6 showed examples of concentration 
difference for particulate Cu and  Fe  at  the  surface  and  
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Figure 5. Monthly variations in particulate trace elements.  
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Table 8. The matrix of correlation coefficients (r-values) among particulate trace elements with water and sediment quality parameters. 
 

  As Cr Cd Cu Ni Fe Mn Zn B Pb pH T EC Chl-a Organic Matter 

Cr 0.414 *               

Cd -0.21 * -0.12              

Cu 0.203 * 0.288 * 0.012             

Ni 0.709 * 0.578 * -0.196 0.428 *            

Fe 0.4 * 0.747* -0.061 0.292 * 0.614 *           

Mn 0.445 * 0.731 * -0.029 0.327 * 0.677 * 0.961 *          

Zn 0.359 * 0.436 * -0.076 0.294* 0.447 * 0.363 * 0.37 *         

B -0.33 * -0.2 -0.136 -0.12 -0.23 * -0.23 * -0.226 * -0.14        

Pb 0.272 * 0.318 * -0.102 0.224 * 0.356 * 0.29 * 0.295 * 0.284 *        

pH 0.35 * 0.062 -0.039 -0.14 0.134 0.071 0.08 -0.07 -0.284 * -0.142      

T 0.288 * 0.525 * -0.3 * 0.385 * 0.589 * 0.524 * 0.505 * 0.287 * 0.083 0.382 * -0.101     

EC 0.231 * -0.01 -0.027 0.011 0.225 * 0.079 0.117 0.036 -0.096 -0.064 -0.099 0.099    

Chl-a 0.326 *  0.295 * -0.112 0.278 * 0.509 * 0.398 * 0.445 * 0.047 -0.145 0.015 0.209 * 0.549 * 0.331 *   

Organic 
Matter 

0.326 * 0.153 -0.067 0.192 0.361 * 0.158 0.191 0.362 * -0.047 0.293 -0.014 0.335 * 0.303* 0.241 *  

SS 0.228 * 0.445 * -0.033 0.21 * 0.614 * 0.519 * 0.607 * 0.237 * -0.051 0.16 0.006 0.332 * -0.008 0.445 * 0.116 
 

*p < 0.05. 

 
 
 
the bottom. 
 
 
Relationship between the particulate trace 
elements and the water-sediment quality 
parameters 
 
Relationship between the particulate trace 
elements and the Chlorophyll-a concentrations 
(Stumm and Morgan, 1996) were studied. The 
effects of temperature, conductivity and pH on 
trace elements are emphasised

 
(Ikem et al., 

2003). Dissipation of trace elements from the 
water column is realised with absorption to algae 
and precipitation. The decrease in pH and the 
increase in temperature affect the disssolution of 
metals (Fernández et al., 2000). Therefore, the 
relationships among organic matter percentage, 

temperature, pH and conductivity parameters in 
the sediment layer were analysed. Also, 
suspended solids, particulate trace elements and 
chlorophyll-a parameters in lake water were 
evaluated statistically. The results showed a 
significant relationship between all of the 
elements, except for Cd, which only showed a 
significant relationship with As. Particularly the 
correlation between Fe with Mn, Cr and Ni, and 
the relation of Mn with Cr and Ni, were found to be 
higher compared to the other correlations. This 
findings reflected that the movements of elements 
can be similar to each other. Significant relation-
ships were found between temperature and all of 
the elements except B; between suspended solids 
and all the elements other than Cd, B and Pb; and 
between chlorophyll-a and all the elements other 
than Cd, Zn, B and Pb. The positive correlations 

were found between suspended solids and 
chlorophyll-a showing that elements can be 
adsorbed to solid substances. It was determined 
that the amount of organic matter percentage in 
the sediment was related with As, Ni, Zn and Pb; 
conductivity was related with As and Ni; and pH 
was related with As and B. It was thought that 
there may be transfer from the sediment to the 
water as a result of decomposition of organic 
matter and an anaerobic condition resulting from 
the increase in temperature, the percentage of 
organic matter and therefore the conductivity. The 
matrix of correlation coefficients (r - values) 
among particulate trace elements with water and 
sediment quality parameters are presented in 
Table 8 and the correlation graphs between 
particulate Cr, Ni, Fe Mn and suspended solids 
are presented in Figure 7. 
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Figure 6. Surface and bottom concentrations of particulate Cu and Fe.  

 
 
 
Conclusion 
 
Dissolved and particulate trace elements concentrations 
were examined in lake water and sediment for 8 sampling 
stations representing the different regions of Lake 
Uluabat in Turkey. The dissolved and particulate trace 
elements concentrations were determined at the surface 
and the bottom layers within the water column. In general 
the highest concentrations of trace elements were 
observed in the particulate form. Lower organic content in 
water indicated that the suspended solids were 
transferred from the sediment. Concentrations of 
particulate Cr, Zn and B were detected lowest at the 8

th
 

sampling station where organic matter percentage in the 
sediment was highest.  

The size of the trace elements according to the 
concentrations of the elements were 
B>Fe>Zn>Cr>Pb>Ni>As>Cu>Mn>Cd for the dissolved 
trace elements; and 
Fe>Mn>B>Zn>Ni>Cr>Pb>Cu>Cd>As according to 
particulate trace elements. 

The differences between the surface and the bottom 
layers of the water column  were  non-significant in  terms 

of dissolved trace elements, but significant in terms of 
some of the particulate trace elements (Fe, Mn, Cu and 
Ni). The concentrations of dissolved trace elements at the 
bottom of the water column were observed to be higher 
than those of surface samples. This difference was 
resulted from the higher concentrations of suspended 
solids present in the deeper parts of the water column.  

Mostly, the dissolved and particulate trace elements 
were detected high in summer season. The main reason 
was the increase of concentrations of dissolved trace 
elements depending on solubility, decrease in water level 
and increase in air temperature. Furthermore, increase in 
photosynthetic production by implication of pH, 
concentration of CaCO3 and adsorption capacity of iron 
and manganese oxides have caused this situation. In 
addition increasing wind velocity in summer season 
induced the mixing of sediment layer into the water 
column bringing about suspended trace elements. 
Significant correlations were found between suspended 
solids and particulate Fe, Mn, Zn, Cr, Cu, As, Ni 
elements; between Chl-a and particulate Fe, Mn, Cr, Cu, 
As, Ni elements. Same correlation was observed for 
particulate trace  elements  (except B)  and  temperature;
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Figure 7. Correlation graphs between particulate Cr, Ni, Fe Mn and suspended solids.  

 
 
 
pH and As, B and organic matter percentage with As, Ni, 
Zn elements. Annual means of dissolved trace elements 
were compared with WHO and EPA international 
standards. In lakes which have eutrophic status like 
Uluabat, trace elements absorbed to algae can pass to 
food web by release easily. Consequently, the lake will 
become more toxic when the probable decrease of pH. 
As a result, the long term monitoring and control of 
domestic and industrial wastewaters, restricted uses of 
agricultural pesticides are the important factors have to 
be taken into consideration in lake management. It is 
necessary to produce and apply new management 
strategies or plans in controlling point and non-point 
sources. 
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