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Abstract 

The presence of heavy metal in the environment is a cause of major concern, more so 

in convoluted areas such as estuaries. Sudden changes expressed as the 

disappearance and the appearance of a sea grass could be an indicator of a much 

deeper issue, therefore, tracking the change of several parameters in the physio-

chemistry of estuarine sediments is of fundamental importance.  

The aim of this study was to study Forster’s, Tessier’s and BCR sequential extractions 

on estuarine sediments to assess Cd and Ni bioavailability. The three methods 

showed consistent changes in terms of metal concentration before and after manual 

perturbance of the sediments, providing a useful piece of information to the 

characterization of the behavior of Zostera Noltii in the estuary of the river Mira.  A 

better understanding of the applicability of sequential extraction procedure was 

achieved; the three protocols were compared to identify their differences, similarities, 

strengths and weaknesses. The acquired knowledge was channeled with the intent to 

propose new investigations.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



II 
 

 
 



III 
 

List of abbreviations 
 
BCR Community Bureau of Reference 
SEP Sequential Extraction Procedure 
FAAS   Flame Atomic Absorption Spectroscopy 
ICP-MS Inductively Couple Plasma-Mass Spectrometry 
LoD                   Limit of Detection 
CRM   Certified Reference Material 
MARE  Marine and Environmental Sciences Centre 
ANOVA  Analysis of Variance 



IV 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



V 
 

Table of contents 
 

Abstract .......................................................................................................................... I 

Table of contents .................................................................................................................. V 

1. Introduction ................................................................................................................ 1 

Aim of the diploma work ...................................................................................................... 4 

2. Popular scientific summary including social and ethical aspects .............................. 4 

2.1 Popular scientific summary ............................................................................................. 4 

2.2 Social and ethical aspects ............................................................................................... 5 

3. Experimental .............................................................................................................. 6 

3.1. Sampling ......................................................................................................................... 6 

3.1.1 Sampling area ........................................................................................................... 6 

3.1.2 Storage ..................................................................................................................... 7 

3.1.3. Sample preparation and water content ............................................................... 7 

3.1.4 Organic matter ......................................................................................................... 7 

3.2 Chemical analysis ............................................................................................................ 8 

3.2.1 Forster scheme ......................................................................................................... 9 

3.2.2 Tessier scheme ....................................................................................................... 10 

3.2.3 Modified BCR scheme ............................................................................................ 11 

3.3 Physico-chemical properties of the samples ................................................................ 12 

3.4 Equivalent Fractions ...................................................................................................... 12 

3.5 Analytical instrumentation ........................................................................................... 13 

3.6 Elemental recoveries ..................................................................................................... 13 

3.7 Limit of Detection.......................................................................................................... 13 

4. Results and Discussion ............................................................................................ 14 

4.1 Method validation ......................................................................................................... 14 

4.1.1 Elemental recoveries .............................................................................................. 14 

4.1.2 Analysis of Variation ............................................................................................... 14 

4.1.3  Limit of Detection .................................................................................................. 14 

4.2 Metal Speciation ........................................................................................................... 15 

4.2.1 Metal partitioning .................................................................................................. 15 

4.2.2 Extraction power .................................................................................................... 16 

4.2.3 Metal bound to Exchangables and Carbonates ..................................................... 18 

4.2.4 Metal bound to oxides ........................................................................................... 19 

4.2.5  Metal bound to organic matter ............................................................................. 20 

4.2.6 Residuals ................................................................................................................. 21 



VI 
 

4.3 Evaluation of the methods ............................................................................................ 22 

5. Conclusions .............................................................................................................. 24 

6. Outlook .................................................................................................................... 25 

7. Acknowledgment ..................................................................................................... 26 

8. References ................................................................................................................ 27 

9. Appendix .................................................................................................................. 29 

 
 
 
 
  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1 
 

1. Introduction 

 

Due to the proximity to highly populated, industrialized and attractive recreational 

areas, the estuarine environment has received increasing attention from the scientific 

community.  Great consideration is shown towards salt marshes, complex systems 

situated in coastal areas and natural providers of the habitat to numerous species. 

The disparate factors that affect the density and distribution of organisms inhabiting 

salt marshes include tidal fluctuation, sediment composition, grain size and other 

important physio-chemical conditions. pH, Eh, salinity, temperature, dissolved 

oxygen and carbon dioxide, the presence of nutrients and trace metals are likewise 

considered determinant to the dynamics of the ecosystem, making the estuarine 

environment an excellent reaction vessel.1,2,3 Salt marshes undergo numerous different 

processes related to the mixing of fluvial and marine waters, and bio-chemical 

reactions such as photosynthesis, respiration, decomposition of organic matter and 

redox reactions that often translate in the form of sediment deposition and 

resuspension.2  

A dual behaviour has been attributed to estuarine sediments and salt marshes, which 

are shown to act as both metals supplier, but also as natural recipient for metal 

deposition in the ecosystem.4,5,6 Furthermore, contaminants released in the 

environment can potentially interact with the biota by being assimilated by organisms 

(plant-adsorption) or undergo particle flocculation and aggregation processes during 

transportation.7,8 

All of these aspects help to identify the urgency to monitor the degree of 

contamination in estuarine system and the potential mobility of the contaminants in 

the environment. 9,10 Closer attention should be paid in the eventuality of recognized 

changes in the ecosystem. 

 

Recently, after years of sparse growth, the sea grass Zostera Noltii has resumed the 

colonization of a salt marsh located in the estuary of the River Mira, in southern 

Portugal.  The phenomenon opens the door to a series of investigations which aim to 

assess the factors that could have determined the reappearance of the halophyte, as 

well as the identification of changes in the sediment quality. 11     

This project addresses the effect that manual resuspension caused by shellfish 

collector in the river Mira’s estuary have on cadmium and nickel present in the 

sediments lying underneath the colony of Zostera Noltii. The acquired information 

aims to provide an insight into the causes of the sudden reappearance.  
 

Previous works have shown how the concentration of metals present in the sediments 

lying underneath plants is thought to be a consequence of complex dynamics with the 

enzymatic activity of microbial communities 4.  Moreover, the alteration of the quality 

of the sediments has been related the root activity in plants.12,13,7 

It becomes immediate why studying the processes that can potentially affect the 

distribution of such metals is considered to be a crucial aspect that could assist to gain 

a better understanding of the complicated bio-geochemical processes of sea grass beds 

in coastal environments.
 11 

Thorough studies are to be conducted, not only in terms of total metal concentration 

but, more importantly, in the form of the metal and its bioavailability. Due to the 

various processes that characterize the physio-chemical dynamics in an estuary, a 

universal, straightforward procedure to assess metal bioavailability in its sediments 

continues to be regarded as a challenging area.9 Evaluating metal bioavailability in 
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sediments directly from the total metal content is often considered not to be an 

optimal method, as important properties and chemical aspects related to the chemical 

speciation and differentiation of the elements are often neglected, making  this  

method  less suitable for providing meaningful information.14 As a matter of fact, 

biological effects originating from the exposure to contaminated  sediment have been 

established not to be related to the total concentration of the pollutant, but rather to 

the fraction that is more readily available.15,16 

To favour the risk assessment of a sampling site and communication between 

laboratories, regulations should be recognized around the concept of bioavailability, 

The term bioavailability is used in this project in accordance with the definition 

described by the International Standardisation Organisation (ISO)/Technical 

Committee (TC) 190/Soil Quality in ISO 17402:2008 as “the degree to which 

chemicals present in the soil may be taken up or metabolised by human or ecological 

receptors or are available for interaction with biological systems”.17 

Different methods are used to assess bioavailability; biological methods acquired 

information with studies based on monitoring the effect of organism exposure. 

Chemical methods are used on the sample matrix to extract classes of contaminants 

into a specific fraction to study their mobility and give complementary information to 

the biological approach.15,9 

The demand to develop an analytical method for a proper determination of the 

bioavailability of contaminants in estuarine sediments has been widely recognized in 

this specific scientific field.9,18 

 

The term speciation is often encountered in studies that aim to assess metal 

contamination and it is used in different contexts which could generate ambiguous 

interpretations. An unequivocal understanding of the expression is essential to 

perform studies of significance. In 1991, speciation has been defined as “the active 

process of identification and quantification of the different defined species, forms 

phases in which an element occurs in a material”.19 Furthermore, it was stated that 

“the term "speciation" can also mean the description of the amounts and kinds of 

species, forms or phases present in the material”. Three types of speciation have been 

identified to differentiate between species in soil and can be applied to sediment 

samples. Classical speciation is related to specific chemical compounds or their 

oxidation state. Functional speciation has often greater use in biology rather than 

chemistry related studies and it is described by the role that certain element has 

within a living organism, a common example is the expression ”plant-available”. The 

third is the so-called “operational speciation”, which occurs when the reagents of a 

specific protocol define the composition of the soil/sediment, and corresponds to the 

one reflected on this project.   

More recently, the International Union of Pure and Applied Chemistry (IUPAC) 

restricted the use of the term “speciation” to the distribution of species in a sample 

and recommended the expression “speciation analysis” to the description of the 

activity of identification/quantification of chemical species.20 

Although the definition proposed by IUPAC is undeniably more confined, the former 

guidelines have been adopted in this project, in order to aid the consultation and 

comparison with previous studies performed on the basis of that definition.  

For decades, sequential extraction procedures (SEPs) have found their applicability in 

those situations where the assessment, the mobility and fate of potentially toxic metals 

has become a priority for the environment both in soil and in sediment.21,22,23,24,25 SEPs 

are straightforward procedures, based on simulating the changes in chemical 

conditions (pH/redox) that can occur naturally as in slightly acidic rainfall or as a 
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subsequence of anthropogenic emission, which makes them suitable to conduct 

studies of the environmental behaviour of potentially toxic metals. 

Several studies have been in fact conducted to learn about the differences and 

applicability of various SEPs as they are often found useful to estimate the distribution 

of metals for plant uptake and toxicity.26,27 

The basic fundamentals of SEPs are to subject a sample to subsequent extraction steps 

(fractions) of increasing reactivity, which includes the use of unbuffered salts, weak 

acids, oxidizing and reducing agents and strong acids, designed specifically to cause 

the release of the metals. The extracted metals are then divided into different fractions 

according to the component in the sediment that is. The reagents used in SEPs are 

selected to remove the analyte from  the phase they are associated with, by inducing 

physio-chemical changes in the matrix either by exchange processes or by dissolving 

the phase of interest. Different studies propose different fractions however, they tend 

to target similar phases, the most recurring being the ones being investigated in the 

present study and listed below.28 

  

-  Acid Soluble/exchangables: pH sensitive fraction(s) reflecting the amount of metals 

that would be released into the environment under increased acidity conditions, 

regarded as the most bioavailable fractions; 

-  Reducibles: the fraction(s) where the metals are bound to Fe or Mn oxides that act 

as sinks and leach metals after reducing steps.  

-Organic/Sulphide bounds: fractions where metals are extracted after reaching 

oxidative conditions. 

- Residual: fraction of metals bound to the crystalline structure of minerals, unlikely 

to solubilize over an extended time span under natural environmental conditions.  

 

SEPs have often been subjected to criticism, due to the fact the reagents used may not 

guarantee sufficient selectivity, and re-distribution of the analyte, including 

precipitation of new phases during the extractions, can occur.29 Another limitative 

factor in SEPs is also in sample loss and contamination during the experiment, which 

can be encountered in the several washing and separation steps, with an increased risk 

in procedures with a higher number of steps.30 Despite these problems, SEPs are still 

widely used and their application is spread in numerous sites, spacing from industrial, 

rural and urban soils and sediments but also to plants. SEPs have been particularly 

effective in comparison studies of before and after treatment situations.29 

 

To help data interpretation a list of criteria that should be considered when selecting 

the protocol to use in order to obtain information of significance has been identified.31 

The key factors have been assigned to the type analyte, as different metals have 

different mobility and toxicity and the concentration expected to be found may vary, 

the type of soil and sediment analyzed, its components, environmental and physio-

chemical parameters are to be carefully studied or estimated. 
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Aim of the diploma work 

 

This project aims to assess on how sediment digging by shellfish collectors, could 

cause the settlement or disappearance of Zostera noltii colonies on estuarine 

sediments. Close attention is paid to the use of sequential extraction procedures for 

the determination of the concentration of cadmium and nickel in a specific sampling 

area, subjected to physical perturbance to observe the effect of human activity on 

metal mobility. This work is committed to becoming a form of contribution to a more 

extended project involving several researchers from the Marine and Environmental 

Sciences Centre (MARE) in collaboration with the University of Lisbon, which devote 

their studies to different physiological and environmental parameters in estuarine 

systems. Additionally, a secondary purpose is defined in the evaluation of the three 

sequential extraction procedures, to study their applicability for Cd and Ni extractions 

and to observe the strengths and limitations of different reagents and reaction 

conditions.   

 
 

2. Popular scientific summary including social and 
ethical aspects 

2.1 Popular scientific summary  
 

Estuaries are regions of high environmental interest due to the complexity of the 

physio-chemical parameters that define them. Furthermore, they are areas of 

prominent recreational and industrial activities as well as providers of a natural 

habitat for several species, which disappearance or appearance can be a symptom of a 

high impact environmental issue. The collection of the information regarding these 

factors lead to the generation of three highly connected concepts: i) the importance of 

monitoring estuarine environment to assess potential risk to wildlife; ii) the multitude 

of variables needed to be taken into account to perform a representative study; iii) the 

difficulties that can be encountered in the selection of a suitable method to apply in 

said studies.  

To overcome this problem, sequential extraction procedures (SEPs) are often used to 

assess and evaluate the mobility of metals in complex sites such as estuaries. 

A wide range of different SEPs have been developed, in order to obtain relevant 

information, an informed choice in the method to apply should be made, taking into 

account several factors, such as the type of sample, the analytes, the reagents available 

and extraction conditions. 

 

The present project puts aside three types of SEPs (Foster’s procedure, Tessier’s and 

BCR) and apply them onto estuarine sediments lying underneath a colony of the sea 

grass Zostera noltii, recently reappeared after years of scarce growth, to observe the 

effect that shellfish collector might have on Cd and Ni mobility in sediment. 

A deeper understanding of the estuarine environment dynamics, as well as the 

differences and applicability of SEPs, was achieved during this project.  

The work highlights strengths and limitation of the three SEPs applied, and allowed 

also the formulation of possible future studies. 

The results, which showed changes in mobility of the metals between disturbed and 

undisturbed samples mimicking the effect of shellfish collectors, are shared with the 
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MARE research center of Lisbon, involved in a more exhaustive study of Zostera noltii 

sudden reappearance.  

 
2.2 Social and ethical aspects  
 
Coastal areas have attracted much attention for several types of studies, due to the 

heterogeneity of the activities that take place there. Geologically, it is the part where 

land and sea are in contact which implies the presence of highly complex interactions 

between living organisms, but also changes in many others physio-chemical aspect, 

such as salinity. They often constitute areas of concentrated urbanization, they are 

highly populated and economically oriented, which makes them a popular location for 

industries with all the variety of factors they entail.   

Estuaries, in particular, play a key role in the deposition and transportation of 

sediments from land to sea.  All of the aspects remark the importance of estimating 

the potential risks in order to propose prevention or implementation of cleanup 

techniques, to monitor the safety of the environment. Nevertheless, it is also 

necessary, to identify the technique capable of providing satisfactory results without 

an excessive expenditure of time and resources. When designing an experiment, 

before diving straight into the practical section, sufficient analysis of potential risks 

and problems that could occur during the experiment should be taken as a task of 

extreme priority.  A satisfactory amount of information about the history of the 

sampling area should be collected.  

Furthermore, it is evident how performing studies on relatively unpolluted areas such 

as the one shown in this project, should not result in a worsened environmental 

situation.  As a matter of fact, proper care and conscious disposal of the reagents was 

observed throughout the whole experimental session.  

Several aspects have been identified as a cause of concern and special attention should 

be dedicated when performing such steps. The solvents used during the experimental 

procedures, which in multiple occasions required the presence of strong acid, were 

properly taken care of and disposed in the designated bin according to the current 

rules in the hosting laboratory facilities. The paper filters used in the final steps were 

treated as hazardous waste, as well as the solid residues. The equipment was 

thoroughly washed and decontaminated in acid, to avoid future contamination. The 

exceeding volume of solvents was avoided by careful calculations with the aim of 

preparing the amount needed by the extraction with a limited stock. The usage of 

highly toxic hydrofluoric acid (HF) was avoided by performing total metal 

concentration with a mixture of 3:1 concentrated HNO3 (65%) and HCl acids (40%). 

  

Although the main focus of the studies was environmentally related, the safety of the 

operator was taken into high consideration and aside of nitrile gloves, frequently 

discarded and replaced, safety goggles and lab coat, additional work clothing was 

worn in order to prevent acid fumes damage, in case of a failure from the fume hood.   

Hydroxylamine, used to target the oxides fractions in all of the three procedures, is 

considered to impose a hazard both to health and to the environment, it is corrosive, 

toxic and it is harmful to the respiratory tract. Thus, special precautions to prevent 

inhalation of small particles were taken.  The fraction that targeted organic complexes 

required heated acidic hydrogen peroxide in both Tessier’s and BCR. Such compound 

is very reactive and therefore added in small aliquots (50-100 µl) to control the 

reaction.  
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3. Experimental  

3.1. Sampling 
 
All the steps performed prior chemical analysis, including sampling and pre-
treatment, were previously carried out by MARE’s researchers belonging to Prof. 
Caçador’s group. 

3.1.1 Sampling area 

Ten samples of 10 cm cores of sediments were collected underneath a first layer 

covered with the seagrass Zostera noltii in River Mira estuary, in southwestern 

Portugal (37°43'45.3"N 8°45'19.1"W), see Figure 1. Sampling was performed on two 

separate occasions: in undisturbed sediment (hereafter labelled as 1-5, forming the 

batch T0), and 14 days after physically disturbing the same sediment plots, by 

simulating the digging activities held by shellfish collectors (samples 6-10, in the 

group T1). The sediments were stored in Polyethylene terephthalate (PET) vials right 

upon collection, kept cool and in the dark during the transportation to the laboratory 

facility, and frozen upon arrival.  

 

The corresponding Eh and pH were registered for each sampled plot (Hanna 

instruments, HI 9025, with HI 1230B electrode and HI 7669AW probe) and reported 

in Table 4- Section 3.3.  

 

 

     
 

 
Figure A, B, C, the sampling area. 

Figure 1 –  View of the sampling area.  A The Iberian peninsula, B the river Mira estuary, C 
The experimental setup site – Moinho da Asneira, Vila Nova de Milfontes.  

 
 
Subplots within the sampling area were selected randomly, on the condition for both 
untreated and treated (disturbed) samples there were two distinct subplots from 
where two samples were collected to observe possible variations in the analysis.  See 
Figure 2. 
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Figure 2: Schematic representation of the sampling area. Top row facing the salt marsh and 

bottom row closer to the river. In blue, the plots randomly selected for analysis of undisturbed 

sediments, in red the plots of the manually disturbed sediments. Below each plot, ID (1-10) of 

the specific sample. 

 

3.1.2 Storage 

The sediments were stored in PET vials right upon collection, kept cool during the 

transportation to the laboratory facility in which they were frozen until the 

experiment.  

 

 
3.1.3. Sample preparation and water content   

The samples were oven-dried over a period of 5 days, or until constant weight was 

obtained,at 50ºC. The preparation procedure of the samples included homogenization 

which was achieved by grinding the dry sediments with mortar and pestle and sieving 

the fine powder through a 1,0mm mesh to exclude roots and shells naturally occurring 

in the sediments from the analysis.    

The water content was calculated from Equation 1: 32 

 

 

                                            𝑊𝑐 % =
𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦

𝑊𝑤𝑒𝑡
  × 100                   (1)                 

 

 

 

In which: 

Wc = water content (%) of the sample 

Wwet = wet weight of the sample  

Wdry = dry weight of the sample 

 

3.1.4 Organic matter 

To determine the organic matter content, Loss on Ignition (LOI) method was used, by 

weighing approximately 5 g of dry sediment (as described in section 3.2.) in a crucible, 

and heating it at 550ºC for 4 hours.33 
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3.2 Chemical analysis 
 
Three methods were used to study metal speciation and how disturbance by manual 

suspension could have an effect on it:  Forster’s 34, Tessier’s 35 and the modified BCR 

scheme.36  

 

Forster’s scheme   

A seven-step protocol developed and optimized for aerobic soil with a CaCO3 content 

lower than 5%. It has separated steps for trace metals bound to Mn oxides, amorphous 

and crystalline Fe oxides. It includes washing and secondary extractions to overcome 

problem arising from readsorption processes. 

 

 

BCR 

The sequential extraction procedure proposed by the European Standard 

Measurements and Testing (SM&T) program, before known as the Community 

Bureau of Reference (BCR), altered by Rauret in 1999, to improve its reproducibility 

among different laboratories.  

 

 

Tessier 

The procedure is designed to divide the trace metals into five fractions 

(exchangeables, bound to carbonates, bound to Mn and Fe oxides, bound to organic 

matter, residuals). Similar to BCR in terms of reagents, though as in Forster it has an 

additional step which allows the observation of differences in availability between 

metals bound to exchangables and carbonates.  

 

 

All labware material used in the experimental section (including, glass ware, pipette 

tips, Falcon tubes and caps, Teflon containers) was decontaminated by being soaked 

in 15 % (v/v) HNO3 (nitric acid) or 10% (v/v) HCl (hydrochloric acid) for 24h, rinsed 

three times with deionized water and dried overnight in an oven at 50°C until 

completely dry before use. 

For each sequential extraction scheme, approximately 1 g of dry sediment was 

weighed and transferred to 50 ml polypropylene Falcon tubes.   

Shaking steps were performed at 150 rpm at room temperature, and centrifuging at 

2500 rpm for 15 minutes at 4°C, if not otherwise stated.  

The procedure described by Forster has an over the counter shaker at 180rpm. 

However, the shaker available in the laboratory facility reached a maximum of 150 

rpm, which was therefore selected as shaking conditions for each extraction.  

Although lower, the shaking speed assured that the solid particle stayed in suspension 

throughout the duration of the shaking time. To decant the solvent, the supernatant 

was filtered through Whatman filters, number 42 (90mm diameter, pore size <2,5 

m), collected in test tubes and diluted to 10ml with ultrapure water (18.2 MΩ Milli-Q 

grade). The total and residual metals were obtained after acid digestion of the samples 

in Teflon containers with (1:3, v/v), HCl and HNO3 over 3 h at 110ºC. In accordance 

with previous studies.12,37,8  

Total metal determinations were performed by flame atomic absorption spectroscopy 

(FAAS, Perkin-Elmer 4000).  
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3.2.1 Forster scheme  

 
 
Table 1: Schematic view of the extraction conditions for Forster procedure, showing fractions, 
extraction agents, shaking time and temperature. 
Fraction 
Forster 

Target Exacting agent Extraction Conditions 
Shaking 

time 
Temperature 

F1 Exchangeable  25 ml NH4NO3 (1M)  24 h 22°C 

F2 Carbonates 25 ml NH4OAc (1M , pH=6) 

12.5 NH4NO3 (1M) 

24 h 
10 min 

22°C 

F3 Mn oxides 25 ml 0.1M NH2OH-HCl  +1M 25 
ml NH4OAc 

30 min 22°C 

F4 Organic 
complexes 

25 ml  NH4-EDTA 
(0.025 M, pH 4.6) 
12.5 ml NH4OAc (pH 4.6) 
 

90 min 
 
10 min 

22 °C 

F5  Amorphous 
Fe oxides 

25 ml (NH4)2C2O4 (0.2, pH 3.25) 
12.5 ml (NH4)2C2O4 (0.2, pH 3.25) 
 

60 min 
 
10 min  

In the dark 22 
°C  

F6 Crystalline Fe 
oxides 

25 ml L-ascorbic acid (C6H8O6) 0.1 
M + (NH4)2C2O4  0.25 M  
12.5 ml (NH4)2C2O4   0.2 M  

3 h 
 
10 min  

96 °C water 
bath                     
 
In the dark 
22°C 

F7 Residual 8 ml  HCl:HNO3 (1:3) digestion 3 h  110°C 

 

1. Step 1 (Exchangeable) - 1g of sediments for each sample was weighed and 

transferred into a 50ml Falcon tube, followed by the addition of 25 ml of 1 M 

ammonium nitrate (NH4NO3). The stopped tubes were shaken at 150 rpm for 24 h at 

22◦C ± 5◦C. The samples were centrifuged at 2,500 rpm for 15 min and then decanted 

into a fresh polyethylene container.     

  

2. Step 2 (Carbonates) - 25 ml of 1M ammonium acetate (NH4OAc) was added to the 

preceding residue and the following steps of centrifuging and decanting were carried 

out as in Step 1; a further addition of 10 ml of 1M NH4NO3 occurred, after which the 

tubes were shaken for 10 minutes, centrifuged and decanted. The supernatant 

obtained was merged to the previous extract.  

 

3. Step 3 (Mn oxides) - The residue was redissolved in 25 ml of a solution containing 

1M of hydroxylamine hydrochloride (NH2OH-HCl) and 1M ammonium acetate 

(NH4OAc), shaken for 30 minutes, centrifuged and decanted. Two identical steps of 

redissolution in 12.5 ml 1M NH4OAc (with corresponding centrifugation and 

decantation) ended the third fraction.  
 

4. Step 4 (Organic complexes) - The fourth extraction was performed by adding 25 ml 

of 0.025 M NH4-EDTA pH 4.6 to the preceding residue and shaken for 90 minutes, 

followed by a centrifugation and decantation step.  The pellet was redissolved in 12.5 

ml of 1M NH4OAc acidified to pH 4.6, shaken for 10 minutes, centrifuged and 

decanted. 

 

5. Step 5 (Amorphous Fe oxides) 25 ml of 0.2 M ammonium oxalate (NH4)2C2O4 (0.2, 

pH 3.25) was added to the solid residues, shaken for 60 minutes in the dark, 

centrifuged and decanted. An additional 12.5 ml of the same solution was added to 
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redissolve the pellet, shaken in the dark for 10 minutes and the extract obtained after 

centrifugation and decantation were combined to the preceding supernatant.  

 

6. Step 6. (Crystalline Fe oxides) - 25 ml of 0.1 M ascorbic acid (C6H8O6) + 0.25 M 

ammonium oxalate pH 3.25 were added to the solid residues from Step 5 and 

transferred in a water bath for 3 hours at 96°C for 30 minutes. After being cooled, the 

samples were centrifuged and decanted and the same 12.5ml ammonium oxalate 

redissolution as in step 5 was carried out. 

 
7. Step 7. (Residual) –prepared as described above.  Analyzed by ICP-MS (section 3.2) 
 

3.2.2 Tessier scheme  

 
Table 2: Schematic overview of the extraction conditions for the Tessier’s procedure 

Fraction 
Tessier 

Target Exacting agent Extraction Conditions 

Shaking 
time 

Temperature 

T1 Exchangeable  8 ml NaOAc (1M , pH=8.2)  1 h 22°C 
T2 Carbonates 8 ml NaOAc (1M , pH=5) 5 h 22°C 

T3 Fe + Mn 
Oxides 

20 ml 0.04 M NH2OH-HCl in 
25% (v/v) HOAc. 

6 h 
Occasional 
agitation 

96 °C 

T4 Organic 
Complexes 

3 ml HNO3 (0.02 M)  + 5 ml 
H2O2 (30%, pH 2) 5 mL 
NH4OAc (3.2 M) in 20%(v/v) 
HNO3 ) + 7 ml water 

2, 3 h 
30 min 

85°C 
22 °C  

T5 Residual 8 ml  HCl:HNO3 (1:3) digestion 3 h  110°C 

 

1. Step 1 (Exchangeables) -  8 ml of 1M sodium acetate (NaOAc, pH 8.2) were added to 

the falcon tubes containing the sediments, under constant shaking for one hour. The 

samples were then centrifuged and decanted into fresh tubes.  

2. Step 2 (Carbonates) - A new 8ml aliquot of 1M sodium acetate, acidified to pH 5 

with acetic acid (HOAc), was added to the solid residues from Step 1. The extraction 

proceeded for five hours with continuous shaking, followed by centrifuging the  

sample, and decantation.  

 

3. Step 3 (Fe-Mn oxides) 2o ml 0.04 M NH2OH-HCl in 25% (v/v) HOAc was added to 

the residues, which were then kept in a water bath at 96± 3°C for six hours, with 

occasional agitation. The extraction was ended with centrifugation and decantation.  

 

4. Step 4 (Organic Matter) To obtain the fourth fraction, 3 ml of 0.02 M HNO3 and 5 

ml of acidified (pH 2) 30% H2O2, pipetted in 500 µl -1ml  aliquots, were added to the 

residues and transferred to a water bath at 85 ± 2°C  for 2 hours and manually shaken 

every 30 minutes. The samples were allowed to cool down, after which a new  3-ml 

aliquot of  30% H2O2 (pH 2) was added to the samples, heated again to 85 ± 2°C for 

three hours with occasional agitation.  The samples were allowed to cool down again, 

then 5 ml of 3.2M ammonium acetate (NH4OAc) in 20% (v/v) HNO3 was added to the 

samples, constantly shaken for 30 minutes and then centrifuged and decanted.  

5. Step 5 (Residual) – as described above (section 3.2.1) 
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3.2.3 Modified BCR scheme  

 
Table 3: Extraction conditions for the BCR procedure 
Fraction 

BCR 
Target Exacting agent Extraction Conditions 

Shaking 
time 

Temperature 

B1 Exchangeable 
+ Carbonates 

40ml HOAc (0.11 M) 16 h 22°C 

B2 Fe + Mn 
oxides 

40ml NH2OH-HCl (0.5 M, 
pH=1.5) 

16 h 22°C 

B3 Organic 
matter 

20ml H2O2 (30%, pH 2) 
50 mlNH4OAc  (1M, pH=2) 

1, 2, 16 h 22, 85, 22 °C 

B4 Residual 6 ml  HCl:HNO3 (1:3) digestion 3 h 110°C 

 
1. Step 1 (Exchangeables and carbonates).  1g of sediment of each sample was weighed 

and transferred into a 50ml Falcon tube, followed by the addition of 40 ml of 0.11 M 

HOAc. The stopped tubes were shaken at 150 rpm for 16 h at 22◦C ± 5◦C (overnight) to 

allow extraction. Afterwards, the tubes were centrifuged at 3,000 rpm for 20 min, and 

the supernatant liquid was decanted into a decontaminated polyethylene container. 

The solid residue was washed with 20 ml of ultrapure water, shaken for 15 min and 

centrifuged again, after which the supernatant was carefully discarded.  

 

2. Step 2 (Iron and manganese oxides) 40 ml of 0.5 M hydroxylamine hydrochloride 

(NH2OH-HCl) prepared immediately before the second extraction was added to the 

residue  from  step 1, then extracted, centrifuged, decanted, washed and shaken as 

described in Step 1. 

 

3. Step 3 (Organic matter and sulphides). To the solid residuals of Step 2, 10 ml of 8.8 

M hydrogen peroxide (H2O2) were added in 0.5-1.0 ml aliquots and allowed to react 

for 1h at room temperature, with occasional shaking. The tubes were transferred to a 

water bath and digestion occurred at 85◦C ± 2◦C, for 1 h, with occasional agitation. 

The volume was reduced to 3 ml. 10 ml of H2O2 were then added and the volume was 

reduced to 1 ml.  Afterwards, 50 ml of 1M ammonium acetate (CH3COONH4) acidified 

to pH 2 with HNO3 65% (v/v) was added and the extraction proceeded as in Steps 1 

and 2.  
 

4. Step 4 (Residual) – as described in section 3.2.1. 
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3.3 Physico-chemical properties of the samples 
 
 
Table 4: Physico-chemical properties of the samples upon collection. Undisturbed sample (1-5 
collected into To, treated sample (6-10) in T1 

 ID Organic 
matter 
content 

(%) 

Water 
content 

(%) 

Salinity Temperature 
(◦C) 

pH Eh 
(mV) 

T0 

1 11.08 55.2 36 18.6 7.41 199.7 

2 8.05 51.3 36 18.6 7.41 199.7 

3 10.44 53.4 38 18.7 7.2 208.9 

4 11.77 59.7 38 18.7 7.2 208.9 

5 8.51 50.5 30 18.6 7.3 207.1 

T1 

6 

7 

10.67 

9.89 

51.7 

50.7 

38 

38 

19.2 

19.2 

7.58 

7.58 

190.8 

190.8 

8 7.04 45.5 38 19.6 7.52 194.3 

9 8.17 47.8 38 19.6 7.52 194.3 

10 9.62 60.1 36 19.5 7.86 174.7 

 
Gaining knowledge about the physio-chemical properties of the sediment is 

fundamental in order to understand the mechanisms that can potentially affect metal 

distribution, especially in complex environments such as estuaries, the point of 

contact between marine and fluvial waters.  

 

The physio-chemical parameters reported in Table 4 present similar values in water 

content among the samples, with an average of 54.0% for T0 samples (1-5) and 51.2% 

for T1 (6-10), collected two weeks after manual suspension. The average organic 

matter and redox potential is about 10% higher for T0.  The values for T1 samples are 

higher in both temperature (approximately 1 ◦C) and pH. 

3.4 Equivalent Fractions 
 

In order to aid the comparison of the fractions of the different procedures, the 

extractions designed to target the same phase were divided into so-called ”equivalent 

fractions” as shown in Table 5,  so to gather the metals with similar interactions as 

found in a previous study.14 

 
 

Table 5: Arrangement of equivalent fractions according to the targeted components.  

Sequential 

Extraction 

Equivalent fractions 

 Exchangables 
and carbonate 

bound 

Reducible (Fe–
Mn oxide 
bound) 

Organic/sulphide 
bound 

Residual 

Forster F1+F2 F3+F5+F6 F4 F7 
 

Modified 
BCR 

B1 B2 B3 B4 

Tessier T1 + T2 T3 T4 T5 
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3.5 Analytical instrumentation  
 

Quantitative analysis was performed with Inductively Coupled Plasma mass 

spectrometry (ICP-MS), with exception of the fractions the targeted the extraction of 

Mn oxides bound metal (F3+B3+T3) due to the instrumental incompatibility with the 

reagent hydroxylamine-chloride.  The aforementioned fractions were analyzed by 

Flame Atomic Absorption Spectroscopy (FAAS). The introduction of additional 

variation, within each extraction, could help giving an insight of the differences in the 

two instrumental methodologies.    

3.6 Elemental recoveries  
 

Validation of the experiment was acquired by elemental recoveries, on account of the 

unavailability of a certified reference material (CRM). The percentage of the  

elemental recovery was obtained by taking the sum of the metal concentrations of all 

fractions for each procedure and dividing it by the concentration obtained by the 

single digestion with the mixture of strong acid (1:3, v/v) of  concentrated HCl (40% 

w/w)  and HNO3 (65% w/w) as seen in Equation 2.39 

 

 

Recovery % = [
∑ Sequential Extraction Procedure m

Single Digestion with Strong Acid
] × 100  (2) 

 
 
 
Where m is the concentration of the metal taken into consideration.  

 
 

3.7 Limit of Detection  
 

Throughout the whole experiment, three blanks were prepared to define the Limit of 

Detection (LoD) and to aid data evaluation and to detect sample contamination and 

losses. The limit of detection correspond to the lowest concentration at which the 

analyte (here Cd and Ni) can be detected.  

In this work, LoD serves as a mean to distinguish between the analyte concentration 
and analytical noise and it was determined from equations 3 and 4:  41,42,43 
 
 

𝐿𝑜𝐵 = 𝑢 + 𝐾 σb       (3) 

 

𝐿𝑜𝐷 = 𝐿𝑜𝐵 + 𝐾𝜎𝑠    (4) 

 

Where:  

u = mean of distribution of the blank 

σb = standard deviation of the blank 

σs = standard deviation of a low concentration sample 

K is a constant corresponding to 1.645 (for 95% confidence interval).  
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4. Results and Discussion  

4.1 Method validation 
 
A comparison of the three methods was made not only to obtain an overview of the 

reactivity and solubility of the metals present in the area of interest, but also to outline 

the differences and similarities in the behaviour of specific metals, Cd and Ni in each 

equivalent fraction to understand the applicability and limitations of different 

solutions and extraction times.  

 
After evaluating any significant difference by ANOVA within the replicates of the same 

subplots shown in Figure 2 (see also Appendix 7-8), the values for samples 1-5 and 6-

10 were merged as their average in T0 for undisturbed samples and T1 for the samples 

that have been manually mixed.  

 

4.1.1 Elemental recoveries  

The recoveries of Cd and Ni are collected in Table 6, where is it shown that generally, 

BCR has lower recovery values and minor errors. With respect to the metals, Ni has a 

higher recovery factor.  
 
Table 6:  The average percentage recoveries (%) obtained from  the sequential extraction 
procedures, with the distinction of  untreated (T0) and treated (T1)samples. 

Element Sample Forster  BCR Tessier  

Cd 
T0 5.9±0.01 4.4±0.05 39.3±0.1 
T1 2.7±0.01 2.1±0.01 21.6±0.2 

Ni 
T0 106.1±5.9 55.7±1.1 127.2±7.6 
T1 58.9±2.7 33.0±0.5 75.7±4.8 

 

4.1.2 Analysis of Variation 

 
ANOVA showed that the difference between the three extraction procedures was 

statistically significant (p < 0.05). The difference between disturbed and undisturbed 

sediment was not statistically significant ((p > 0.05), however, the outcome of the 

experiment is nevertheless considered of high relevance and analyzed more in depth.  

4.1.3  Limit of Detection  

  

The determination of the limit of detection was achieved as defined in Section 3.7,  

with a LoD in the range of 0.14-0.31 µg/l extractant for Cd and a higher 4.4-10.6 µg/l 

for Ni, with an order of magnitude higher LoD in the fractions analyzed by FAAS, as 

shown in Table 7. 

 
Table 7: The limit of detection expressed in µg/l for the three SEPs in respect to the 

instrument and the analyte of interest.  

Element Instrument Forster  BCR Tessier  

Cd 
ICP-MS 0.31 0.18 0.14 

FAAS 3.2 5.3 5.8 

Ni 
ICP-MS 4.3 14.8 10.6 

FAAS 32.3 20.6 47.8 
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4.2 Metal Speciation 
 

Metal speciation is presented according to the definition of operational speciation, 

which implies critical data evaluation on the basis of the type of the reaction used to 

obtain a specific fraction. The key to the reproducibility of a procedure is primarily 

clear, well defined and unambiguous instructions. Tessier’s protocol makes use of 

highly subjective indications that could be interpreted differently from an operator to 

another which could potentially greatly affect the experiment. Such sentences are for 

example ”occasional  manual shaking”.35 It is up to each individual to evaluate the 

frequency of the shaking and how vigorous it could be, which could vary from one 

occasion to another, introducing variability. Another difficulty was encountered in the 

second step, where it was required to maintain a continuous agitation and to evaluate 

the time necessary for complete extraction.  As no visual aid was possible to indicate 

the completion of the extraction, it was necessary to recur to previous studies in order 

to determine the duration of the extraction.  The possibility that the reaction had been 

terminated before its actual fulfillment should be taken into consideration when 

looking at the data interpretation.  In this experiment, such extraction time was set as 

5 hours on the basis of previous studies performed by MARE on analogous types of 

sample. 42  

The experimental data are presented in absolute concentration and aim to observe 

differences between methods and to assess whether the activity of shell collector in 

Alentejo could be identified as the direct cause in the distribution of metals in 

sediments.   

 

According to statistical analysis (See appendix 7-8) significant differences can be 

found when comparing each method’s sum of concentrations extracted in all fractions 

for each method. This is not entirely surprising, due to the high influence that the 

occurring type of reaction has on the extraction results.  

This aspect often has been the main source of criticism and discussion has been in fact 

suggested not to make use of the concept of fraction as referred to the part of 

sediments the metals are bound to, but rather to the type of extraction conditions 

necessary to leach the metals from the sediment.43 

Sections 4.2.1- 4.2.6 aim to evaluate each equivalent fraction as defined in Table 5, 

Section 3.4, and to provide possible explanations for the variations within the results.  

 

4.2.1 Metal partitioning  

 
After evaluating the presence of any significant difference in the replicates (samples 1-

1, 3-4, 6-7, 8-9) of the same subplots in the sampling area in the river Mira’s estuary, 

(Figure 2), the values for samples 1-5 and 6-10 were merged as their arithmetic mean 

respectively in T0 and T1 as firstly introduced in Table 4. More in detail observations 

are arranged in terms of absolute concentration (µg/g sediment) for the four 

equivalent fractions defined in Table 5.   

 

The three methods allow obtaining a qualitative overview of the mobility of Cd and Ni 

within the sediments’ components. In order to obtain a general idea of where the 

metals are expected to be bound to, a preliminary analysis relates the amount of metal 

extracted in each specific fraction to the sum of all metal concentrations extracted in 

each metal. (Figure 3) 
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The amount of analyte in few fractions was found to be below the limit of detection, 

which is particularly evident in the determination of Cd by Forster’s method 

(Appendix 7-8). Such limitations should not be disregarded and may nonetheless be 

sources of useful information of environmental perspective, suggesting that the 

samples analyzed are a carrier of low amount of this potentially toxic metal. 

 

BCR does not show significant statistical changes in the metal speciation between T0 

and T1 samples. Moreover, the three methods locate a large amount of nickel in the 

immobile phase. The same cannot be stated for cadmium, where in BCR and in 

Tessier’s, a more significant portion is represented by the most mobile fractions.   

 

 

 
 

 
Figure 3: Cd and Ni speciation in the three SEPs (Forster’s, BCR, Tessier’s) applied onto T0 
and T1 samples to observe the contribution of the metal extracted in each fraction to the 
corresponding method’s total metal concentration, considered as the sum of the metal 
concentrations from all fractions.  

 
 

4.2.2 Extraction power  

 

In Section 4.2, metal speciation was discussed, however, it is important to relate 

those values to the sum of the concentration (µg/g) of each fraction to have a clearer 

picture of the amount of metal present in the sediment.  

 
Despite the more abundant number of reactions that aim to cause metal release from 

the sediment different components, it would appear from Figure 4 that, compared to 

the total metal single digestion, SEPs were not particularly effective to allow the 

determination of total metal concentration in the case of Cd, considered as total sum 

of concentration from each fraction. Following, more in-depth analysis of the specific 

equivalent fractions defined in Table 5.  
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Figure 4: Sum of the concentrations (µg/g) of Cd and Ni for all the fractions extracted by the 
three procedures (Forster, BCR, Tessier) applied onto T0 and T1 samples and comparison to the 
total metal concentration determined by FAAS (rightmost columns) .  

 
 

Concerning Cd, the amount extracted from oxides in Tessier (Figure 4, 6) is 

significantly higher than any other extraction. Generally, the amount extracted of Cd 

is much lower than the one obtained by the single step digestion. The method 

proposed by Forster is designed for an oxygen-rich type of sample,34 however, the Eh 

values recorded in Table 4 set the sediments in the suboxic region which could 

potentially affect the quality of the extraction by creating different interactions such as 

precipitation of a new phase of readsoprtion processes. In Tessier’s method, the oxides 

represent a large portion of total Cd compared to Forster’s and BCR methods, where 

instead, the organic matter bound fraction (OM) have a higher impact. It is thought 

the conditions in the other two techniques were not strong enough to cause the release 

of the metal in the preceding fraction, causing them to accumulate in the later step. 

 

Nickel is thought to have high affinity to form complexes with iron oxides naturally 

occurring in the environment at pH 7.5 45, which is approximately the pH registered 

upon  the collection of the sample ( Table  4). A great contribution from the oxides 

fraction was thus expected. This was observed in Forster’s and partially in Tessier’s 

methods, but not in BCR, (Oxides, Figure 3 and 6) which had significantly lower 

values. According to previous studies conducted on unpolluted soils, the BCR 

procedure was found not reliable. 46 In Forster’s protocol description, Ni is expected to 

be predominantly related to the fractions F5, F6, F7. Indeed, Ni is found 

predominately in the fraction that targeted Fe oxides and in the residuals, as seen in  

Figure 4, 6 and 8. 

The total concentration of Cd extracted by the three procedures is in the range of 

0.09-0.13 µg/g (BCR) and (Forster) to a ten times higher 0.9 µg/g in Tessier. For Ni, 
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the amount extracted by Foster’s and Tessier’s is fairly similar, with a range of 20-27 

µg/g, whereas in BCR, the amount extracted is within the range of 10.5  µg/g. These 

results are in line to the ones obtained by MARE in a previous study in the Tagus 

estuary.4 The extracted Ni in particular is much lower from the CRM there used, 

suggesting that the sampling area is not dominated by this metal.  

Remarkably the values obtained by the single extraction of Cd reaches much higher 

levels (4.4 µg/g). Sample contamination connected to how the sample was handled 

prior chemical analysis, could be the cause, the use of tools with high metal content 

might have released a quantity of cadmium considerably higher than the one present 

in the estuarine sediment.  
 

4.2.3 Metal bound to Exchangables and Carbonates  

 

In each protocol, the first fractions are the ones that target trace metals bound to 

exchangables and carbonates and they present the weakest extraction conditions. 

Those fractions allow an overview of the amount metal that is more readily available 

due to changes in ionic composition and pH;46 in order to understand their behaviour, 

data corresponding to these fractions are presented in Figure 5. 

 

  
 
Figure 5: Comparison of the concentrations (µg/g) of Cd and Ni in the exchangeable  (Ex)and 
carbonate (Carb) fractions in Forster’s, BCR and Tessier’s methods to observe the distribution 
of metal in the most bioavailable fractions and differences between T0 and T1. 

 

Metals extracted in the exchangeable defined fractions are the ones most readily 

mobile and are thus the ones that constitute a major concern for the environment. 

The general trend observed in Figure 5 presents a decrease in metal concentration in 

disturbed sediment (T1) compared to T0 in both analytes and in all the three methods, 

except for BCR on Cd.Although ANOVA statistical analysis was unable to provide 

further evidence, these results could be highly significant as they provide meaningful 

information about how sediment perturbance may have an effect on the most 

available fractions.  
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Although widely used, BCR protocol does not include information about the specific 

amount of metals bound to exchangeables and to carbonates, considering only one 

single step to extract both (Section 3.2.3). This is a determinant aspect that should be 

taken into account when carrying out metal speciation studies, specifically if detailed 

information regarding the most bioavailable metals present in sediments is required. 

 

4.2.4 Metal bound to oxides 

 

 

Iron oxides and hydroxides and hydrated manganese are often considered a key 

component in studies on sediment due to their natural abundance in soil and 

sediments and for their scavenging properties for metal ions in solution.34,47  

Only one step is proposed by both Tessier (T3) and BCR (B2) to extract metals bound 

to oxides, whereas in Forster’s protocol three fractions are designed for the same 

target, which does not only distinguish between iron and manganese but also the 

conformation and the structure of the iron oxides and hydroxides, with reactions that 

aim for amorphous and crystalline oxides separately. 

 

The higher number of reaction steps resulted in greater amounts of extracted Ni, in 

those fractions especially compared to BCR which gives the lowest values as it can be 

seen in Figure 6. 

 
 

 
 

Figure 6 : View of the concentrations (µg/g ) of Cd and Ni in the fractions that target  oxides  
in  sediments by Forster’s (F3, F5,F6),  Tessier’s (T3) BCR (B2) methods, analyzed by FAAS to 
observe variation between T0 and T1. 
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set to 96°C in order to allow the release of the metal from crystalline iron oxides. The 

conditions in BCR are thought to be too mild to cause such release, which is then 

released in the subsequent extraction.  (Section 4.2.5)  

Moreover, it was possible to observe how the third fractions of Forster, which is meant 

to target Mn oxides, does not contribute to the amount of oxide bound Cd and Ni. In 

contrast to every other fraction, F3, B2, T3 are analyzed by FAAS due to ICP-MS 

instrumental incompatibility with hydroxylamine-chloride used for the extractions. 

Although widely used, FAAS is much a less sensitive method with a higher LoD which 

could contribute to a more difficult results interpretation (Appendix 1-6).  

For Ni specifically, the decrease of metal concentration in T1
  sample compared to T0 is 

visible, as previously seen in Figure 5, which provided an overview on Ni bound to 

exchangeables and carbonates. 

 

4.2.5  Metal bound to organic matter 

 

Another significant component of estuarine sediments is represented by the amount 

of organic matter present and the interaction between the organic matter and trace 

metal through complexation or bioaccumulation processes.5,6,23 Because of the poor 

outcome from BCR, for oxides bound metals as shown in section 4.2.1, a higher 

amount of Cd and Ni were expected to be found in the following fraction (B3) as an 

indicator of a previous incomplete reaction.  

The release of metals from organic matter is generally obtained after the use of 

chelating agents and removing the organic portion of the sediment by digestion with 

acidified 30% H2O2. Forster’s does not include such digestion step and instead makes 

use of EDTA as the extracting agent, which appears to be effective for Cd but far less 

for Ni.  (Figure 7).   

 
 

 
 

Figure 7 : Concentrations (µg/g ) and of Cd and Ni in the fraction related to metal bound to 
organic matter obtained by Forster’s, BCR and Tessier’s method for both T0 and T1.  
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Hydrogen peroxide is efficacious in extracting nickel, however, as in an analogous 

study, Tessier’s reaches lower values due to a far shorter reaction time compared to 

BCR in Cd. 14 

In previous studies performed with Tessier’s method, Cd was found to have higher 

affinity with organic complexes at low concentration. Interestingly. the metal was 

found to be independent on the total organic carbon (TOC) content suggesting 

additional influencing factor as trace metal competition and metal loading.48. As for 

Figures 5 and 6, the concentrations of Ni in T1 is lower than T0 for all three methods. 

Whereas for Cd, an opposite behaviour is seen in Tessier. 

4.2.6 Residuals 

 
The last defined fraction is represented by the least mobile metals that are extracted in 

very harsh condition. Information is collected in Figure 8.  

 

  

 
 
Figure 8 : Concentrations (µg/g ) and of Cd and Ni in the fraction related to metal bound to 
organic matter obtained by Forster’s, BCR and Tessier’s method for both T0 and T1.  
 

 

In Section 4.2.1 it was shown how they represent a significant form of contribution to 

Total Ni, but less so in Cd. The amount of extracted Cd in T1 is higher than To, but 

compared to the fractions that target metal bound to oxides Section 4.2.4 the amounts 

are negligible. On the other hand, the concentration of Ni bound to this phase is stable 

and no significant difference has been recorded.  

Considering the higher amount of reactions prior the final step, which targets the 

residual in Forster’s protocol, lower metal concentration was expected to be found in 

F7 fractions compared to BCR’s equivalent. Remarkably, the results are against the 

expectations.  

 

 

When taking into account the collective amount of information acquired after the 

analysis, it was possible to observe qualitative differences in metal concentration in 
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equivalent fractions between treated and untreated sediment, which could potentially 

correlate the activity of the shellfish collectors on the metal mobility in estuarine 

sediments. On the other hand, ANOVA statistical analysis was not able to provide 

additional evidence, which would support the determination of at which extent 

disturbing the sediments would have an effect on metal speciation. It is therefore 

considered advisable to study this phenomenon with the introduction of new 

parameters such as more intrusive disturbance, more frequent time recording in order 

to assess a susceptible variation.  

 

4.3 Evaluation of the methods 
 
The methods did not show any significant variation (p <0.05) within the sample 

obtained in the same subplot, (Figure 2) which emphasizes the methods’ 

applicability and overall consistency.  

Due to the complex nature of the estuarine environment, the determination of a 

successful method for metal evaluation has been found challenging.  

In the number of studies encounter while performing this research, countless of times, SEPs 

have been claimed as operationally defined and therefore strictly related to the 

strength and type of the solvent used, and to parameters such as extraction time and 

temperature. Hence, obtaining a prior estimate of the physio-chemical properties of 

the sediments being analyzed is of fundamental importance, in order to select the 

most suitable method.  A was three step procedure such as BCR, has been considered 

more appropriate for speciation experiments with the aim of quantifying the metal in 

the fraction with the highest mobility and bioavailability.49 However, into 

consideration the collection of information gathered in sections 4.2 and 4.1 for metal 

speciation and elemental recovery, with the aim of selecting the most fruitful method 

among the three available, the one that is elected for being the most suitable for 

similar studies is Forster’s protocol. 

 

As a matter of fact, the scheme was capable of offering the most complete set of 

information, providing that the chosen analytes’ concentrations are above the limit of 

detection. Forster’s is found to be more fitting to assess Ni mobility, in view of the fact 

that the metal is highly absorbed onto sediment oxides, which in this protocol  are 

designed to be discriminated in three fractions according to their structures. The 

increased amount of fractions and operational steps between extractions amplifies the 

risk to introduce errors and sample loss, however, the experimental setup and scheme 

were seen as straightforward and the operator would be able to obtain satisfactory 

results, provided a proper training. Such additional steps also include washing steps 

as a countermeasure for the redistribution of metals, an aspect which has often been 

criticized in SEP and seen as the downfall of this type of techniques.  

 

The BCR method was developed with the intention of aiding reproducibility between 

laboratories and it is usually carried out in combination with a relevant certified 

reference material (often CRM 601, CRM 701) used to assess accuracy.50,51 

At the time which the experimental session took place, CRMs were not available, and 

method validation relied on elemental recovery, which in the same BCR are far lower 

than the other procedures. It is therefore recognized that the method evaluation would 

very likely greatly benefit in future studies if a CRM is included in the analysis.  A 

suggestion for further study would be the CRM BCR-227R, a sample of estuarine 

sediments of the river Po, Italy, as used to conduct an analogous study. 4,52 
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Although useful information was obtained from this study, additional tests are 

thought to be necessary, to fully evaluate all the three methods, this it is especially 

visible in the case of Tessier’s protocol as seen in Figures 3 and 6 in respect to Cd 

bound to oxides, which has significantly higher values than in the other two methods. 

 

To further support the results obtained after a SEP, it is, in fact, often suggested to 

pair the analysis with a different analytical technique such as X-Ray scattering.  In 

previous studies, XRF and XRD have been successfully applied in high carbonate 

content samples.53 

 

A relevant factor to be also taken into account for the selection of the sequential 

extraction procedure to apply is fundamentally of practical nature. The time available 

for performing the experiment and the total time required by the procedure to be 

completed should be compatible and this aspect brings forward the importance of 

careful planning when handling extractions that require a longer time.  Undeniably, 

while performing this study, it was evident how SEPs could be considered time-

consuming, since, the sum of all extractions could take up to a week to be completed. 

To speed up the process, microwave-assisted procedures may potentially be an 

alternative approach, provided the understanding that the introduction of a 

microwave into the method can have an effect on the previously defined fraction in the 

original protocol.54,55  

In different studies, with analyte concentration > LOD, the standard deviation of SEPs 

have been registred in the range of 5-10%.56 Nevertheless, the main sources of 

variability in SEPs should be thoroughly investigated, not only in terms of extraction 

conditions: sample pre-treatment can indeed potentially affect metal distribution and 

different types of drying (freeze, air or oven drying) have been shown to have an effect 

on the determination of trace metals from fluvial sediments.57  No standard guidelines 

that assess this aspect are currently available, however, if the samples are pre-treated 

by following the same procedure, significant variation are not expected to occur.  

Another factor that could affect the analysis is the heterogeneity of the sample, in this 

project counteracted by careful homogenization. It has been suggested to carry out 

SEPs on a larger amount of samples (3 g) to increase the extracted metal 

concentration.   

 

When evaluating which type protocol is to be followed in a specific situation, on top of 

the metal of interest, the physio-chemical parameters of the sample and the reactions 

implied by the extracting procedure, the expenses of the chemical used and the 

potential danger or problem that may arise because of the harsh chemical conditions 

are two key points that should be not neglected. Unnecessary amount of solvents and 

potentially harmful situations should be carefully avoided. 

The use of method blank aided the determination of the LoD, which was crucial in the 

event of changing the instrumental analysis.  This brought in evidence how ICP-MS 

had generally a lower LOD than FAAS (Section 4.3.1),  However, the presence of two 

analytical instrumentations within the same experiment had no effect on the general 

behaviour of the metals in the overall experiment.  
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5. Conclusions 

In this project, sequential extraction procedures were applied to study the difference 

in bioavailability and metal distribution in an attempt to offer further knowledge in 

the on-going studies at MARE on the recolonization of the sea grass Zostera noltii in 

river Mira’s estuary.  Forster’s, BCR and Tessier’s methods have been studied to 

investigate metal mobility and the effect of physical disturbance of the sediments.   

It was demonstrated how SEPs can be successfully applied to observe temporal 

variations and monitor problematic of environmental concern in dynamic areas such 

as estuaries. Sequential extractions can easily divide more bioavailable metals from 

the immobile ones, assessing the magnitude of a potential risk and qualitatively 

express potential mobility. Among the three protocols applied, Forster’s was the one 

that was identified as the more exhaustive method.   

It was possible to observe differences in metal partitioning and concentration in 

disturbed sediments, particularly evident on Ni, which is seen as a possible 

contribution to the explanation of the recolonization of Zostera noltii in the Mira 

River. This information points in the direction of that the activity of shellfish 

collectors could have an impact on the mobility of Ni. 

On the other hand, the levels of Cd are thought to be too low for providing a complete 

picture with this type of procedure, however, it was concluded that the investigated 

area was fairly unpolluted 

Although SEPs have been introduced more than thirty years ago, and have been 

applied to many different sample types in an impressive variety experimental 

methodology, this research area would benefit from further development.  
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6. Outlook  

In agreement to previous criticisms, difficulties were encountered in data evaluation 

of all the sequential extraction procedure. Not being able to provide a universal 

answer highlighted the need of pursuing in method development of a procedure that 

could successfully characterize metals in sediment. On the other hand, the 

experiments provided excellent material for possible future investigations. Observing 

the recurring pattern of lower metal concentration in T1 samples points in the 

direction of investigating the path of the metal in the environment, if it becomes more 

plant-available and is taken up by the sea grass of it is rather released into the water. 

Previous studies have been dedicated to the effect of bioturbation of sediments, 

showing a significant release in the water column of in particulate Cd form rather than 

in dissolved form.56
 It may, therefore, be advisable to extend these techniques onto 

sediments disturbed in several different ways (manually/biologically/ mechanically) 

to further strengthen the simulative concepts SEPs are based on.  

It also opens doors to other studies which aim to observe temporal variation as well as 

the identification of sediment composition of other areas where the same 

phenomenon of recolonization of Zostera Noltii has occurred, possibly, extending the 

analysis with a wider range of heavy metals, including for example Pb, Zn, Mn, Cu. 

 

Due to the homogenization step of the samples in early sample preparation (section 

3.1.3), SEPs cannot provide a definite answer about the correlation of metal mobility 

and vertical soil profile. It is hereby proposed that a potential future study could focus 

on the characterization of different soil components depth-wise, analyzing different 

layers of the soil profile to investigate the influence that TOC has on metal mobility.  

 

It is clear that the contribution provided by this project does not supply a complete 

understanding of the regrowth processes of Zostera Noltii however, the main goal 

which was based on the observation of temporal variation by the application of SEPs 

on estuarine sediments, was successfully met. At the present time, MARE is pursuing 

addressing the question, focusing on different parameters such as tidal-dependent 

factors, salinity and nutrient levels, taking in high consideration the results here 

presented to record any significant correlation.  
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9. Appendix 

1. Cd  concentration (µg/g) extracted in each of the seven fractions obtained with 
Forster’s method for samples 1-10.  All the fractions were analysed by ICP-MS apart 
from F3 which was analyzed by FAAS. 

 Forster Cd(µg/g) 
 

Sample F1 F2 F3 F4 F5 F6 F7 

1 0.0066 0.011 <LOD <LOD 0.027 0.028 0.043 

2 0.0035 0.0087 <LOD 0.025 0.017 0.030 0.047 

3 0.0030 0.0088 <LOD 0.052 0.006 0.026 0.046 

4 0.0039 0.01 <LOD 0.023 0.003 0.033 0.049 

5 0.0051 0.009 <LOD 0.024 0.022 0.033 0.040 

6 0.0024 0.009 <LOD 0.023 0.003 0.024 0.047 

7 0.0029 0.011 <LOD 0.029 0.013 0.019 0.050 

8 0.0043 0.006 <LOD 0.025 0.013 0.023 0.045 

9 0.0036 0.006 <LOD 0.024 0.014 0.023 0.043 

10 0.0042 0.010 <LOD 0.024 0.016 0.027 0.038 

 
2. Ni  concentration (µg/g) extracted in each of the seven fractions obtained with 
Forster’s method  for samples 1-10.  All the fractions were analysed by ICP-MS apart 
from F3 which was analyzed by FAAS. 
 

 
Forster Ni (µg/g) 

 
Sample F1 F2 F3 F4 F5 F6 F7 

1 0.14 5.3 <LOD <LOD 2.5 11.3 8.5 

2 0.20 2.6 <LOD 0.72 1.3 9.4 8.6 

3 0.16 1.7 <LOD 0.96 0.3 10.3 8.7 

4 0.17 2.3 <LOD 0.68 0.1 8.8 6.5 

5 0.16 1.3 <LOD 0.68 1.1 9.0 6.3 

6 0.20 0.6 <LOD 0.73 0.1 10.8 8.4 

7 0.12 1.2 <LOD 0.64 1.1 7.3 7.1 

8 0.14 0.9 <LOD 0.75 1.1 10.8 7.6 

9 0.15 1.3 <LOD 0.48 1.4 8.2 6.9 

10 0.13 0.7 <LOD 0.43 1.1 8.7 6.8 
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3. Cd concentration (µg/g) extracted in each of the five fractions obtained with 
Tessier’s method  for samples 1-10.  All the fractions were analysed by ICP-MS apart 
from T3 which was analyzed by FAAS. 
 

 
Tessier Cd(µg/g) 

Sample T1 T2 T3 T4 T5 

1 0.0038 1.90E-05 0.78 0.020 0.011 

2 0.0032 1.50E-05 0.87 0.024 0.014 

3 0.0038 1.50E-05 0.89 0.019 0.011 

4 0.0030 1.20E-05 0.87 0.014 0.008 

5 0.0000 1.50E-05 0.63 0.020 0.025 

6 0.0017 1.50E-05 1.3 0.026 0.013 

7 0.0027 1.80E-05 0.74 0.017 0.084 

8 0.0027 1.00E-05 0.78 0.029 0.009 

9 0.0026 1.00E-05 0.84 0.030 0.029 

10 0.0038 1.80E-05 0.75 0.022 0.011 

4. Ni concentration (µg/g) extracted in each of the five fractions obtained with 
Tessier’s method  for samples 1-10.  All the fractions were analysed by ICP-MS apart 
from T3 which was analyzed by FAAS. 

 
Tessier Ni (µg/g) 

Sample T1 T2 T3 T4 T5 

1 0.46 0.0090 7.7 11.8 9.8 

2 0.58 0.0044 7.9 21.1 7.4 

3 1.18 0.0029 6.8 7.1 7.4 

4 0.57 0.0039 6.0 5.5 7.2 

5 0.004 0.0022 5.0 7.8 6.9 

6 0.35 0.0009 6.2 7.2 8.2 

7 0.47 0.0021 5.1 6.3 6.2 

8 0.43 0.0016 6.5 16.9 7.6 

9 0.40 0.0022 5.6 9.5 8.5 

10 0.37 0.0012 5.8 10.3 7.2 

 

5. Cd concentration (µg/g) extracted in each of the four fractions obtained with BCR   
for samples 1-10.  All the fractions were analysed by ICP-MS apart from B2which 
was analyzed by FAAS. 
 

 BCR Cd(µg/g) 

Sample B1 B2 B3 B4 

1 0.033 <LOD 0.054 0.015 

2 0.031 <LOD 0.050 0.013 

3 0.026 <LOD 0.056 0.009 

4 0.026 <LOD 0.048 0.013 

5 0.029 <LOD 0.044 0.011 

6 0.029 <LOD 0.049 0.010 

7 0.028 <LOD 0.049 0.011 

8 0.030 <LOD 0.042 0.010 

9 0.027 <LOD 0.045 0.012 

10 0.031 <LOD 0.051 0.011 
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6.  Ni concentration (µg/g) extracted in each of the four fractions obtained with BCR   
for samples 1-10.  All the fractions were analysed by ICP-MS apart from B2which 
was analyzed by FAAS. 
 
 

 
BCR Ni (µg/g) 

Sample B1 B2 B3 B4 

1 0.961 1.021 3.39 6.50 

2 0.761 1.065 3.59 6.64 

3 0.779 1.116 3.95 4.50 

4 0.778 1.171 3.26 6.84 

5 0.829 0.840 2.48 5.63 

6 0.753 1.052 2.82 5.19 

7 0.644 0.808 2.77 6.20 

8 0.828 0.891 2.82 5.91 

9 0.605 1.115 2.50 5.89 

10 0.749 1.032 3.14 6.25 

 
7.  Statistical variance analysis for Cd 

ANOVA    Cd 
     Source of Variation SS df MS F P-value F crit 

Sample 24.82268724 1 24.82269 1.502036 0.23225 4.259677 

Columns 1019.569372 2 509.7847 30.84737 2.33E-07 3.402826 

Interaction 5.024928806 2 2.512464 0.152031 0.859783 3.402826 

Within 396.6247597 24 16.52603 
   

       Total 1446.041748 29         

 
8. Statistical variance analysis for Ni 

ANOVA Ni 
     Source of Variation SS df MS F P-value F crit 

Sample 0.004506553 1 0.004507 0.404343 0.530872 4.259677 

Columns 4.269528237 2 2.134764 191.5384 1.76E-15 3.402826 

Interaction 0.018653927 2 0.009327 0.836847 0.445322 3.402826 

Within 0.267488633 24 0.011145 
   

       Total 4.56017735 29         
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