
 

ก����� Acid Volatile Sulfide-Simultaneous Extracted Metals ��� �!�"#$%&"$'(�)�*+ 

��,�&- !.�&�'/#0%1$%&23�.,42),� 5,ก$ 6- $7�.8905$ +   
 

 

 

 

 

 
 

 

 

 

  �%'�.:;<�&�= '-�-�*5 > 

 

 

 

 

 

 
 

 

 

 

 

.-90� -? @> /A��� '7. ) B#%1$%ก��=BกC�5�&)2*ก'D5���-EE�.-90�=�'5�&)�+*F<-5 
'�1�ก��:*6ก��'-#%G.62�$& (')'�1�.-��)  

+*F<-5.-90�2*0 

�Jก��=BกC� 2554 

2-1'-9@-N1$%:;O�2%ก�F>&)�.-90�2*0 
 

บทคดัยอ่และแฟ้มข้อมลูฉบบัเตม็ของวิทยานิพนธ์ตัง้แตปี่การศกึษา 2554 ท่ีให้บริการในคลงัปัญญาจฬุาฯ (CUIR) 

เป็นแฟ้มข้อมลูของนิสติเจ้าของวิทยานิพนธ์ท่ีสง่ผา่นทางบณัฑิตวิทยาลยั 

The abstract and full text of theses from the academic year 2011 in Chulalongkorn University Intellectual Repository(CUIR) 

are the thesis authors' files submitted through the Graduate School.



 

USING ACID VOLATILE SULFIDE�SIMULTANEOUS EXTRACTED METALS  

AS AN ASSESSMENT TOOL FOR METAL POLLUTION RISK  

IN THE UPPER GULF OF THAILAND  

 

 

 

 

 

 

 

 

 

 
Miss Juthamas Sirirat 

 

 

 

 

 

 

 

 

 

A Thesis Submitted in Partial Fulfillment of the Requirements 

for the Degree of Master of  Science Program in Environmental Management 

(Interdisciplinary Program) 

Graduate School 

Chulalongkorn University 

Academic Year  2011 

Copyright of Chulalongkorn University 

 



Thesis Title Using acid volatile sulfide–simultaneous extracted metals  
as an assessment tool for metal pollution risk  
in the upper Gulf of Thailand  

By Miss Juthamas  Sirirat 

Field of Study  Environmental Management 

Thesis Advisor Assistant Professor Sirichai  Dharmvanij, Ph.D.  

Thesis Co-advisor  Assistant Professor Penjai  Sompongchaiyakul, Ph.D. 

 

 

  Accepted by the Graduate School, Chulalongkorn University in Partial 
Fulfillment of the Requirements for the Master’s Degree 

 

 …………………………………………. Dean of the Graduate School 

 (Associate Professor Pornpote  Piumsomboon, Ph.D.) 

 

THESIS COMMITTEE 

 

 ……………………………………………….. Chairman 

 (Assistant Professor Chantra  Tongcumpou, Ph.D.) 

 
 ………………………………………….……. Advisor 

 (Assistant Professor Sirichai  Dharmvanij, Ph.D.) 

 

 ……………………………………………….. Co-Advisor (if any) 

 (Assistant Professor Penjai  Sompongchaiyakul, Ph.D.) 

  
 ……………………………………………….. Examiner 

 (Pichet Chaiwiwatworakul, Ph.D.) 

 

 ……………………………………………….. External Examiner 

 (Assistant Professor Waraporn Sirinawin, Ph.D.) 



iv 
 

 

������� �	
	
���: ก�
��� Acid Volatile Sulfide-Simultaneous Extracted Metals )*+
),
-./0�-/�1�2
�3*
4)�	,5��)�6.708/0�9:�54;924��4ก/<	/=�5>?7�/3 
(USING ACID VOLATILE SULFIDEKSIMULTANEOUS EXTRACTED METALS AS 
AN ASSESSMENT TOOL FOR METAL POLLUTION RISK IN THE UPPER GULF 
OF THAILAND) /. ?6.*
SกT�5	?7�	UV�29�ก: W�. <
. �	
	��7 V

�5�	�, /. ?6.*
SกT�
5	?7�	UV�
=5�: W�. <
. )UYZ�� ��U0T���7ก�9, 94 2��. 

 
��5/7=�0�4ก/��ก/=�5>?7�/3 30 �_�6 `94*�ก`�=a1�)���U
47� 16 �_�6 ��ก

ก�
�1�
5��)<-/�	02�,� U.�. 2553 `94 )<-/ �6�,� U.�. 2554 ���91�<�3 ?1�ก�
  
5	),
�42�*
	��f Acid Volatile Sulfide (AVS) <�57)?,	, purge and trap (colorimetric) `94 
Simultaneous Extracted Metals (SEM) �
5�5�<<�57)?,	,/4�/��	,`/3i/3��.  
W9ก�
�SกT�U35=� *
	��f AVS ��4ก//=�5>?7�/3 /7j=��=50 0.008-1.367 >�;,
;�9
�=/ก
��a1�2�ก`2�0 `94�6,=�)m96.7 0.188±0.303 >�;,
;�9�=/ก
��a1�2�ก`2�0  *
	��f AVS �
�4ก/*�ก`�=a1�)���U
47� /7j=��=50 0.011-3.339 >�;,
;�9�=/ก
��a1�2�ก`2�0 `94�6

,=�)m96.7 1.753±1.070 >�;,
;�9�=/ก
��a1�2�ก`2�0  *
	��fW9
5�;924 (∑SEM) ��4ก/
/=�5>?7�/3/7j=��=50 0.30K2.48 >�;,
;�9�=/ก
��a1�2�ก`2�0 `94��4ก/*�ก`�=a1�
)���U
47� /7j=��=50 1.4K3.17 >�;,
;�9�=/ก
��a1�2�ก`2�0  ��กก�
2�,=�,5��)*+U	T?6.
/���4)ก	<8Sa8/0;924 ;<7���)กf��,5�����U�V�8/0 SEM `94 AVS 3 `33 ,-/ (ก) ��<�=5
∑SEM / AVS  (8) ,5��`�ก�=�08/0 ∑SEM K  AVS `94 (,) ��<�=5  (∑SEM K  AVS)foc 
U35=� �63�0�_�6�*�ก`�=a1�)���U
47�`94/=�5>?7�/3 �6,5��)�6.70?6.�4)ก	<�9U	T8/0
;924 `947�0U3/6ก5=��/0�_�63
	)5f*�ก`�=a1�)���U
47�?6.�6,5��)�6.70 �6�:�54)*+ 
suboxic `94�6,=� AVS �.1�   )U-./�2�ก�
*
4)�	�9:�54;924�/=�5>?7�/3�2�_jก��/07	.08Sa 
�ก�
�SกT��=/>*,5
�SกT�<�575	V6�ก�<���91�<�38�a`94�SกT�*q���7?6.,53,��Ur�	ก

�8/0 
AVS ��4ก/ 
 
  

��8�5	��  ก�
��<ก�
�	.0`5<9�/� 9�7�-/�-./	�	� 
*sก�
�SกT�   2554    9�7�-/�-./ /.?6.*
SกT�5	?7�	UV�29�ก 
 9�7�-/�-./ /.?6.*
SกT�5	?7�	UV�
=5� 
                                                                                            



v 
 

 

# # 5187518720: MAJOR   ENVIRONMENTAL MANAGEMENT 
KEYWORDS: ESTUARINE SEDIMENT / TRACE METALS / ACID 
VOLATILE SULFIDE (AVS) / SIMULTANEOUS EXTRACTED METALS 
(SEM)   

JUTHAMAS SIRIRAT: USING ACID VOLATILE SULFIDE–
SIMULTANEOUS EXTRACTED METALS AS AN ASSESSMENT 
TOOL FOR METAL POLLUTION RISK IN THE UPPER GULF OF 
THAILAND. ADVISOR: ASST. PROF. SIRICHAI DHARMVANIJ, 
Ph.D., CO-ADVISOR ASST. PROF. PENJAI SOMPONGCHAIYAKUL, 
Ph.D., 94 pp.  

 
Surface sediment samples from 30 station in the upper Gulf of Thailand 
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Volatile Sulfide (AVS) by purge and trap (colorimetric) technique. Simultaneous 

Extracted Metals (SEM) was determined by atomic absorption spectrophotometer. 

The study revealed that the concentrations of AVS in the U-GOT were in the range 

of 0.008-1.367 µmol/g dry weight, average of 0.188±0.303 µmol/g dry weight. 

The concentrations of AVS in sediments at the Chao Phraya river mouth were in 

the range of 0.011-3.339 µmol/g dried weight, average 1.753±1.070 µmol/g dry 

weight). The summation of metals (∑SEM) in the U-GOT and Chao Phraya river 
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CHAPTER I 

Introduction 

 

1.1 Introduction 

Anthropogenic activities are important origin of metal contamination in near-shore 

environments. Most metals discharged into a river are found to end up in nearshore 

sediment via complex physical, chemical, and biological processes. Therefore, bottom 

sediments become an important sink as many metals are accumulated therein 

(Dassenakis et al., 1995).  

Near-shore sediments compose of a number of different components which may, or 

may not have different sources. Thus, near-shore sediments are very heterogeneous 

and represent the entire range of sediment presently being delivered to the ocean. It 

has been suggested that near-shore environments are important removal sites of 

several elements from seawater because the accumulation rates are very much higher 

and the physicochemical conditions are different from those found in open ocean.  

Metals are introduced into estuaries in two principle forms, namely those associated 

with solid and colloidal materials, and those dissolved in solution.  Trace metals 

associated with solid materials can be subdivided into those elements held in lattice 

position (within detrital minerals) and those held in surface and inter-sheet (i.e. non-

lattice) position (Förstner and Wittman, 1981; Salomons and Förstner, 1984) 

The metals held in the non-lattice position of sediment are not being held permanently 

and can be released by the change in physicochemical conditions of the surrounding 

environment. The non-lattice held metals may be partitioned into five sub-fractions of 

different bonding strength: dissolved, exchangeable, carbonate, iron-manganese oxide 

(Fe-Mn oxide), and organic (Förstner and Wittman, 1981; Salomons and Förstner, 

1984). Metals in exchangeable, carbonate-bound, and Fe-Mn oxide-bound speciation, 

which are contributed by anthropogenic pollution, are considered to be more mobile, 

dangerous and bioavailable, while organic matter/ sulfide-bound and residual metals 

are more stable and non-bioavailable (Förstner and Wittman, 1981; Salomons and 

Förstner, 1984; Lin et al., 2003). 
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Since metals are not necessarily fixed permanently in sediment, they may be recycled 

via biological and chemical agents between sediments and water column (Fig. 1-1). 

Released metals can be potentially dangerous to biota or might cause other damaging 

effect on people utilizing them.  

 

Figure 1-1  Transport and transformation of contaminations in sediments (after 
Eggleton and Thomas, 2004) 

 

Sediment quality can be assessed with various approaches or using some combination 

of these approaches to evaluate sediment quality. These approached include the 

assessment of: (1) benthic community health; (2) sediment toxicity; (3) bio-

accumulation of compounds from sediment; (4) toxicity identification evaluations; (5) 

sediment chemistry; or (6) integrated sediment quality assessments (McCauley et al., 

2000). However, one should understand that a single approach alone will hardly 

elucidate the complex and dynamic nature of interaction that exist between the 

physical, chemical and biological components, and the binding of metals in 

sediments. 

The sediment chemistry, total metal contents in sediment which are used for studies of 

spatial and temporal distribution, or identification of pollution sources either of which 

is not sufficient to get information on the potential availability of metals (whether 

toxic or essential) to biota under various environmental conditions, whereas 

extractable forms are determined for assessing their mobility (Quevauviller et al., 

1996). 
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Sequential extraction procedures are also useful in obtaining information on the 

phases that effect metal leachability the most, thereby distinguishing among easily 

remobilized elements (e.g. Cd and Zn), elements highly affected by reduction 

processes (e.g. Pb), elements released by oxidation of organic matters or sulfurs (e.g. 

Cu and Cr), and metals that basically remain in the residual fraction (e.g. Cr). 

However, they reflects ‘potential available’ metal fraction by excluding metal forms 

which unavailable for bioaccumulation but are not limited to, and also metal forms 

that affect bioaccumulation. It is well established that such approaches cannot 

specifically extracted only metals from the desired fraction without interfering with 

the other fractions (Luoma, 1989). 

Thus, making the usefulness of total metal contents data from single and sequential 

chemical extraction in predicting long-term adverse effect of metal from sediment 

doubtful (Rauret, 1998). Two decades ago, a series of bioassessment techniques were 

developed to identify the types of stress being exerted, their severity, and the 

bioavailability of the contaminants present in the ecosystems. Over the past 20 years, 

a variety of methods have been described for evaluating the geochemical controls on 

the bioavailability and the toxicity of sediment-associated contaminants to marine 

benthic invertebrates (Wang et al., 2002). However, only a limited number of 

methods are currently available for assessing bioaccumulation of contaminants from 

field-collected or laboratory spiked sediments. 

Unfortunately, the link between bioaccumulation and toxicity, acute and chronic, in 

aquatic organisms is unclear because the residue-effects concentrations.  They are the 

residue concentrations from chemical analyses of such contaminants in the sediments 

in sufficient concentrations to accumulate in aquatic organisms which cannot provide 

insight the substances causing the effect, are largely unknown. It is very difficult to 

use bioaccumulation test to determine causality, or to link the test with other measures 

of toxicity (McCauley et al., 2000). 

Many of the assessment tools tend to be precise or accurate, but not both. For 

example, chemical analyses are quite precise, but the analytical results are not good 

enough to estimate contaminant bioavailability. On the other hand, biological 

measurements and bioassays while they are accurate predictors or assessors of effects 

to biological communities, but they are not precise because of differences parameters 
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at each site (Dexter, 1995). Chapman et al. (1992) described that the various 

components of an integrated sediment assessment. These include sediment chemistry, 

sediment toxicity, tissue chemistry, pathology, and community structure. These five 

areas provide a sufficiently broad description of the general types of tools available 

for conducting sediment assessment.  

Over the last two decades a considerable amount of research effort has been put into 

investigating sediment toxic threshold levels (Abrahim et al., 2007). US-EPA has 

developed an Agency-wide Contaminated Sediment Strategy to address the problem 

of contaminated sediments. One key feature of this strategy is the development of 

Sediment Quality Guidelines (SQGs) (McCauley et al., 2000), which describe the 

level of contaminants in sediment associated with various categories of adverse 

effects and are often used to interpret sediment chemistry data (USEPA, 2000) 

 

1.2 Objective 

To assess risk of cadmium (Cd), copper (Cu), lead (Pb) and zinc (Zn) pollution in the 

upper Gulf of Thailand (U-GOT) and the Chao Phraya river mouth sediments using 

Acid Volatile Sulfide with Simultaneous Extracted Metals (AVS-SEM) technique. 

 

1.3 Hypothesis  

Acid volatile sulfide (AVS) together with simultaneous extracted metals (SEM) can 

be used in conducting risk assessment of metal pollution in estuarine sediments. 

 

1.4  Scope of the study 

Most of the metals associated with sediments are in the size range of <63µm (Queralt 

et al., 1999). Therefore, sediment samples were sieved through 63 µm-sieve. The 

sediments that passed through the 63 µm-sieve were used for metal analysis except 

AVS-SEM analysis which using whole wet sediment samples.  

Geochemical properties of sediment such as pH and redox potential (Eh), organic 

matter, carbonates, non-lattice held metal fraction and total metals were analyzed in 

order to establish the trend of metal partitioning occurred in the sediment samples. 

The relationship between metals and each geochemical property was used in 
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validating the AVS-SEM technique. However, it is not possible that every metals 

present in marine environment were tested in this study.  Only Cd, Cu, Pb and Zn 

were chosen to be studied. 

Sediment samples in this study were collected from 30 stations in the U-GOT and 16 

stations at the Chao Phraya river mouth.  

 

1.5 Study sites 

1.5.1 The upper Gulf of Thailand 

The upper Gulf of Thailand (U-GOT) is a semi-enclosed square bay situates between 

latitudes 12° 30' N and 13° 30' N and longitudes 100°E and 101°E. The total area is 

approximately 100×100 km2 with the average depth of about 20 m. Water exchange 

with the lower Gulf is limited. There are high inflows from five rivers, namely Chao 

Phraya, Thachin, Bangpakong, Maeklong and Phetchaburi, carrying high suspended 

solids, municipal wastes and industrial wastes.  

1.5.2 The Chao Phraya river 

The Chao Phraya river is the second longest watercourse in Southeast Asia after the 

Mekong river, and is by far the largest of the Thai rivers. It has the highest discharge 

into the U-GOT with the 55-year average of 482 m3/s (Burnett et al., 2007). It drains 

an area of about 21,725 km2, including Bangkok (the most heavily populated and 

industrialized city in Thailand). There are many activities along the river; 2.1% of 

forest, 92.7% of agriculture and urban areas and 5.2% of water resource (Tachikawa 

et al., 2004). There is an increasing amount of heavy industries, especially extending 

eastwards from Bangkok along the lower reaches of the Chao Phraya River. The Port 

of Bangkok, near the mouth of the Chao Phraya river, serves as the main point for 

agricultural export products as well as access for raw materials such as fertilizer, 

grain, steel and oil products (Burnett et al., 2007). 

The average annual precipitation is 1,487.3 mm. Flow rates average is greater than 

1000 m3/s. High flows (>3000 m3/s) occur from August to October. Low flows (about 

100 m3/s) from January to May (Hungspreugs et al., 1987). The dissolved oxygen 

concentration was reported at 1.63 mg/l (PCD, 2007) 
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1.6  Expected results 

The AVS-SEM technique can be applied to use as a tool for conducting risk 

assessment of metal pollutions in the U-GOT and the Chao Phraya river mouth 

sediments. 

 



 

CHAPTER II 

Theoretical background and literature review 

 

2.1 Estuarine sediment 

The estuarine sediments represent the final repository of most contaminants and 

elements carried to the oceans by rivers, but also play a key role in estuarine systems 

as potential sources and sinks for these substances. The fate of these substances in 

sediments is related to the nature and extent of biogeochemical transformations as 

well as their relative mobility or degradation under varying redox conditions (Mucci 

et al., 2000). 

The transportation of metal binding forms in sediments includes the following main 

processes: sorption and desorption, formation and dissolution of carbonate bound 

metals, formation and decomposition of soluble and insoluble metal organic complex 

compounds, formation and dissolution of hydroxides and oxyhydrates, sorption and 

coprecipitation of metal by Fe/Mn oxides, particularly in oxidic environments at 

neutral pH; precipitation of metal sulfides in strong reducing environments and 

dissolution as sulfates under oxic condition. Relative mobility and availability of 

metals in these processes are summarized by Salomons (1995) (Table 2-1).  

 

Table 2-1 Relative mobility and availability of trace metals in sediments (modified 
from Salomons, 1995)  

Metal species and 
association 

Mobility 

Exchangeable/ 
Dissolved cations 

High. Changes in major cationic composition such as in the 
estuarine may cause a release due to ion exchange 

Fe/Mn oxides associated 
metals 

Medium. Changes in redox conditions may cause a release but 
some metals precipitate if sulfide mineral present is insoluble 

Organic matter 
associated metals  

Medium/High. Decomposition/oxidation of organic matter 
occurs through time 

Sulfide minerals 
associated metals 

Strongly dependent on environmental conditions. Oxidation of 
sulfide minerals, under oxygen-rich conditions, leads to release 
of metals  

Metals fixed in 
crystalline phase 

Low. Only available after weathering or decomposition 
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In recent organic carbon-rich sediments, trapped porewater can commonly form a 

strongly reducing (anoxic) environment. Low redox potential in this environment can 

promote sulfate reduction and sulfide mineral deposition. Much of the non-silicate-

bound fraction of potentially toxic metals (such as As, Cd, Cu, Hg, Pb, and Zn) can be 

co-precipitated with pyrite, form of insoluble sulfides during diagenesis, and become 

unavailable to biota (Morse, 1994). As such the major changes that occur in redox 

conditions between oxic waters and anoxic sediments can have profound influences 

on the speciation and bioavailability of many trace metals (Petersen et al., 1997). The 

inducing an influx of oxygenated seawater can result in rapid reaction of this anoxic 

sediment and thereby release significant proportions of these metals. Pyritization and 

(or) de-pyritization of trace metals can be probably an important process in 

controlling bioavailability of many trace metals, especially in the marine environment  

Anoxic conditions in sediments often result in the microbially mediated production of 

major amounts of hydrogen sulfide (H2S) in marine and estuarine environments. 

Although most of the H2S is usually reoxidized, a significant fraction generally reacts 

to form metal sulfides with pyrite (FeS2) being the most abundant reaction product. 

However, there is also the potential of formation for other metal sulfide minerals, and 

subsequently for minor and trace metals to coprecipitate and adsorb on iron sulfides. 

In deeper layers of the sediments where anoxic conditions prevail, some metals are 

immobilized very efficiently by the formation of sulfide minerals. However, 

reoxidation may occur, if these anoxic sediments are exposed to an oxic environment 

the sulfidic minerals may be reoxidized resulting in the release of trace elements to 

the aqueous phase or the transformation at the solid phase to more bioavailable phase 

(Petersen et al., 1997). 

Therefore, it is important to understand the behavior of anoxic sediment. Although 

dissolved metal concentration in anoxic sediment are principally governed by 

equilibrium solubility of metals, the potential for oxidative release are significantly 

greater. This process might occur during resuspension induced by physical 

disturbution such as strong currents or by the introduction of oxic water at depth by 

burrowing organism or dredging. In estuarine sediments, it is likely that the oxidation 

of sulfide phases represents the major source of metals to oxic overlying waters 

(Simpson et al., 1998) 



9 
 

Sulfides are considered the predominant solid phases, in most anoxic sediments, 

controlling the concentrations of metals (such as Cu, Cd, Fe, Mn, Ni, Pb, and Zn ). 

The low solubility of metal sulfides results in low concentrations in porewater. During 

resuspension of a sediment into an oxic overlying water, these metal sulfides may be 

oxidized, giving oxidized sulfur species (i.e., SO4
2-, S0), and release the associated 

metal to the water column. The released metals may in turn be quickly scavenged by 

or coprecipitated with iron and manganese hydroxides or complexed by organic 

matter (OM) (Simpson et al., 1998). However during the oxidation of S2-, a small 

portion of metals is available on the OM’s surface and the OM structure becomes less. 

At the same time, the metals associated with OM can be released from sediment and 

increases their availability to biota. Oxidation of S2- (to SO4
2-) and OM taking place in 

the sediment disposed from dredging activities can also release metals bound to the 

oxidizable fraction (Stephens et al., 2001).  

 

Table 2.2  Dominant metals by adsorbed or complexed phase in oxic and anoxic 
sediments (modified from Brown and Neff, 1993) 

Metal Associations in oxic sediment Associations in Anoxic sediment 

Cadmium Fe/MnO, OM/s, -CO3 CdS 

Copper OM, Fe/MnO Cu2S, CuS, FeCuS 

Lead Fe/MnO PbS 

Zinc Fe/MnO, OM ZnOM/S 
CO3 = carbonates. 
Fe/MnO = iron and manganese oxyhydroxides 
OM = organic matter 
S = sulfide (dominant species given) 

 

 

2.2 Sediment quality guidelines 

Sediment quality guidelines (SQGs) are an important tool for the assessment of 

contamination in marine and estuarine sediments. Although such guidelines are not 

definitive indicators of toxicity, they can have a high predictive ability and are a vital 

tool in identifying areas with potentially adverse biological effects. In the present 

study, 15 sets of common SQGs have been compared, including values for 

Australia/New Zealand, Canada, Hong Kong, Norway, the Netherlands, the USA and 

regions within the USA (Puget Sound/Washington, New York and Florida). The 
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majority of these SQGs are based on the weight-of-evidence approach (Hübner et al., 

2009).  

In response, USEPA has developed an Agency-wide Contaminated Sediment Strategy 

to address the problem of contaminated sediments. One key feature of this strategy is 

the development of Sediment Quality Guidelines (SQGs) (McCauley et al., 2000). 

The basis for SQGs is sediment quality assessments that have laboratory, field and 

theoretical foundations. 

Sediment Quality Guidelines (SQGs) describe the level of contaminants in sediment 

associated with various categories of adverse effects and are often used in interpreting 

sediment chemistry data (USEPA, 2000). It would be used to assess the extent of 

sediment contamination, or to implement measures to limit or prevent additional 

contamination.  

2.2.1  Categories of sediment quality guidelines 

The SQGs can be classified into two main categories based on the approach used to 

derive their values: “Empirically-based” and “Theoretically-based” approaches 

(Burton, 2002). 

a) Empirically-based approaches 

“Empirically-based” approaches are based on a statistical analysis of large databases 

of matched sediment chemistry and toxicity data to identify chemical concentrations 

associated with various levels of biological effects. Although these approaches can be 

fairly good predictive methods, they do not show causal effects, but rather showing 

chemical concentrations that are used as an indicator of sediments that may or may 

not pose risks. Therefore, the approaches may be used in risk-assessing sediments of 

concern, but must not be used to identify substances of concern. Another disadvantage 

of these approaches is that they do not resolve the issues of bio-availability because 

these approaches are based on dry weight concentrations in sediment, and not the 

biologically available concentrations. While all of these approaches are still 

commonly used, they tend to be site-specific, and can lead to a wide range of effects 

data for similar concentrations of contaminants in different sediment types.  
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b)  Theoretically-based” approaches 

“Theoretically-based” approaches or theoretically-derived SQGs are based primarily 

on an understanding of the chemical partitioning of chemicals in the sediment and the 

toxicity of the dissolved fraction in the sediment porewater (Di Toro et al., 1990;  

Di Toro et al., 1991). By accounting for variations in bioavailability and mixture 

effects, theoretically SQGs have a greater ability relative to empirical SQGs to 

determine the specific contaminant. Theoretically-based guidelines have been 

developed using the equilibrium-partitioning (EqP) approach.  

The EqP is based on the premise that the bio-available fraction of contaminants in 

sediments cause biological effects and that bio-availability is a function of the 

partitioning of chemicals between sediments, porewater, and the benthic organisms.  

As such the EqP is usually understood to refer to (1) the partitioning of non-ionic 

organic chemicals between sedimentary organic carbon and porewater (Di Toro et al., 

1991); and (2) the partitioning of ionic metals between sulfides and porewater, as 

described by the acid volatile sulphides with simultaneously extracted metals 

(AVS/SEM) process (Di Toro et al., 1992).  

The SQGs using of EqP approach has many advantages including: (1) linked to a 

large water quality database, (2) its theory is well understood, (3) applied to both ionic 

and non-ionic compounds, (4) can be applied in a regulatory framework, (5) effects 

on organisms can be directly measured or estimated, (6) based on toxicological 

principles, and (7) causality is determined (Di Toro et al., 1991; Ankley et al., 1996). 

However, the limitations of using this approach are (1) EqP models have only been 

developed for some non-ionic compounds and five divalent metals, (2) false negatives 

and positives will occur, (3) analytical measurements are often difficult, (4) does not 

address additional binding phases, and (5) metal activity is not addressed (McCauley 

et al., 2000). 

One basis for establishing SQG uses equilibrium partitioning between the sediment 

and porewater phases in sediment. AVS is one of the major chemical components that 

controls the activities and availability of metals in the interstitial waters of sediments. 

Sulfide reacts with several divalent transition metal cations (Cd, Cu, Ni, Pb and Zn) to 

form highly insoluble compounds that are not bioavailable (Allen et al., 1991; Ankley 

et al., 1996; USEPA, 2004). It has been verified (Di Toro et al.,1990) that divalent 
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transition metals do not begin to cause toxicity in sediment until the reservoir of 

sulfide is used up (i.e. until the molar concentration of metals exceeds the molar 

concentration of sulfide), typically at relatively high dry-weight metal concentrations. 

This observation has led to a laboratory measurement technique for calculating the 

ratio between the SEM concentration and AVS concentration in field samples to 

determine potential toxicity (Prica et al., 2011). 

 

2.3  Acid volatile sulfide and simultaneously extracted metals  

Acid volatile sulfide (AVS) is operationally defined as sulfides that form hydrogen 

sulfide under the condition of mixing sediment with cold dilute HCl. This includes 

amorphous, moderately crystalline monosulfides, and other sulfides (Allen et al., 

1991). 

Sulfides are produced in estuarine sediments by the coupling of sulfate reduction and 

oxidation of organics. The diagenetic sulfide formation is a function of porosity, 

sediment density, mixing intensity, organic matter supply, SO4 in pore water diffusion 

coefficient, rate of SO4 reduction and SO4 concentration at the water-sediment 

interface (Garcia et al., 2007). 

Chemically, the key to the AVS theory is solubility. Iron is one of the most abundant 

metals in the earth, and the largest reservoir of sulfides in sediments is solid phase 

iron sulfide. Iron sulfide is more soluble than most other metal sulfides, including 

those in this study. Because of the worldwide abundance of iron and this unique 

solubility relationship, iron sulfide has the ability to sorb other metals and convert 

them to metal sulfides, rendering them nontoxic. This can occur in the pore water of 

sediment layers like those in Foundry Cove. At equilibrium, the sulfide ion 

successfully competes with other dissolved or particle-associated ligand for the metal 

ion to form insoluble metal sulfides. The following are the related chemical equations 

(Eqs. 2-1, 2-2 and 2-3): 

 
Origination of sulfur: 

 

SO4
2- + (CH20)           �            S2- + CO2 + H2O (2-1) 
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Conversion to iron sulfide: 
 

S2- + Fe2+            �          FeS(s)        �         FeS2+ (pyrite) (2-2) 

 

Conversion to metal sulfide: 

 

Me2+ + FeS(s)          �           MeS + Fe2+ (2-3) 

 

Simultaneously extracted metals (SEM) are operationally defined as metals, 

commonly Cd, Cu, Pb, Hg, Ni and Zn, that form less soluble sulfides than do Fe and 

Mn, and which are at least partially soluble under the conditions of this test (Allen  

et al., 1991).  

In the AVS model, it is assumed that the sulfide ligand in anoxic sediment competes 

effectively with any other ligands, both dissolved or solid-phase, for binding divalent 

metal ions. Metal ions known to react strongly with sulfide are Cd, Cu, Pb and Zn. 

The AVS is a major reactive pool of solid-phase ligand in the sediment under 

equilibrium between dissolved and solid phases (Wenning et al., 2005). Thus, 

partitioning of metals does occur and sulfides do affect the bioavailability of some 

metal contaminants (Dexter, 1995). McGrath et al. (2002) used AVS to predict the 

toxicity in sediment of divalent metals, including Cu, Cd, Ni, Pb and Zn.  

The potential mobility and toxicity of metal ions could be directly related to the ratio 

of SEM and AVS for the sediment (USEPA, 2004). A basic principle is that trace 

metal contaminants in sulfide-rich sediments are predominantly present as metal 

sulfide phases and that nonsulfidic binding phases (e.g., hydroxide/carbonate phases) 

are insignificant. It is assumed that the sulfide phases extracted by the AVS procedure 

are predominantly monosulfides phases (e.g., FeS, MnS, and ZnS) and that for every 

mole of sulfide measured as AVS there will be a corresponding mole of metal 

measured in the SEM fraction, and trace metals added to sediments in an ionic form 

will react to form discrete sulfide phases, MeS (Simpson et al., 2000).  

Different relationships between AVS and SEM used to establish mechanical models 

to assess metal toxicity has been widely applied, such as the ∑SEM and AVS ratio 

(∑SEM/AVS) (Ankley et al., 1996), the difference between ∑SEM and AVS (∑SEM 
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– AVS), or normalization of the difference between ∑SEM and AVS by organic 

carbon ((∑SEM – AVS)/foc) (Di Toro et al., 1990; Burton et al., 2005a; Yin et al., 

2008).  

It was proposed from the ∑SEM and AVS ratio approach to predict toxicity that there 

should no toxicity occurred if the ∑SEM/AVS ≤ 1, because all available free metals 

were bound into the AVS phase (e.g., ZnS). Using the ∑SEM – AVS difference 

approach as an alternative of the ∑SEM/AVS will give concerning the magnitude by 

which AVS binding has been exceeded. No effects are expected to occur when a 

molar ∑SEM – AVS difference ≤ 0 (Di Toro et al., 1990; Ankley et al., 1996; Burton 

et al., 2005a; Yin et al., 2008). 

The ∑SEM/AVS ≤ 1 or ∑SEM-AVS ≤ 0 can predict that no occurrence of toxicity 

with a high degree of certainty. On the other hand, the sediment may be considered 

potentially toxic when this ratio is > 1. In the absence of other binding phases, metal 

concentrations in porewater may be high. However, the toxicity may not be accurately 

predicted if ∑SEM/AVS > 1 or ∑SEMAVS > 0 due to the present of other binding 

ligands. Organic carbon (OC) is an key partitioning phase for metals in sediment and 

in water. When using  the OC fraction to normalize the excess ∑SEM (foc; i.e., 

∑SEM-AVS/foc), it has been found in comparisons with toxicity data that a boundary 

for chronic effects exists when ∑SEM-AVS/foc is in excess of 100 to 150 mmol/g of 

OC, allowing the prediction of toxicity (Yin et al., 2011). 

The AVS/SEM measurements are being increasingly used in sediment quality studies 

to predict the absence of toxicity of Cd, Cu, Ni, Pb, and Zn. The using of AVS/SEM 

as a tool in environmental assessment serves three purposes: (1) hypothesis testing, 

(2) prioritization, and (3) helping explain observed effects (or lack thereof) 

(Chapman, 1995). 

The concentrations of AVS in sediments can be determined by several methods. The 

methods to determine AVS include; (i) colorimetric, (ii) gravimetric, (iii) ion selective 

electrode, and (iv) photoionization detection (PID). Every method starts with using 

dilute HCl to convert the sulfide in the sample to H2S, then trapping the evolved H2S 

by purging the system with a purified inert gas. Only difference of these methods is 

the H2S trapping mechanism and measuring technique; 0.5 M NaOH for colorimetric; 

1 M AgNO3 for gravimetric; 0.2 M sulfide antioxidant buffer for ion-selective 



15 
 

electrode; and column immersed in liquid nitrogen for photoionization detection. The 

choice of analytical technique depends on a number of factors including time 

consuming, reproducibility, waste generation and cost. 

The four analytical methods for AVS/SEM analysis performed with similar precision 

for the same sample. According to the factors previously mentions, colorimetric 

method is relatively simple, less time consuming, and cost effective particularly for 

consumables. Although the colorimetric method produced a comparatively large 

volume of acid waste, it appears to be the best method for determining AVS in 

sediment and preferable when no specialized equipment available. 

 

2.4  Specific metals of interest 

2.4.1  Cadmium  

The redox potential of sediment-water systems exerts controlling regulation on the 

chemical association of particulate cadmium, whereas pH and salinity affect the 

stability of its various forms. In anoxic environments, nearly all particulate cadmium 

is complexed by insoluble organic matter or bound to sulfide minerals. Greenockite 

(CdS) has extremely low solubility under reducing conditions thereby decreasing 

cadmium bioavailability. Oxidation of reduced sediment or exposure to an acidic 

environment results in transformation of insoluble sulfide-bound cadmium into more 

mobile and potentially bioavailable hydroxide, carbonate, and exchangeable forms  

2.4.2  Copper 

In sediment containing high concentration of organic, copper is associated primary 

with the organic/sulfide fraction/ with extractable organic matter. Copper is most 

efficiently scavenged by carbonate minerals and Fe-Mn oxide minerals and coatings 

and is less mobile than cadmium, lead, and zinc. Sometimes, elemental substitution is 

more complex; for example, copper toxicity is related to low abundances of zinc, iron, 

molybdenum, and (or) sulfate. The dominant forms of copper in the solution in the 

solid phase of sediment include chalcocite (Cu2S), covelite (CuS), and possibly 

chalcopyrite (CuFeS2) (Shea and Helz, 1988). 
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2.4.3  Lead 

Most of the lead in sediment is associated with fine grain sediment particles 

(Krumgalz et al., 1992). Both organic and inorganic forms of lead pose serious health 

risks to all forms of life. Inorganic lead compounds (sulfide, carbonate, and sulfate 

minerals) are commonly abundant in sediment but have low solubilities in natural 

water. Soluble lead is little affected by redox potential. Lead is tightly bound under 

strongly reducing conditions by sulfide mineral precipitation and complexion with 

insoluble organic matter, and is very effectively immobilized by precipitated iron 

oxide minerals under well-oxidized conditions (Gambrell et al., 1991).  

2.4.4  Zinc 

In slightly basic, anoxic sediment environments, zinc is effectively immobilized and 

not bioavailable in residual fraction (Gambrell et al., 1991). The residual zinc is 

associated with the mineral including chromite, ilmenite, and magnetite (Loring, 

1982). Sphalerite (ZnS) and zincite (ZnO) are important carriers of residual zinc in 

some sediments. Substantial amounts of zinc are released to solution if this sediment 

is oxidized or exposed to an acidic environment which associated primarily with the 

reducible Fe-Mn oxide fraction (Rosental et al., 1986).  

 



  

CHAPTER III 

Methodology 

 

3.1  Study sites 

Sediment samples were collected from two study sites in the upper Gulf of Thailand 

(U-GOT) and the Chao Phraya river mouth. The U-GOT site was a collaboration 

project among (i) Department of Marine Science, Chulalongkorn University, (ii) 

Department of Marine and Coastal Resources (DMCR), Ministry of Natural 

Resources, and (iii) the First Institute of Oceanography (FIO) of the State Oceanic 

Administration (SOA) P.R. China. The Chao Phraya river mouth was a collaboration 

project between Department of Marine Science and DMCR.  

3.1.1 The Upper Gulf of Thailand 

Surface sediments were collected from 30 stations in the U-GOT during 23-25 August 

2010 using Petersen grab sampler (Fig. 3-1). The sampling stations were accessed by 

M/V Boonprakob (Fig. 3-2) of DMCR. The sampling locations are shown in Fig. 3-3 

and detailed location in Table A-1, Appendix A.    

 

 

Figure 3-1    Petersen grab sampler 
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Figure 3-2   M/V Boonprakob (Photo by Prof. Xuefa Shi, FIO) 

 

 

Figure 3-3   Location of sampling sites in the upper Gulf of Thailand 
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3.1.2  The Chao Phara river mouth 

Surface sediments were collected from 16 stations located at the Chao Phraya river 

mouth on 9 March 2011 using Birge Ekman grab sampler (Fig. 3-4). The sampling 

stations were accessed by a Thai style speed boat (so-called long-tailed boat) (Fig.  

3-5). The sampling locations are shown in Fig. 3-6 and detailed location in Table A-2, 

Appendix A.    

 

 

Figure 3-4   Birge Ekman grab sampler 

 

 

  

Figure 3-5   A Thai style speed boat (long-tail boat)  
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Figure 3-6   Locations of sampling sites at the Chao Phraya river mouth 

 

3.2  Sampling 

Once the surface sediments were collected, portions of sediments from the middle of 

the grab were transferred into 2 labeled cleaned plastic bags using a clean plastic 

spoon. The U-GOT samples were immediately kept refrigerate on board, while those 

of Chao Phraya river mouth sediments were kept in ice box, and were transported 

back to the laboratory at the end of the day to keep properly in the refrigerator until 

analysis.  

For the Chao Phraya river mouth site, redox potential (Eh) of sediment was 

immediately measured on board after sampling using "Orion" #9678BNWP, Platinum 

Combination Redox Electrode and a Thermo Orion 290A (Fig. 3-7). 



 

Figure 3-7   Measurement of redox potential (Eh) using Platinum Combination Redox 
Electrode (Thermo Orion 290A) 
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3.4 Acid volatile sulfide with simultaneous extracted metals analysis 

The AVS-SEM technique is the method that uses the same condition for releasing of 

both sulfide and metals from the sediment, and thus provides a practical means of 

assessing the amount of metals associated with sulfides. 

The AVS in the wet sediment sample was first converted to hydrogen sulfide (H2S) 

gas by acidification with hydrochloric acid (HCl) at room temperature. The H2S was 

then purged from the sample and trapped in aqueous solution of sodium hydroxide 

(NaOH).  

The amount of trapped H2S was determined by colorimetric method. After blue 

complexes were completely formed, the absorption was measured at the wavelength 

of 670 nm using 10 mm rectangular spectrophotometric cell. 

The metals liberated from the sediments during acidification are called SEM. These 

include Cd, Cu, Pb and Zn.  This study assumed that nickel, antimony, bismuth and 

chromium, and other metals (which are or are not divalent) that formed insoluble 

sulfide are not presented in significant concentrations, and mercury has other 

important factors that play a key role in determining the bioaccumulation in sediment 

(Prica et al., 2008). Sulfides of Fe and Mn are less stable than other trace metals, so 

these two metals did not take into account in the calculation. As mentioned in Chapter 

2, Fe and Mn are one of the most important binding phases for metals in oxidized 

sediment, therefore Fe and Mn concentrations were determined for this purpose.  

These metals were determined, after filtration through GF/C glass fiber filter, by 

atomic absorption spectrometer (AAS). The AVS-SEM technique is described in 

Allen et al. (1991) and summarized in Appendix B.  

 

3.5 Grain size composition analysis 

The freeze-dried sediment samples were pretreated to remove organic matter (OM) 

using technique slightly modified from Loring and Rantala (1979) by 

Sompongchaiyakul (1989). After removal of the OM using 10% hydrogen peroxide 

(H2O2), the samples were treated with 10% HCl to remove carbonate materials. The 

treated sediment samples were then oven dried before using. 
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Exactly weighed the pretreated sediment, record to 2 decimals, and wet-sieved 

through a 63-µm sieve. The retained portion on the sieve is called sand fraction. The 

fraction that passed through the 63-µm sieve was later analyzed for percentages of 

silt- and clay-sized particles using sedimentation technique as described in 

Sompongchaiyakul (1989) and detailed in Appendix C. Percentage of fine grain (< 63 

µm) particles in the sediments were used for metal data normalization. 

 

3.6  Carbonate content analysis 

Carbonate content in the freeze-dried sediment samples was ground in an agate 

mortar, pass through 63 µm nylon sieve, and determined by acid-base titration 

according to Sompongchaiyakul (1989). Carbonate materials in the sediment reacted 

with 0.5 N HCl. The unused HCl was back titrated with 0.25 N NaOH. The detailed 

methodology is described in Appendix D. Percentage of carbonate materials in the 

sediments were used for metal data normalization. 

 

3.7  Organic matter analysis 

The OM in the ground freeze-dried sediment was determined by modified Walkley-

Black method, so called chromic acid method (Loring and Rantala, 1992). The 

sediments were allowed to be oxidized by potassium dichromate (K2Cr2O7). The 

unused K2Cr2O7 was determined by back titration with ferrous ammonium sulfate 

(Fe(NH4)2(SO4)2) solution.  Full details are described in Appendix E. 

 

3.8  Extraction of non-lattice held metals 

Metals contained in non-lattice fraction were extracted by acetic acid (CH3COOH) 

according to Loring and Rantala (1992) (Appendix F). The CH3COOH method was 

chosen because it is one of the weakest chemical treatments that can be used to 

remove effectively the weakly bound part of the total metal concentrations sediments, 

so called non-lattice held (acid soluble) fraction. 
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The ground freeze-dried sediment was used in this analysis. The concentration of 

metals was analyzed by AAS. The metal remaining in the residual fraction is defined 

as the lattice-held (acid-insoluble) fraction of the sediment. Such fractionation allows 

some deductions as to the carriers, transport mode and potential bio-availability of 

metals entering and within these different systems. 

 

3.9 Digestion of total metals 

To liberated all metals, sediment was digested using hydrofluoric acid (HF) and aqua 

regia (HNO3:HCl, 1:3), a concentrated oxidizing acid, according to Loring and 

Rantala (1992) (Appendix G). The ground freeze-dried sediment was used in this 

analysis. The concentrations of total metals were analyzed by AAS.  

This method has a certain advantage since HF is the only acid that completely 

dissolved silicate lattices and releases all associated metals, such as aluminium (Al), 

iron (Fe) and lithium (Li), which are used for the normalization of the metal data.   

 

3.10 Quality control  

In order to validate the results, 10% of samples were performed in duplication for all 

analyses.  Standard deviation (Eq. 3-1) was used to estimate the precision of average 

value. Standard error of the mean was calculated using Eq. 3-2. The average values of 

the duplicate samples were report as average ± standard error. The uncertainty or 

precision of the analyses was calculated using the relative standard deviation 

expressed in percent (%RSD) (Eq. 3-3).  

 

SD = ��������	�������

��   (3-1) 

SE = 
�
√
 (3-2) 

%RSD = 
�
�  �  100   (3-3) 
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where ��  =  standard deviation of the measurement 

 ��  =  individual measurement, � � 1, 2, . . . , � 

 � =  average value 

 � =  number of measurement 

 ��  =  standard error of the average value 

 %���  =  relative standard deviation  

  

Usually, acceptable %RSD value of general parameter is < 10% for a good precision. 

For analysis dealing with many analytical steps and low concentration level which 

prone to error, satisfactory precision for all analyses in this study were required to be 

< 20%, or %RSD < 20% (Chen and Ma, 1998). 

 

 



CHAPTER IV 

Results and discussion 

 

4.1 The sedimentological setting 

Size composition of sediments of the upper Gulf of Thailand (U-GOT) and the Chao 

Phraya river mouth are shown in Tables H-1 and H-2, Appendix H. The size 

compositions in term of percentage by weight of sand, silt and clay were plotted in 

ternary (or triangular) diagrams proposed by Graham et al. (2000). The texture of 

sediment was categorized based on the Graham’s ternary diagram. 

4.1.1 Sediment texture of sediments in the upper Gulf of Thailand 

Figure 4-1 illustrates a ternary plot of sediment collected from the U-GOT. The 

sediment from the U-GOT could be classified into 8 types namely silt, silty sand, 

sandy clay, sandy silt, clayey sand, sand silt clay, clayey silt and silty clay. The 

amount of each type was found in increasing order of abundance respectively. The 

distribution pattern of fine grain (< 63 µm) sediment is shown in Fig. 4-2.  

According to Dharmvanij (1987) and others, the U-GOT sediments are very much 

likely to be under the direct influence of the four river namely Chao Phraya, Tha 

Chin, Mae Klong, and Bangpakong.  

4.1.2 Sediment texture of sediments at the Chao Phraya river mouth 

The ternary plot of sediment collected from the Chao Phraya river mouth is illustrated 

in Fig. 4-3. In general, sediments from the Chao Phraya river mouth are finer than 

those of the U-GOT. The distribution pattern of fine grain (< 63 µm) sediment is 

shown in Fig. 4-4. For the Chao Phraya river mouth, 5 types of sediments namely 

sand silt clay, silty sand, sandy silt, clayey silt and silt were classified.  
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Figure 4-1  Triangular diagram of the sediments in the upper Gulf of Thailand 
collected during 23-25 August 2010. 

 

 

 

Figure 4-2   Distribution of fine particles (< 63 µm) composition in the sediments of 
the upper Gulf of Thailand collected during 23-25 August 2011. 
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Figure 4-3   Triangular diagram of the sediments from the Chao Phraya river mouth 
collected on 9 March 2011. 
 

 

 

Figure 4-4   Distribution of fine particles (< 63 µm) composition in the sediments of 
the Chao Phraya river mouth collected on 9 March 2011. 
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4.2 Calcium carbonate content  

Percentage of calcium carbonate in the U-GOT and the Chao Phraya river mouth 

sediments are presented in Tables H-1 and Table H-2, Appendix H, respectively. 

Average values, range and median of calcium carbonate in sediments are summarized 

and compared between two sampling sites in Table 4-1. The distribution pattern of 

CaCO3 content in the U-GOT and the Chao Phraya river mouth sediment are shown in 

Fig. 4-5 and Fig. 4-6, respectively. It was found that sediments in the U-GOT 

contained about five times higher carbonate contents than those of the Chao Phraya 

river mouth. 

 

Table 4-1  Average, minimum, maximum and median of carbonate content in the 
sediments of the upper Gulf of Thailand and the Chao Phraya river mouth  

SITE N Average Min Max Median 

The U-GOT (August 2010) 30 11.3 ± 1.3 1.8 21.9 12.1 

Chao Phraya river mouth (March 2011) 16 2.1 ± 0.5 0.9 4.24 1.98 

 

 

Figure 4-5   Distribution of calcium carbonate (CaCO3) content in the sediments of 
upper Gulf of Thailand collected during 23-25 August 2010. 
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Figure 4-6   Distribution of calcium carbonate (CaCO3) content in the sediments of 
Chao Phraya river mouth collected on 9 March 2011. 

 

4.3  Readily oxidizable organic carbon content 

The values of oxidize organic carbon content analyzed by the chromic acid method 

are more reliable, and give a better estimation for organic matter (OM) in the 

sediments (Sompongchaiyakul, 1989). The results of percentage of organic carbon in 

the U-GOT and the Chao Phraya river mouth sediments were presented in Tables H-1 

and H-2, Appendix H. 

Average values, range and median of organic carbon expressed as OM in sediments of 

the U-GOT and the Chao Phraya river mouth are compared in Table 4-2.  The 

distribution patterns of OM in the U-GOT and the Chao Phraya river mouth sediments 

are shown in Figs. 4-7 and 4-8, respectively the OM in the sediment of both sites were 

in the same range with the average of 3.02 ± 0.49 and 3.09 ± 0.53 percent for the  

U-GOT and Chao Phraya river mouth. 



31 
 

The percentage of OM was found to be associated with fine grained sediment (< 63 

µm), silt and clay, as shown in Fig. 4-9 since the fine grained sediment has high 

surface area and contains higher clay minerals (aluminosilicate) composition 

(Sompongchaiyakul, 1989).  

 

Table 4-2   Average, minimum, maximum and median of organic matter in sediment 
of the upper Gulf of Thailand and the Chao Phraya river mouth. 

Site N Average Min Max Median 

The U-GOT (August 2010) 30 3.02 ± 0.49 1.62 4.76 3.00 

Chao Phraya river mouth (March 2011) 16 3.09 ± 0.53 1.37 4.65 3.17 

 

 

 

Figure 4-7   Distribution of organic matter in the sediments of upper Gulf of Thailand. 
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Figure 4-8   Distribution of organic matter in the Chao Phraya river mouth sediments. 

 

 

 

Figure 4-9  Correlation between organic matter and fine-grained fraction determined 
in 30 surface sediment samples of the upper Gulf of Thailand (U-GOT) and  
16 surface sediment samples of the Chao Phraya river mouth. 
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4.4  Acid volatile sulfide with simultaneous extracted metals  

The purpose of this experiment is to illustrate how AVS and SEM can be used to 

estimate the potential for toxicity of the sediment in the studied sites. In calculating 

the difference between the SEM and AVS concentrations of the samples, in order to 

estimate potential toxicity and to evaluate potential effects of metals on benthic 

species, the molar concentration of AVS was compared to the sum of SEM molar 

concentrations (∑SEM) for four metals: Cd, Cu, Pb and Zn. 

The molar ratio of ∑SEM/AVS < 1 indicated no toxicity (or bioavailability) of the 

toxic metal ions (i.e., Di Toro et al., 1992; Fang et al, 2005). On the other hand, 

∑SEM/AVS > 1 suggested the metal may potentially exist as free metal and could 

cause toxicity. 

The amount of AVS and SEM in the surface sediments of the U-GOT and the Chao 

Phraya river mouth are presented in Tables H-3 and H-4, Appendix H, and 

summarized in Table 4-3. The limit of detection of the method and instrument, 

obtained from three times of standard deviation of the blank, is 0.001 µmol/g. 

 

Table 4-3   Average, minimum, maximum and median of AVS (µmol/g dry weight) in 
sediments of the upper Gulf of Thailand and the Chao Phraya river mouth 

Site N Average Min Max Median 

The U-GOT (August 2010) 30 0.210 ± 0.318 0.008 1.367 0.070 

Chao Phraya river mouth (March 2011) 16 1.753 ± 1.070 0.011 3.339 2.071 

 

The AVS in the U-GOT (Table 4-4) was found in the range of 0.008-1.367 µmol/g 

dry weight, whereas in the Chao Phraya river mouth (Table 4-5) was 0.011-3.339 

µmol/g dry weight. The concentrations of Cd, Cu, Pb and Zn in SEM fraction of the 

sediments ranged from 0.022–0.170, 0.59–8.8, 0.097–3.46 and 18.4-155.9 µg/g dry 

weight respectively, for the U-GOT, and from 0.049-0.155, 6.4-19.0, 11.7-26.4 and 

80.6-187.1 µg/g dry weight, respectively, for the Chao Phraya river mouth. While Fe 

and Mn ranged from 1.1–19.4 and 0.48–2.36 mg/g dry weight, respectively, for the  

U-GOT, and from 9.4–70.8 and 0.7–18.8 mg/g dry weight, respectively, for the Chao 

Phraya river mouth. 
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The above resulted given the ∑SEM vary between 0.30 to 2.48 and 1.4 to 3.17 µmol/g 

dry weight in the U-GOT and the Chao Phraya river mouth sediments, respectively 

(Tables 4-4 and 4-5).  

 

Table 4-4   The AVS, ∑SEM, ∑SEM/AVS ratio, ∑SEM-AVS and (∑SEM-AVS)/foc 
of the sediment in the upper Gulf of Thailand 

Station 
AVS       

(µmol S2-/g) 
∑SEM 

(µmol/g) 
∑SEM/AVS ∑SEM-AVS (∑SEM-AVS)/foc 

2 0.789 1.89 2.4 1.1 44.0 

3 0.613 1.99 3.2 1.4 66.9 

4 0.182 1.17 6.4 1.0 37.7 

5 1.367 2.36 1.7 1.0 67.1 

6 0.021 1.79 87.0 1.8 94.4 

7 0.021 1.06 49.4 1.0 110.3 

8 0.008 0.53 64.5 0.5 41.0 

9 0.015 0.45 29.3 0.4 37.5 

10 0.021 0.46 21.5 0.4 31.7 

11 0.090 1.60 17.7 1.5 82.1 

12 0.038 2.48 65.3 2.4 102.8 

13 0.543 0.90 1.7 0.4 23.4 

14 0.072 0.56 7.8 0.5 28.5 

15 0.120 0.42 3.5 0.3 24.3 

16 0.040 0.59 14.7 0.6 43.5 

18 0.792 1.23 1.6 0.4 19.5 

19 0.255 1.03 4.1 0.8 39.9 

20 0.164 0.65 3.9 0.5 24.9 

21 0.501 0.67 1.3 0.2 8.8 

22 0.067 0.30 4.4 0.2 18.1 

23 0.044 0.55 12.5 0.5 38.0 

24 0.027 0.44 16.3 0.4 27.7 

26 0.160 1.26 7.9 1.1 48.8 

27 0.104 1.02 9.8 0.9 47.0 

28 0.026 0.50 19.5 0.5 29.6 

29 0.077 0.80 10.4 0.7 40.6 

30 0.039 1.61 41.5 1.6 56.7 

31 0.016 0.51 31.9 0.5 38.9 

32 0.013 0.35 27.7 0.3 32.0 

33 0.063 1.06 2.4 1.0 39.7 

All data was normalized by <63 µm% and % CaCO3 
∑SEM (µmol/g)  =  [CuSEM] + [ CdSEM] + [ PbSEM ] + [ ZnSEM] 
foc =fraction organic carbon (OC) concentration (according to Loring and Rantala (1992), OC = OM/1.72) 
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Table 4-5   The AVS, ∑SEM, ∑SEM/AVS ratio, ∑SEM-AVS and ∑SEM-AVS)/foc of 
the sediment in the Chao Phraya river mouth 

Station 
AVS       

(µmol S2-/g) 
∑SEM 

(µmol/g) 
∑SEM/AVS ∑SEM-AVS ∑SEM-AVS)/foc 

1 1.666 2.39 1.4 0.7 27.3 

2 3.339 2.76 0.8 -0.6 -21.6 

3 1.654 2.32 1.4 0.7 28.5 

4 0.323 2.38 7.4 2.1 102.5 

5 2.226 1.80 0.8 -0.4 -25.6 

6 2.806 2.45 0.9 -0.4 -15.5 

7 2.112 2.09 1.0 0.0 -0.9 

9 2.397 2.11 0.9 -0.3 -13.1 

10 0.012 2.51 202.5 2.5 193.4 

11 0.011 3.17 292.1 3.2 247.6 

12 3.123 2.04 0.7 -1.1 -136.2 

13 0.239 2.03 8.5 1.8 138.3 

14 1.162 1.75 1.5 0.6 42.9 

15 2.212 2.98 1.3 0.8 55.4 

16 2.743 2.40 0.9 -0.3 -24.8 

17 2.029 1.44 0.7 -0.6 -29.0 

All data was normalized by <63 µm% and % CaCO3 
∑SEM (µmol/g)  =  [CuSEM] + [ CdSEM] + [ PbSEM ] + [ ZnSEM] 
foc =fraction organic carbon (OC) concentration (according to Loring and Rantala (1992), OC = OM/1.72) 
 

 

In this study, a trend towards increasing AVS concentration with a decreasing of 

sediment’s Eh values of the Chao Phraya river mouth sediment was observed (Fig.  

4-10). Reduction of sulfate (SO4) to sulfides (S2-) occurs at Eh values less than -120 

mV (Bartlett, 1999). At Eh values above +120 mV, which indicate suboxic, 

moderately reducing conditions, the AVS concentrations were undetectable or 

negligible (Burton et al., 2005b) 

Low AVS concentrations in sediment of this study are possibly due to sulfide 

reoxidation of iron sulfide (FeS2) at sediment surface rather than remaining in the 

form of AVS. The sulfide reoxidation at surface layer is affected by bioturbation, tidal 

mixing and the negative of redox potential (Holmer et al., 1994; Charriau et al., 

2011).  
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Figure 4-10   Relationship between redox potential (Eh) and acid volatile sulfide 
(AVS) determined in 16 surface sediment samples of the Chao Phraya river mouth. 
The three redox zones are based on the redox classification presented by Sposito 
(1989). 

 

In most deposited sediment, the presence of Fe (III) can cause an underestimation of 

the AVS concentration. The Fe (III) minerals are fairly insoluble in high pH and high 

ionic strength like seawater and could be preserved in anoxic sediments along with 

sulfides. In strong acid medium during analysis, Fe(III) may dissolve and are perhaps 

allowing soluble Fe (III) to oxidize S2-. Therefore, Fe(III) could interference on AVS 

analysis of sediments, and  may be quite common in samples collected from tropical 

environment (Hsieh et al., 2002).  

Therefore, higher Eh profiles may not contribute to the stability of AVS compounds 

in the sediments, especially near the water-sediment interface, where partial 

reoxidation of sulfides occurs (Lesven et al., 2008). 

Since diagenetic production of sulfide is a function of porosity, sediment density, 

mixing intensity, OM loading, SO4 diffusion coefficient in pore water, rate constant of 

SO4 reduction and SO4 concentration at the water sediment interface (Garcia et al., 

2007), the spatial and temporal variability of the AVS concentrations found in this 

study were probably related to water depth, sediment composition, redox potential 

and dissolved oxygen in the overlying water (Garcia et al., 2011).  
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The distribution of AVS (Figs. 4-11 and 4-12) was found in similar pattern as of the 

pattern of OM (Figs. 4-7 and 4-8).  High AVS levels seem to associate with elevated 

OM inputs both in the U-GOT and the Chao Phraya river mouth (Fig. 4-13). This 

evidence agrees with previously found in other estuarine regions (Meyer and 

Gersberg, 1977; Fisher et al., 2004; Peng et al., 2004; Garcia et al. 2011), since the 

presence of OM in large quantity may contribute to the formation of anoxic condition.  

The low dissolved oxygen in estuarine water of the Chao Phraya river occurred due to 

high organics loading, average of 1.0 mg/l was found in A.D. 2009 (PCD, 2010). This 

could cause the depletion of AVS oxidation in surface sediment, and thus contribute 

higher values of AVS found in the sediments of the Chao Phraya river mouth in 

comparison to those of the U-GOT (Fig. 4-13).  

 

 

Figure 4-11   Distribution of acid volatiles sulfide (AVS) in the sediments of upper 
Gulf of Thailand collected during 23-25 August 2010. 
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Figure 4-12   Distribution of acid volatiles sulfide (AVS) in the sediments of the Chao 
Phraya river mouth sediments collected on 9 March 2011. 

 

 

Figure 4-13   Correlation between organic matter (OM) contents and acid volatile 
sulfide (AVS) determined in 30 surface sediment samples of the upper Gulf of 
Thailand (U-GOT) and 16 surface sediment samples of the Chao Phraya river mouth  
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It was reported that the OM plays a major role in the accumulation heavy metals 

through both ion exchange and chelation. Organic matter is also important in the 

bacterial formation of biogenic sulfides and provides the reducing capacity necessary 

for many redox reactions to proceed. 

In this study, all stations in the U-GOT and 8 stations at the Chao Phraya river mouth 

(Stations 1, 3, 4, 10, 11, 13, 14 and 15) having ∑SEM/AVS in sediment > 1 (Tables 

4-4 and 4-5) because the AVS at the surface sediment was less than ∑SEM in all 

stations.  

Although the AVS plays an important role in influencing bioavailability of trace 

metals by removing metals from biologically available chemical species into insoluble 

sulfides, the sedimentary sulfide system is considering a highly dynamic nature (Yin 

et al., 2008). The reactions between H2S and oxides, in addition to bioturbation and 

bioirrigation can cause an oxidation of reduced sulfides in anoxic sediments for over 

90% (Lin and Morse, 1991). Accordingly, oxidation processes within sediments can 

liberate metals that immobilized by the AVS in forms of sulfide minerals. Bottom 

trawling, dredging activities and storms are the processes that can induce sediment 

resuspension of which resulting in rapid oxidation in sediment and released metals 

associated to AVS (Fang et al., 2005). 

The incorporation of transition metals into the pyrite phase is influenced by the 

presence of other competing mineral phases. The adsorbing surfaces of these phases 

(e.g. clays, Fe/Mn oxyhydroxides) may increase significant amount of metals 

presented outside a sulfide phase even under conditions where metal sulfide 

precipitation is favorable (Oakley et al., 1980). 

For the group of divalent metals, the sum of the SEM (∑SEM) must be considered, 

with the assumption that the metal with the lowest solubility product constant (Ksp) 

values will be the first to incorporate with AVS. The Ksp of sulfide is in the order of 

HgS < CuS < PbS < CdS < ZnS < NiS < FeS. As such ZnS can dissolve more easily 

than Pb and Cd. If excess metal remains, then the most soluble metal, Zn, will appear 

as free ion species and make the toxicity become possible (Di Toro et al., 1992). 

According to Henson et al. (1996) (Table 4-6), when ∑SEM/AVS ≤ 1, there was an 

almost complete absence of toxicity in both spiked sediments and field sediments 

where metals were the only know source of contamination.  
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Table 4-6  Toxicity of sediments from saltwater lab spiked sediment test, field 
locations, and combined lab-spiked and field sediment tests as a function of the molar 
concentrations of SEM and AVS (SEM/AVS) 

Study Type/Parameter Value n 
Percent of sediments 

Nontoxica Toxicb 

Laboratory Spike : 
    

 
SEM/AVSc ≤ 1.0 101 98.0 2.0 

 
SEM/AVSc > 1.0 95 26.3 73.7 

Field : 
    

 
SEM/AVSc ≤ 1.0 57 98.2 1.8 

 
SEM/AVSc > 1.0 79 59.5 40.5 

Lab-Spike and Field : 
    

 
SEM/AVSc ≤ 1.0 158 98.1 1.9 

 
SEM/AVSc > 1.0 174 42.0 58.0 

Sources:   Hansen et al. (1996) 
a Nontoxic sediment  ≤ 24% mortality 
b Toxic > 24% mortality; sources  
c An SEM/AVS ratio of ≤ 1.0 indicates an excess of sulfide and probable nontoxic sediment. An SEM/AVS ratio of > 1.0 
indicates an excess of metal and potentially toxic sediments. 

 

However, many researchers found toxicity still not occur even the ∑SEM /AVS in the 

sediment was higher than 1 (Di Toro et al., 1992; Allen et al., 1993; Ankely et al., 

1996; Burton et al., 2005a) 

Di Toro et al. (1992) reported the case of Foundry Cove that the metals concentration 

ranged from 0.1 to 28 µmol SEM/g were not toxic in some sediments, whereas metals 

concentrations range of 0.2–1,000 µmol SEM/g in some sediments were toxic. The 

results of Di Toro et al. (1992) indicated that bioavailable fraction of metals in 

sediments could vary from sediment to sediment. In their studies, there was a clearly 

distinguish of mortality-concentration relationship. They observed no mortality 

exceed 50% when ∑SEM/AVS = 1, although, theoretically, mortality should begin to 

occur at this value. The mortality increased dramatically when ∑SEM/AVS > 1–3. 

And 80-100% of individuals from all test species died if ∑SEM/AVS in sediment was 

> 10.  

If ∑SEM/AVS > 10 is used for consideration in this study, 16 stations in the U-GOT 

(Stations 6-12, 16, 23, 24, 27-32) and 2 stations at the Chao Phraya river mouth 

(Stations 10 and 11) have the ∑SEM/AVS > 10 (Tables 4-4 and 4-5). The sediments 

of these 2 stations contained low concentrations of AVS (0.011 and 0.012 µmol/g dry 

weight). Coincidently, these 2 stations are located on the east-side of the river mouth, 
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near Bang Pu Industrial Estate, established since A.D. 1977, where industrial 

activities have been intense (Fig. 4-14). The AVS in these 2 stations were very low in 

comparison to other stations. It is suspected that the OM load in this area is low while 

metal loading remaining high, or the bottom sediment of which high organic matters 

has been dredged off to clear the area while building the new wharf and jetty during 

the renovation of QM. Bangpu Recreation Center of Royal Thai Army in A.D. 2000. 

Burton et al. (2005a) carried out a long period field toxicity experiment and 

concluded that sediments with a ∑SEM/AVS ≥ 8.32 would result in high toxicity to 

macroinvertebrate. The ratios of ∑SEM/AVS between 2.0 to 8.32 are occasionally 

toxic, while ∑SEM/AVS < 2.0 are not toxic.  

Using the ratios proposed by Burton et al. (2005a) for consideration in this study, 

there are 26 station of the U-GOT (all stations excluding Stations 5, 13, 18 and 21) 

and 4 stations at the Chao Phraya river mouth (Stations 4, 10, 11 and 13) having the 

∑SEM/AVS > 2. Although the ∑SEM/AVS ≥ 8.32, there are 16 stations of the U-

GOT (Stations 6-12, 16, 23, 24, 27-32) and 3 stations of the Chao Phraya river mouth 

(Stations 10, 11 and 13) fall into this category (Tables 4-4 and 4-5), which is similar 

to using ∑SEM/AVS > 10 presented in Di Toro et al. (1992).  

Another approach for interpretation of SEM and AVS results is the use of the  

∑SEM – AVS difference instead of using the SEM to AVS ratio (Burton et al., 

2005a). This approach regards the magnitude by which AVS binding has been 

exceeded. At a molar ∑SEM – AVS ≤ 0, no effects are expected to occur but it cannot 

whether toxicity will occur if ∑SEM – AVS > 0. Using this approach for 

consideration in this study, all stations in the U-GOT (Table 4-4) and 8 stations at the 

Chao Phraya river (Stations 1, 3, 4, 10, 11, 13, 14 and 15) (Table 4-5) having  

∑SEM – AVS > 0.  
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Figure 4-14 The sampling stations 10 and 11 of the Chao Phraya river mouth, 
where ∑SEM2/AVS > 10, locate near Banpu wharf and jetty of QM. Bangpu 
Recreation Center of Royal Thai Army. There is an industrials estate nearby on shore. 
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According to the USEPA (2004), when ∑SEM – AVS is between 0-5, the sampling 

site will likely cause toxicity to benthic biota. Additionally, if ∑SEM – AVS > 5, 

metals at sampling site cause adverse effects on aquatic life. No station in the U-GOT 

and the Chao Phraya river mouth having the ∑SEM – AVS > 5. 

Since organic carbon (OC) is an important partitioning phase for metals both in 

sediment and water, Burton et al. (2005a) used the fraction of OC (foc) to normalize 

the excess ∑SEM. It was found in comparisons with toxicity data that a boundary for 

chronic effects exists when ∑SEM – AVS/foc is in excess of 100-150 µmol/g of OC, 

allowing the prediction of toxicity (Burton et al., 2005a). Using this category for 

consideration in this study, there are only 2 stations in the U-GOT (Stations 7 and 12) 

and 4 stations at the Chao Phraya river mouth (Stations 4, 10, 11 and 13) having 

∑SEM – AVS/foc > 100 (Tables 4-4 and 4-5).  

From all approaches above, Stations 7 and 12 in the U-GOT and Stations 4, 10, 11 

and 13 were fall into all categories, this reveals that metals containing in the 

sediments of these areas may occasionally cause toxic to the benthic biota. However, 

Stations 10 and 11 may be an exceptable case as aforementioned. 

Fang et al. (2005) suggested that AVS may not be the major metal-binding phase in 

the surface sediments or the sediments of the river outlet area. They explained that 

after SEM being fully incorporated into the sulfide phase, the remaining SEM may be 

selectively bound with other components of sediments or remobilized into porewater. 

Table 4-7 shows correlation coefficients between SEM, AVS, organic matter (OM) 

and percentage of fine grain particles (< 63 µm) in sediments. 

In the U-GOT, OM, AVS and all SEM were correlated with fine particles at different 

significant levels. Fe and Mn show a high relationship to each other. As grain size 

decreases, trace element concentrations increase, reflecting changes in physical and 

chemical factors which affect trace elements (Horowitz and Elrick, 1987). Cd was 

associated with OM and fine particles. Cu associated with fine particles  > OM > 

AVS > Mn. Pb associated with Cu > AVS > Mn. While, Zn related to fine particles > 

Cu > Fe > Mn > OM > Pb. Only Cu and Pb show a high relation with AVS, while Zn 

show high relation with Fe and Mn. Cd, Cu and Zn are related with OM, but not Pb. 

In the Chao Phraya river mouth, only OM and Cd show positive correlated with fine 

grain particles. Fe and Mn have a very high correlation to each other. At the river 
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mouth, under normal oxic condition of seawater, along with high pH and high ionic 

strength, Fe and Mn are mainly presented in the forms of insoluble species. Dissolved 

Fe and Mn released into the overlying oxic water are immediately precipitated out of 

the water column, and inducing co-precipitation of other dissolved trace metals 

(Salomons and Förstner, 1984). They are inversely trend with the percentage of fine 

grain particles. 

 

Table 4-7 Correlation coefficient values between simultaneously extracted metals, 
organic matter, acid volatile sulfide and percentage of fine grain particles (< 63 µm) 
in sediments. 

a) The upper Gulf of Thailand  
  < 63 µm OM AVS FeSEM MnSEM CdSEM CuSEM PbSEM ZnSEM 

<63 µm 1 0.786**  0.414* 0.453* 0.414* 0.421* 0.706**  0.395* 0.779**  

OM   1 0.231 0.125 0.101 0.543**  0.666**  0.259 0.573**  

AVS 
  

1 0.231 0.125 0.101 0.543**  0.666**  0.259 

FeSEM      1 0.653**  0.180 0.241 0.160 0.662**  

MnSEM     
   1 0.276 0.474**  0.586**  0.650**  

CdSEM          1 0.398* 0.410* 0.442* 

CuSEM            1 0.726**  0.748**  

PbSEM              1 0.507**  

ZnsSEM     
           1 

* Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 

 
b) The Chao Phraya river mouth 

  < 63 µm OM AVS FeSEM MnSEM CdSEM CuSEM PbSEM ZnSEM 

<63 µm 1 0.762**  0.502* -0.730**  -0.745**  0.671**  0.220 -0.325 -0.272 

OM   1 0.291 -0.441 -0.572* 0.632**  0.246 -0.299 0.001 

AVS   
1 -0.189 -0.102 0.337 -0.439 -0.642**  -0.056 

FeSEM      1 0.929**  -0.332 -0.282 -0.074 0.580* 

MnSEM        1 -0.546* -0.418 -0.084 0.501* 

CdSEM          1 0.396 -0.195 0.133 

CuSEM            1 0.573* 0.020 

PbSEM              1 -0.043 

ZnsSEM                1 
* Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 
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The adsorbing capacity of heavy metals, are linked with the surface area and surface 

properties of the particles. In this way, the clay minerals and other components like 

quartz and feldspar grains are usually coated with hydrous Mn and Fe oxides, and by 

organic substances. These coatings additionally regulate metal concentration in 

solution (Salomons and Stigliani, 1995). Thus, SEM and AVS cannot be used alone to 

predict toxicity of sediments contaminated with toxic concentration of other 

contaminants. However, SEM and AVS have been used in sediment assessment to 

rule out metal as probable causative agents of toxicity (Wolfe et al., 1994).  

Also the use of SEM and AVS to predict bioavailability and toxicity of Cd, Cu, Pb, 

and Zn is applicable only to anaerobic sediments that contain AVS; binding factors 

other than AVS control bioavailability in aerobic sediment (Tessier et al., 1993). 

Although ∑SEM and AVS in different approaches are useful tools for assessment the 

quality of sediment and can predict the availability of various metals for difference 

organisms to a certain extent (Di Toro et al., 1992; Tessier et al., 1993; Wolfe et al., 

1994; USEPA, 2004; Burton et al., 2005a; Fang et al., 2005; Hübner et al., 2009), 

using of the AVS-SEM relationship alone as a primarily tool for assessing metal risk 

for surface sediment is limited. However, it is good to use as a screening tool. 

 

4.5  Non-lattice held fraction and total metals in sediments 

The metals in non-lattice held and total fraction of sediments are used as quality 

control in this study. The SEM concentration should not be more than total metal or 

should be nearly the concentration of non-lattice held metal. The concentrations of 

SEM, non-lattice and total metals in studied sediment are presented in Fig. 4-15. The 

concentration of total fraction is generally higher than the concentrations of SEM and 

non-lattice fraction. Not all metals in total metal fraction are the bioavailable 

concentration because a proportion of may not incorporate in the labile fraction. 

Weimin et al. (1992) found total metal concentration had no correlation coefficients 

of metal uptake by organism. The bioavailability, mobility or toxicity these properties 

basically depend on different chemical forms of binding between trace metals and 

solid phases of the sample (Ghaedi et al., 2007). As such the total metals content in 

polluted environmental samples is a poor indicator. For the non lattice fractionation 

allows some deductions as to the carriers, transport mode and potential bioavailability 
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of metals entering and with in different systems (Loring, 1981) The concentration of 

SEM and that of non lattice held fraction should, therefore, be concerned for 

bioavailability of metals.  

In Fig. 4-17, most metal values in the Chao Phraya river mouth sediment were higher 

than those of in the U-GOT sediment. The distribution of trace metal concentrations 

in sediment, descending towards the sea, is similar to that observed in other rivers and 

estuaries with point sources of pollution (FÖrstner et al., 1990). 

 

  

  

  

Figure 4-15   Comparison of average values of metal concentration in three fractions; 
simultaneous extracted metals (SEM), non-lattice held metals and total metals of 30 
surface sediment samples of the upper Gulf of Thailand (GOT) and 16 surface 
sediment samples of the Chao Phraya river mouth (CPY). 
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4.6  Quality control of analytical results 

Since the possibility of analytical replication for all samples is tough and tedious to 

perform under the restriction of time and funding, as well as collecting more samples 

from the same site would not represent the true replication, a quality control approach 

was devised. 

Approximately 10% of the number of total samples for each batch of sample was 

randomly sampled and undergone replicated analysis. Relative standard deviation of 

the replicated analyses was calculated. 

As has been stated in Chapter 3, the %RSD of the replicated analyses of 

environmental samples that varied between 2- 20% is acceptable as a result of 

denpendcy on the samples’ matrix, concentration range, combined instrument 

performance, and analytical techniques. 

The results of our quality control is shown in Table H-7 to H-12 in Appendix H and 

are all still in the acceptable range of the above criteria.  

 

 

 

 
 



CHAPTER V 

Conclusion 

 

Between the two study sites, the Chao Phraya river mouth sediments contain higher 

proportion of fine grain particles than those of the upper Gulf of Thailand (U-GOT). 

High concentration of organic matter (OM) was found near the river mouth, and was 

related to proportion of fine grain particles. Calcium carbonate content was low at the 

Chao Phraya river mouth and increasing seawards.  

The level of acid volatile sulfide (AVS), as well as its variation, was higher towards 

the river mouth. This trends was likely resulted from high OM loading and strong 

reducing conditions in the sediments ( as shown by their reduction potential).  

To estimate the potential toxicity of Cd, Cu, Pb and Zn in the estuarine sediments of 

Thailand, particularly the Chao Phraya river mouth, the U-GOT, the simultaneously 

extracted metals (SEM) and acid volatile sulfides (AVS) method was employed. 

Various approaches dealing with the sum of SEM in molar concentrations (∑SEM, 

µmol/g) and the molar concentration of AVS ([AVS], µmol/g) were considered. The 

results are summarized in Table 5-1. 

Table 5-1   Stations in the upper Gulf of Thailand and at the Chao Phraya river mouth 
that have higher values than criteria.  

Approach U-GOT1 Chao Phraya river2 Criteria taken from 

∑SEM/AVS > 1 all station 8 stations: 1, 3, 4, 10, 
11, 13, 14, 15 

Di Toro et al. (1992) 
Ankley et al. (1996) 

∑SEM/AVS > 10 16 stations: 6, 7, 8, 9, 10, 
11, 12, 16, 23, 24, 27, 28, 
29, 30, 31, 32 

2 stations: 10, 11 Di Toro et al. (1992) 

∑SEM/AVS > 2 26 stations: 2, 3, 4, 6, 7, 8, 
9, 10, 11, 12, 14, 15, 16, 
19, 20, 22, 23, 24, 26, 27, 
28, 29, 30, 31, 32, 33 

4 stations: 4, 10, 11, 13 Burton et al. (2005a) 

∑SEM/AVS > 8.32 16 stations: 6, 7, 8, 9, 10, 
11, 12, 16, 23, 24, 27, 28, 
29, 30, 31, 32 

3 stations: 10, 11, 13 

∑SEM – AVS > 0 all station 8 stations: 1, 3, 4, 10, 
11, 13, 14, 15 

∑SEM – AVS/foc > 100 2 stations: 7,  12 4 stations: 4, 10, 11, 13 

∑SEM – AVS > 5 none none USEPA (2004) 
1 No sample from stations 1, 17 and 25 in the upper Gulf of Thailand (U-GOT) 
2 No sample from stations 8 from the Chao Phraya river mouth 
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 Three types of criteria were being used in evaluation here; (i) ∑SEM/AVS ration, (ii) 

∑SEM – AVS difference, and (iii) ∑SEM – AVS/foc > 100. According to the criteria 

in several literatures (i.e Di Toro et al., 1990; Ankley et al., 1996), the concentration 

of metals in the sediment porewater will be generally below toxic levels because of 

the low solubility of the metal sulfides if ∑SEM/AVS ratios is < 1. On the other hand, 

the sediment may be considered potentially toxic when this ratio is > 1. Although, 

theoretically mortality should begin to occur at this value but a long period toxicity 

study carried out by many researchers revealed that not all sediments with 

∑SEM/AVS ratios > 1 can cause increasing in toxicity. Because there are many other 

metal-binding phases in sediments such as organic matter and Fe/Mn oxides (i.e. 

Ankley et al., 1996; Leonard et al., 1996; Chapman et al., 1999). Therefore, 

bioavailable fraction of metals in sediments can vary from sediment to sediment (Di 

Toro et al., 1992).  

The ∑SEM – AVS difference approach regards the magnitude by which AVS binding 

has been exceeded by the amount of metals extracted. At a molar ∑SEM – AVS ≤ 0, 

no effects are expected to occur but it cannot predict whether toxicity will occur if 

∑SEM – AVS > 0. According to the USEPA (2004), no toxicity will occur when 

∑SEM – AVS = 0-5, if ∑SEM – AVS > 5, metals at sampling site can cause toxic to 

aquatic life.  

Taking quatity of organic carbon (OC) into account by normalizing the excess ∑SEM 

with the fraction of OC (foc), the boundary for chronic effects exists when ∑SEM – 

AVS/foc is in excess of 100-150 µmol/g of OC, thus allowing the toxicity to be 

predicted (Burton et al., 2005a). 

According to USEPA (2004), none of the station in the study area falls in the category 

of toxic condition to the aquatic life. However, most criteria in Table 5-1 indicate that 

a few stations are likely to have a potential risk of metal pollution. This include 

Station 7 and 12 in the U-GOT and Stations 4, 10, 11, 13 at the Chao Phraya river 

mouth. 

However, Stations 10 and 11 may be an exceptional case. These 2 stations contained 

very low concentrations of AVS (0.011 and 0.012 µmol/g dry weight) and were 

suboxic sediment (the redox potential (Eh); 112.0 and -9.2 mV respectively). 

Coincidently, they are located near Bang Pu Industrial Estate, where industrial 
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activities have been intense. It is suspected that the OM load in this area is low while 

metal loading remaining high, or the bottom sediment of which high organic matters 

has been dredged off to clear the area while building the new wharf and jetty during 

the renovation of QM. Bangpu Recreation Center of Royal Thai Army in A.D. 2000. 

In the USA, sediment quality criteria already account for the AVS. There are many 

researches on spiked and field-contaminated sediments demonstrated that the ∑SEM 

and AVS method is successful at predicting potential metal availability (Poot et al., 

2009). The AVS, therefore, should be used primarily of a risk assessment as a 

screening and prioritization tool to focus expertise and resources (Chapman, 1995; 

US-EPA, 2005).  

However, to use the AVS-SEM as the tool to predict metal availability and assess 

metal risk in the area that highly dynamic such as in estuarine region, it is necessary 

to evaluate factors controlling AVS behavior. Such factors include OM levels, redox 

potential (Eh), and probably other metal-binding phases. 

Meanwhile, it would be suggested that sequential extraction procedure could be used 

as an additional tool with the AVS method for assessing the potential bioavailability 

and toxicity of metals in sediment of Thai’s river mouth and the Gulf of Thailand.  

However, Sediment Quality Guidelines (SQGs) should not use any of these 

approaches alone when making decisions or taking management actions to migrate or 

remediate toxic effects from sediment heavy metals.  

 



REFERENCES 

Abrahim, G.M.S., Parker, R.J. and Nichol, S.L. 2007. Distribution and assessment of 

sediment toxicity in Tamaki Estuary, Auckland, New Zealand. Environ. Geol. 

52: 1315-1323. 

Allen, H.E., Fu, G., Boothman, W., Di Toro, D.M. and Mahony, J.D. 1991. 

Determination of acid volatile sulfide and selected simultaneously extractable 

metals in sediment. In Draft Analytical Method for Determination of Acid 

Volatile Sulfide in Sediment. EPA-821-R-91-100, United States 

Environmental Protection Agency, Washington D.C. 

Allen, H.E., Fu, G. and Deng, B. 1993. Analysis of acid volatile sulfide (AVS) and 

simultaneously extracted metals (SEM) for the estimation of potential toxicity 

in aquatic sediment. Environ. Toxicol. Chem. 12: 1441-1453. 

Ankley, G.T., Di Toro, D.M., Hansen, D.J. and Berry, W.J. 1996. Technical basis and 

proposal for deriving sediment quality criteria for metals. Environ. Toxicol. 

Chem. 15: 2056-2066. 

Balistrieri, L.S.; Brewer, P.G.; Murray, J.W. 1981. Scavenging residence times of 

trace metals. Deep-Sea Res. 28A: 101-121. 

Bartlett, R.J. 1999. Characterising soil redox potential. In: Sparks, D.L. (Ed.), Soil 

Physical Chemistry, 2nd ed. CRC Press, Boca Raton, FL, pp. 371-397. 

Brown, B. and Neff, J. 1993 Bioavailability of Sediment-bound Contaminants to 

Marine Organisms. Report PNL-8761 UC-0000. Prepared by Battelle Marine 

Sciences Laboratory for the National Ocean Pollution Program Office, 

NOAA. 

Burnett, W.C., Wattayakorn, G., Taniguchi, M., Dulaiova, H., Sojisuporn, P., 

Rungsupa, S. and Ishitobi, T. 2007. Groundwater-derived nutrients inputs to 

the Upper Gulf of Thailand. Continental Shelf Research 27: 176-190. 

Burton, Jr. G.A. 2002. Sediment quality criteria in use around the world. Limnology 3: 

65-75.  

Burton, G.A., Nguyen, J.L., Janssen, C., Baudo, R., McWilliam, R. and Bossuyt, B. 

2005a. Field validation of sediment zinc toxicity. Environ. Monit. Assess. 179: 

431-422. 



52 
 

Burton, E.D., Phillips, I.R. and Hawker, D.W. 2005b. Reactive sulfide relationships 

with trace metal extractability in sediments from southern Moreton Bay, 

Austraria. Mar. Poll. Bull. 50: 583-608. 

Chapman, P. 1995. Generic Screening versus Site-Specific Reality: What Works, 

What Doesn’t, and Why? In The Utility of AVS/EqP in Hazardous Waste Site 

Evaluation, NOAA Technical Memorandum NOS ORCA 87 (MacDonald, 

D.A. and Salazar, S.M., eds.), p. 18-20. 

Chapman, P.M., Allard, P.J. and Vigers, G.A. 1999. Development of sediment quality 

values for Hong Kong Special Administrative Region: a possible model for 

other jurisdictions. Mar. Poll. Bull. 38(3): 161-169.  

Chapman, P.M., Power, E.A. and Burton, Jr. G.A., 1992. Integrated assessments in 

aquatic ecosystems. In: Burton Jr, G.A. (Ed.), Sediment Toxicity Assessment. 

Lewis Publishers, Ann Arbor, MI. 

Charriou, A., Lesven, L., Gao, Y., Leemakers, M., Baeyens, W., Ouddane, B. and  

Billon, G. 2011 Trace metals behavior in riverine sediments: role of organic 

matter and sulfides. Applied Geochemistry. 26: 80-90. 

Chen, M. and Ma, L.Q. 1998. Comparison of four USEPA digestion methods for trace 

metal analysis using certified and Florida soils. J. Environ. Quality 27(6): 

1294-1300. 

Dassenakis, M., Degaita, A. and Scoullos, M. 1995. Trace metals in sediments of a 

Mediterranean estuary affected by human activities (Acheloos river estuary, 

Greece). Sci. Total Environ. 168: 19-31.  

Dexter, R. 1995. Assessing the assessment tools. In The Utility of AVS/EqP in 

Hazardous Waste Site Evaluation, NOAA Technical Memorandum NOS 

ORCA 87 (MacDonald, D.A. and Salazar, S.M., eds.), p. 7-9. 

Dharmvanij, S. 1987. Sediment distribution in the Gulf of Thailand. Bangkok: 

Chulalongkorn University. 79 p.  

Di Toro, D.M., Mahony, J.D. and Hansen, D.J. 1992. Acid volatile sulfide predicts the 

acute toxicity of cadmium and nickel in sediments. Environ. Sci. Technol. 26: 

96–101. 

Di Toro, D.M., Mahony, J.D., Hansen, D.J., Scott, K.J., Hicks, M.B. and Mayer, S.M. 

1990. Toxicity of cadmium in sediments: the role of acid volatile sulfide. 

Environ. Toxicol. Chem. 9: 1487–1502. 



53 
 

Di Toro D.M., Zarba, C.S., Hansen, D.J., Berry, W.J., Swartz, R.C., Cowen, C.E., 

Pavlou, S.P., Allen, H.E., Thomas, N.A. and Paquin, P.R. 1991. Technical 

basis for establishing sediment quality criteria for nonionic organic chemicals 

by using equilibrium partitioning. Environ. Toxicol. Chem. 12:1541–1583 

Eggleton, J. and Thomas, K.V. 2004. A review of factors affecting the release and 

bioavailability of contaminants during sediment disturbance events. Environ. 

Inter. 30: 973–980. 

Fang, T., Li, X. and Zhang, G. 2005. Acid volatile sulfide and simultaneously 

extracted metals in the sediment cores of the Pearl river estuary, South China. 

Ecotoxicol. Environ. Safety. 61: 420–431.  

Fisher, D.J., McGee, B.L., Wright, D.A., Yonkos, L.T., Ziegler, G.P. and Turley, V. 

2004. The effect of sieving and special variability of estuarine sediment 

toxicity samples on sediment chemistry. Arch Environ Contam Toxicol. 47(4): 

448-455. 

Förstner, U. and Wittman, G.T.W. 1981. Metal Pollution in the Aquatic Environment. 

Heidelberg, Springer-Verlag, 486 p. 

Gambrell, R.P., Wiesepape, J.B., Patrick, W.H., Jr. and Duff, M.C. 1991. The effects 

of pH, redox, and salinity on metal release from a contaminated sediment. 

Water Air Soil Pollut. 57-58: 359-367. 

Garcia, C.A.B, Alves, J.P.H. and Passos, E.A. 2007. Metals and acid volatile sulfide 

in sediment cores from the Sergipe River Estuary, Northeast, Brazil. Chem. 

Soc. 18(4): 748-758. 

Garcia, C.A.B, Passos, E.A. and Alves, J.P.H. 2011. Assessment of trace metals 

pollution in estuarine sediments using SEM-AVS and ERM-ERL predictions. 

Environ. Monit. Assess. 181: 385-397. 

Graham, D.J. and Midgley, N.G. 2000. Technical communication Graphical 

represent-tation of particle shape using Triangular diagrams: an excel 

spreadsheet method. Earth Surf. Process. Landforms 25: 1473–1477. 

Hansen, D.J., Berry, W.J., Mohany, J.D., Boothman, W.S., Robson, D.L.,  Ankley, 

G.T., Ma, D., Yan, Q. and Pesch, C.E. 1996. Predicting toxicity of metal-

contaminated field sediments using interstitial water concentration of metals 

and acid volatile sulfide normalization. Environ. Toxicol. Chem. 15: 2080-

2094.  



54 
 

Holmer, M.; Kristensen, E.; Banta, G.; Hansen, K.; Jensen, M.H. and Bussawarit, N. 

1994. Biogeochemical cycling of sulfur and iron in sediments of a southeast 

Asian mangrove, Phuket Island, Thailand. Biogeochemistry, 26, 145–161. 

Horowitz, J. and Elrick, K.A . 1987. The relation of stream sediment surface area, 

grain size and composition to trace element chemistry Applied Geochemistry. 

2(4): 437-451  

Hsieh, Y.P., Chung, S.W., Tsau, Y.J. and Sue, C.T. 2002. Analysis of sulfides in the 

presence of ferric minerals by diffusion methods Chemical Geology 182: 195–

201. 

Hungspreugs, M., Dharmvanij, S., Utoomprurkporn, W., Hemachandra, W., Saitanoo, 

K., Wisessang, S., Rochanaburanon, T. and Vongbuddhapitak, A. 1987. The 

marine environment of Ban Don Bay. Progress Report to the National 

Environment Board, US-ASEAN Cooperative Programme in Marine Science 

Hübner, R., Astin, K.B. and Herbert, R.J.H. 2009. Comparison of sediment quality 

guidelines (SQGs) for the assessment of metal contamination in marine and 

estuarine environments J. Environ. Monit. 11: 713-722 

Leonard, E.N., Ankley, G.T. and. Hoke, R.A. 1996.Evaluation of metals in marine 

and freshwater surficial sediments from the Environmental Monitoring and 

Assessment Program relative to proposed sediment quality criteria for metals. 

Environ. Toxicol. Chem. 15: 2221–2232. 

Lesven, L., Gao, Y., Billon, G., Leermakers, M., Ouddane, B., Fischer, J.C. and 

Baeyens, W. 2008. Early diagenetic processes aspects controlling the mobility 

of dissolved trace metals in three riverine sediment columns. Sci Total 

Environ. 407: 447–459. 

Lin, J.G., Chen, S.Y. and Su, C.R. 2003. Assessment of sediment toxicity by metal 

speciation in different particle-size fractions of river sediment. Water Sci. 

Tech.  47(7–8): 233–241. 

Lin, S. and Morse, J.W. 1991. Sulfate reduction and iron sulfide mineral formation in 

Gulf of Mexico anoxic sediments. Am. J. Sci. 291: 55–89.  

Loring, D.H. 1981. Potential bioavailability of metal in eastern Canadian estuarine 

and coastal sediments. Rapp. P.V. Reun. Cons. Int. Explor. Mer. 181: 93-101 

Loring, D.H. 1982 Geochemical factors controlling the accumulation and dispersal of 

heavy metals in the Bay of Fundy sediments. Can. J. Earth Sci. 19: 930-944. 



55 
 

Loring, D.H. and Rantala, R.T.T. 1992. Manual for the geochemical analyses of 

marine sediments and suspended particulate matter. Earth Sci. Rev. 32: 235-

283. 

Luoma, S.N. 1989. Can we determine the biological availability of sediment-bound 

trace elements? Hydrobiologia. 176/177: 379-396.  

McCauley, D.J., DeGraeve, G.M. and Linton, T.K. 2000. Sediment quality guidelines 

and assessment: overview and research needs. Environ. Sci. & Policy 3: S133-

S144. 

McGrath, J.A., Paquin, P.R. and Di Toro, D.M. 2002. Use of the SEM and AVS 

approach in predicting metal toxicity in sediments. Fact Sheet on 

Environmental Risk Assessment published by the International Council on 

Mining and Metals (ICMM) No 10: 1-7. 

Meyer, S.F., and Gerberg, R.M. 1997. Heavy metals and acid-volatile sulfide in 

sediment of the Tijuana estuary. Bull Environ. Contam. Toxico. 59: 119-119. 

Mucci, A. and Saulinier, I. 2000. Trace metal remobilization following the 

resuspension of estuarine sediments; Saguenary Fjords, Canada. Applied 

Geochem. 15: 203-22. 

Oakley, S.M., Williamson, K.J. and Nelson, P.O. 1980. The geochemical partitioning 

and bioavailability of trace metals in marine sediments. A-044-ORE-W73. 

Water Research Institute, Oregon State University, Corvallis, Oregon. 

PCD 2007. The Annual Report of Pollution Situation in Thailand, 2007. Pollution 

Control Department, Ministry of Natural Resources and Environment. 

Kochakorn Publishing. (in Thai) 

PCD 2010. The Annual Report of Pollution Situation in Thailand, 2010. Pollution 

Control Department, Ministry of Natural Resources and Environment. 

Kochakorn Publishing, ISBN 978-978-286-516-0. (in Thai) 

Peng., S.H., Wang., W.X., Li., X. and Yen., Y.F. 2004. Metal partitioning in river 

sediment measured by sequential extraction and biominetic approaches. 

Chemosphere. 57: 839-851. 

Petersen, W., Willer, E. and Willamowsk, C. 1997. Remobilization of trace elements 

from polluted anoxic sediments after resuspension in oxic water. Water Air 

Soil Pollut. 99:515–22. 



56 
 

Poot, A., Meerman, E., Gillissen, F. and. Koelmans, A.A. 2009. Kinetic approach to 

evaluate the association of acid volatile sulfide and simultaneously extracted 

metals in aquatic sediments Environ. Toxicol. Chem. 28(4):711–717. 

Prica, M.D., Velimirović, M.B., Dalmacija, B.D. Rončević, S.D., Dalmacija, M.B., 

Bečelić, M.D. and Tričković, J.S. 2011. Characterisation, availability, and risk 

assessment of the metals in sediment after aging. Water Air Soil Pollut. 214: 

219–229 

Quevauviller, P., van der Sloot, H.A., Ure, A., Muntau, H., Gomez, A. and Rauret, G. 

1996. Conclusion of the workshop: Harmonization of leaching/extraction test 

for environmental risk assessment. Sci. Total. Environ. 178: 133-139. 

Rauret, G. 1998. Extraction procedure for the determination of heavy metals in 

contaminated soil and sediment. Talanta. 46: 449-455.  

Rosental, R., Eagle, G.A. and Orren., M.J. 1986. Trace metal distribution in different 

chemical fractions of nearshore marine sediments. Estuar. Coastl. Shelf Sci. 

22: 303-324. 

Salomons, W. 1995. Environmental impact of metals derived from mining activities: 

Processes, predictions, prevention: Journal of Geochemical Exploration.52: 5-

23. 

Salomons, W. and  U. Förstner, 1984. Metal in Hydrocycle. Germany: Springer-

Verlag, 349 p. 

Shea, D. and Helz, G.R. 1988. The solubility of copper in sulfidic water; sulfide and 

polusulfide complexes in equilibrium with covellite. Geochim. Cosmochim. 

Acta. 52: 1815-1825. 

Simpson, S.L., Apte, S.C. and Batley, G.E. 1998. Effect of short-term resuspension 

events on trace metal speciation in polluted anoxic sediments. Environ. Sci. 

Technol. 32: 620-625. 

Simpson, S.L., Apte, S.C. and Batley, G.E. 2000. Effect of short-term resuspension 

events on the oxidation of cadmium, lead, and zinc sulfide phases in anoxic 

estuarine sediments. Environ. Sci. Technol. 34: 4533-4537. 

Sompongchaiyakul, P. 1989. Analysis of Chemical Species for Trace Metals in Near-

Shore Sediment by Sequential Leaching Method. M.Sc. Thesis, Chulalongkorn 

University.  

Sposito, G. 1989. The Chemical of Soils. Oxford University Press, New York. 



57 
 

Stephens, S.R., Alloway, B.J., Parker, A., Carter, J.E. and Hodson, M.E. 2001. 

Changes in the leachability of metals from dredged canal sediments during 

drying and oxidation. Environ. Pollut. 114: 407–413. 

Tachikawa, Y., James, R., Abdullah, K. and Desa, M.N.M. 2004. Catalogue of rivers 

for southeast asia and the Pacific, volume v. The UNESCO-IHP Regional 

Steering Committee for Southeast Asia and the Pacific 

USEPA. 2000. Development of a Framework for Evaluating Numerical Sediment 

Quality Targets and Sediment Contamination in the Saint Luis River Area of 

Concern. EPA 905-R-00-008. United States Environmental Protection 

Agency. Great Lakes National Program Office, Region V. Chicago, IL. 

USEPA. 2004. The Incidence and Severity of Sediment Contamination in Surface 

Waters of the United States (National Sediment Quality Survey. EPA 823-R-

04-007, Second Edition, United States Environmental Protection Agency 

Washington, DC. 

USEPA. 2005. Procedures for the Derivation of Equilibrium Partitioning Sediment 

Benchmarks (ESBs) for the Protection of Benthic Organisms: Metal Mixtures 

Cadmium, Copper, Lead, Nickel, Silver and Zinc. EPA-600-R- 02-011, United 

States Environmental Protection Agency Washington, DC. 

Wang, W.X., Yan, Q.L., Fan, W. and Xu, Y. 2002. Bioavailability of sedimentary 

metals from a contaminated bay. Mar. Ecol. Prog. Ser. 240: 27–38.  

Wenning, R.J., Batley, G.E., Ingersoll, C.G. and Moore, D.W. 2005. Use of Sediment 

Quality Guidelines and Related Tools for the Assessment of Contaminated 

Sediment. Pensacola (FL): Society of Environmental Toxicology and 

Chemistry (SETAC). 815p. 

Wolfe, D.A., Bricker, S.B., Long, E.R., Scott, K.J., and Thursby, G.B. 1994. 

Biological effects of toxic contaminants in sediments from Long Island Sound 

and environs. Technical Memorandum. NOS ORCA 80. National Oceanic and 

Atmospheric Administration. Office of Ocean Resources Conservation and 

Assessment, Silver Spring, MD. 

Yin, H.B., Fan, C.X., Ding, S.M., Zhang, L. and Li, B. 2008. Acid volatile sulfide and 

simultaneously extracted metals in a metal-polluted area of Taihu lake, China. 

Bull. Environ. Contam. Toxicol. 80: 351-355. 



58 
 

Yin, H.B., Fan, C.X., Ding, S.M., Zhang, L. and Li, B. 2011. Distribution 

characteristics and toxicity assessment of heavy metals in the sediments of 

Lake Chaohu, Chaina. Environ Monit. Assess. 179: 431-442. 



59 

 

 

 

 

 

 

 

 

 

 

 

APPENDICES 
  



60 

 

APPENDIX A 

Sampling locations 
 

Table A-1  Location of sampling stations in the upper Gulf of Thailand during  
23-25 August 2010. 

Stations Latitude (ºN) Longitude (ºE) Water Depth (m) Sampling date 

2 13° 25' 20.460"  100° 45' 02.088" 9.8 25/08/2010 

3 13° 22' 32.520" 100° 47' 29.220" 13.1 25/08/2010 

4 13° 19' 15.888" 100° 50' 27.672" 12.2 25/08/2010 

5 13° 26' 23.028" 100° 38' 38.472" 4.8 24/08/2010 

6 13° 24' 14.832" 100° 39' 31.068" 11.8 24/08/2010 

7 13° 21' 17.136" 100° 40' 15.312" 16.5 24/08/2010 

8 13° 17' 55.284" 100° 41' 33.324" 20 24/08/2010 

9 13° 14' 59.856" 100° 43' 13.872" 18.9 24/08/2010 

10 13° 10' 25.356" 100° 44' 24.072" 21.9 24/08/2010 

11 13° 25' 13.188" 100° 35' 21.480" 6.7 24/08/2010 

12 13° 22' 16.536" 100° 34' 05.844" 9.8 24/08/2010 

13 13° 18' 26.460" 100° 32' 20.256" 13.5 24/08/2010 

14 13° 15' 11.772" 100° 30' 33.264" 14.3 24/08/2010 

15 13° 11' 24.324" 100° 29' 26.124" 15.4 24/08/2010 

16 13° 07' 27.120" 100° 28' 06.600" 16.9 24/08/2010 

18 13° 25' 19.812" 100° 28' 23.412" 8.2 24/08/2010 

19 13° 22' 07.788" 100° 26' 02.688" 10.2 24/08/2010 

20 13° 13' 25.212" 100° 24' 00.612" 12.2 24/08/2010 

21 13° 13' 25.212" 100° 21' 20.988" 14.7 24/08/2010 

22 13° 09' 09.720" 100° 19' 12.072" 18.1 24/08/2010 

23 13° 02' 05.100" 100° 26' 09.456" 20.1 24/08/2010 

24 13° 05' 04.560" 100° 15' 12.528" 17.6 24/08/2010 

26 13° 29' 56.652" 100° 19' 26.004" 6 23/08/2010 

27 13° 20' 15.360" 100° 15' 34.632" 8.1 23/08/2010 

28 13° 16' 18.840" 100° 11' 12.012" 11.1 23/08/2010 

29 13° 13' 10.812" 100° 08' 10.428" 13.3 23/08/2010 

30 13° 16' 03.828" 100° 52' 29.532" 9.5 25/08/2010 

31 13° 06' 02.412" 100° 45' 25.992" 27.5 24/08/2010 

32 13° 04' 09.552" 100° 37' 26.040" 18.9 24/08/2010 

33 13° 15' 39.204" 100° 50' 02.796" 11.9 25/08/2010 
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Table A-2  Location of sampling stations at the Chao Phraya river mouth on 9 
March 2011. 

Stations Latitude (ºN) Longitude (ºE) Water Depth (m) Eh (mV) 

1 13° 32' 50.400" 100° 35' 39.600" 2.0 -319.0 

2 13° 32' 35.484" 100° 36' 04.788" 2.2 -277.6 

3 13° 32' 14.784" 100° 36' 29.484" 3.1 -217.8 

4 13° 31' 50.304" 100° 36' 58.500" 3.0 -192.0 

5 13° 31' 47.100" 100° 35' 13.812" 0.8 -202.3 

6 13° 31' 19.488" 100° 37' 22.296" 3.5 -241.8 

7 13° 31' 00.912" 100° 37' 48.900" 3.1 -200.6 

9 13° 30' 33.912" 100° 38' 02.796" 3.9 -216.7 

10 13° 30' 45.000" 100° 39' 00.792" 2.0 112.0 

11 13° 30' 13.896" 100° 38' 55.116" 3.5 -9.2 

12 13° 31' 19.992" 100° 35' 35.016" 3.1 -288.5 

13 13° 30' 36.000" 100° 39' 56.484" 1.3 -181.7 

14 13° 30' 12.816" 100° 39' 47.088" 3.1 -189.6 

15 13° 30' 50.688" 100° 34' 35.904" 1.0 -159.9 

16 13° 30' 24.300" 100° 40' 41.808" 1.3 -212.1 

17 13° 30' 45.000" 100° 35' 04.992" 2.5 -227.8 
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APPENDIX B 

Acid volatile sulfide with simultaneous extracted metals 

 

This method describes procedures for the determination of acid volatile sulfide (AVS) 

and for selected metals that are solubilized during the acidification step 

(simultaneously extracted metal; SEM) using the same conditions for releasing of 

both sulfide and metal from the sediment. The AVS analysed procedure is fully 

discribed in Allen et al. (1991). 

 

B.1 Reagents 

All chemicals used in this study are analytical reagent grade. Approximately 50 

µmoles/ml stock sulfide standard solution is prepared by dissolving 12 g sodium 

sulfide (Na2S.9H2O) in 1 l of deionized water (DI water; >18 MΩ cm-1). Standard 

0.025 N is prepared by dissolving 2.25 g potassium iodide (KI) and 3.2 g iodine 

crystal (I2) in 1 l of DI water. Thiosulfate solution is prepared by dissolving 6.2 g 

sodium thiosulfate (Na2S2O3.5H2O) and 0.1 g sodium carbonate (Na2CO3) in 1 l of DI 

water. Other reagents included 6 M HCl, 0.5 M NaOH, 1.0 M H2SO4, 99% nitrogen 

gas (N2), starch indicator (1 g starch power in 100 ml DI water, boiled to dissolve) 

and mixed diamine reagent (MDR).  

The MDR is prepared by mixing solution A with solution B. The solution A is 2.25g 

N,N-dimethyl-p-phenylendiamine hydrochloride in a mixture of 660 ml conc. H2SO4 

in 340 ml DI water. The solution B is ferric chloride (FeCl3) solution prepared by 

dissolving 5.4 g FeCl3.6H2O in 100 ml conc. HCl then dilute to 200 ml with DI water.  

 

B.2 Generation of hydrogen sulfide 

The system to generate hydrogen sulfide (H2S) gas (so-called AVS) from sediments is 

set up as seen in Fig. B-1. 



63 

 

 

Figure B-1    The system sets up for generation acid volatile sulfide  

 

Flask A is a round bottom flask filled with 100 mL DI water. Flasks B and C are 

erlenmayer flasks with ground glass joints, each is filled with 80 mL 0.5 M NaOH. 

Purge the system with N2 gas at the flow rate of 100 cm3/min for 10 minutes. Add 10 

g of wet sediment, record weight at 4 decimals, into the flask A, then purge with N2 

gas at the flow rate of 40 cm3/min for 10 minutes. Stop the gas flow prior to inject 20 

ml of 6 M HCl into the flask A. Bubbling N2 gas through the sample for 1 hour at the 

flow rate of 20 cm3/min and magnetically stir the sample at the same time. 

 

B.3 Analysis of sulfide 

After stop the gas flow, 10 ml of MDR is directly added to the flasks B and C each in 

order to develop color. Transfer this solution to 100 ml volumetric flask. Adjust the 

volume of solutions to 100 ml using DI water. Stand for 30 minutes, allowing AVS to 

completely form blue complexes prior to measure the absorption by 

spectrophotometry at 670 nm using 10 mm rectangular spectrophotometric cell.  

If the solution in the flask C developed blue complex, this means all generated sulfide 

is not sufficiently trapped in the flask B. The generation of sulfide in section B.2 is 

needed to be repeated using slower flow rate of N2 gas in the last step. 

  

A 

C B 
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B.4 Calculation of AVS concentration in sediment 

The dry to wet weight ratio (R) of sediment is determined by drying the wet sediment 

at 103-105ºC and weight. Calculate the ratio of dry weight to wet weight using Eq. B-

1.  

 

� �
W�

W�
 (B-1) 

 

where  R =  ratio of dry weight to wet weight 
 Wd =  dry weight of sediment sample (g) 
 Ww  =  wet weight of sediment sample (g) 
 

The AVS concentration in micromoles per gram dry weight of sediment is calculated 

using Eq. B-2. 

 

AVS (µmoles/g) = 
S

R�W� 
 (B-2) 

 

where   S  = the amount of AVS in sediment (µmoles) 
 R =  ratio of dry weight to wet weight 
 Ww  =  wet weight of sediment (g) taken for AVS analysis 

 

B.5 Determination of simultaneously extracted metals (SEM) 

After the generation of AVS has been completed, filter the sediment suspension 

remaining in the H2S generation flask, flask A, through a GF/C glass fiber filter which 

resistant to acid. The filter apparatus should be presoaked in 0.1 M HNO3, then rinsed 

with DI water prior to use. Transfer the solution into a 250 mL volumetric flask. 

Rinsing the filtering flask with DI water, adding the rinse to the volumetric flask and 

make to volume.  

Determined the concentrations of sulfide binding metals (so-called SEM) by Atomic 

Absorption Spectrophotometer. Metal concentrations in sediment are reported on a 

µmole per gram dry weight basis (µmoles/g). 
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B.6 Calculation the SEM to AVS ratio  

The ratio of SEM to AVS is calculated using Eq. B-3. 

 


��

�

�

∑�������

�

 (B-3) 

 

where  ∑ [metals]  = the sum of the concentrations of metals 
 AVS  =  the acid volatile sulfide concentration 
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APPENDIX C 

Grain size composition analysis 

 

C.1 Removal of organic matter  

Weight 20-30 g of dried homogenized sediment. Treat the sediment with 10% (v/v) 

hydrogen peroxide (H2O2) solution to remove organic matter and help the sediment to 

disperse. Allow the reaction to progress overnight. Heat at about 60ºC to complete the 

reaction. Extra amount of H2O2 is required for some samples having high organic 

matter. Remove the excess H2O2 by boiling off.  

 

C.2 Removal of carbonate content  

After all organic matter in the sediment is removed, the sediment is then treated with 

10% (v/v) hydrochloric acid (HCl). Extra HCl solution is required for sediments 

having large amount of carbonate content. Discard the clear solution above the 

sediment. Dry the sediment, which free from organic and carbonate contents, at  

103-105ºC until dryness. 

 

C.3 Sedimentation technique using pipette method 

Determine the composition of sand (> 63 µm), silt (2-63 µm) and clay (< 2 µm) in the 

sediment using wet sieving and pipette method. 

Weight the dry sediment (to nearest 0.0001 g) from section C.2 and record as the total 

weight of sediment. Separate sand size particle from the sediment by wet sieving 

through a 63 µm-opening sieve. Dry and weight remaining particles on the sieve to 

nearest 0.0001 g, result is the amount of sand fraction. The passed through turbid 

solution contains silt and clay size particles. Transfer the turbid sediment into  

1000 ml sedimentation cylinder. Add 10 ml of 10% (w/v) sodium 

hexametaphosphate, as an dispersing agent, and make up volume to 1000 ml. Stir the 

solution in the cylinder rigorously using stirring rod as shown in Fig. C-1. 

Immediately after remove the stirring rod from the cylinder, start timing. 
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Figure C-1  Stirring turbid sediment prior to allowing sediment to settle and timing. 

 

After 3 hour 52 minutes, according to Stoke’s Law (Box C-1), the aliquot is taken off 

by pipette at 5 cm depth from water surface to a preweighted container, wash the 

pipette with distilled water into the same container to ensure that all sediment is 

transferred from the pipette. Dry at 103-105ºC until dryness. Store in a dissector to 

cool and then weight accurately to nearest 0.0001 g. The amount of clay size fraction 

is calculated. 

  

Stirring rod 

Sediment cylinder 

Up- down motion 
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Box C-1     Stroke’s Law 

 

k =  175� ��

��	
�	�
�1/2 (C-1) 

 

when �  =  viscosity of the suspension in poises 

 �k  =  specific gravity of substance 

 �f  =  specific gravity of the liquid 

 t  =  time (minute) 

 h  =  cm for surface of the liquid 

 

In this experiment the representative particle for calculate the time required was 

quartz. At 20ºC for quartz dispersed in water the value of �k = 2.65, �f = 0.998 

and � = 0.0100. 

Equation C-1 is using for calculate a settling time (t) that no particle sized larger 

than k µm in the layer above the depth h. When k <2 µm and h = 5 cm, the time 

required for settling is 

 

2  =  175�
��.����

���.����.���
�1/2 

t  =  231.726695 minutes 

 =  3 hours and 52 minutes 
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APPENDIX D 

Determination of carbonate content 

 

In this experiment, the acid-base titration technique (Sompongchaiyakul, 1989) is 

chosen because of its simplicity and suitability to clayey sediment. The sediment 

sample is treated with excess amount of standardized hydrochloric acid (HCl). 

Completing the reaction between acid and carbonate by heating, then back titrate the 

untreated acid with sodium hydroxide (NaOH) solution using phenolphthalein as an 

indicator. 

 

D.1 Reagents 

All chemicals used are analytical reagent grade. 0.5 N HCl and 0.25 N NaOH are 

prepared. Phenolphthalein indicator is prepared by dissolving 100 mg of solid 

indicator in 100 ml of 80% ethyl alcohol (equal to 0.1% in ethyl alcohol). 

Bromocresal green indicator is prepared by dissolving 100 mg of solid indicator with 

1.45 ml of 0.1 N NaOH, dilute to 100 ml with distilled water. Other reagents include 

sodium carbonate (Na2CO3) and potassium hydrogen phthalate (KHC8H4O4). 

 

D.2 Procedure 

Accurately weigh 1 g (4 decimals) of freeze-dried sediment sample, ground in an 

agate mortar and pass through 63 µm nylon sieve, transfer to 250 ml Erlenmeyer 

flask. Adding 10 ml of 0.5 N HCl. Heat at about 90ºC for 20 minutes. Test the pH of 

the solution with pH paper, if the pH was > 2, add another 10 ml of 0.5 N HCl and 

resume heating for 20 minutes. 

When pH < 2, dilute the solution by about 200 ml of distilled water. Back-titrate with 

0.25 N NaOH solution using phenolphthalein as an indicator. At end-point, the color 

of the solution will change sharply from colorless to purple.  

Standardization of acid (0.5 N HCl) and base (0.25 N NaOH) solution is made daily. 
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D.3 Standardization of hydrochloric acid solution 

Oven dry sodium carbonate (Na2CO3) at 110ºC for 2 hours and cool in a desiccator. 

Weigh about 0.6-0.7 g portion of Na2CO3 to nearest 0.0001 g into a 250 ml 

erlenmeyer flask. Dissolve the solid with about 25-50 ml distilled water. Add 3-4 

drops of bromocresal green. Titrate with prepared 0.5 N HCl solution until the 

solution just begins to change from blue to green. Boil the solution for 2-3 minutes, 

cool at room temperature, and complete the titration if the color is changed back from 

green to blue.three replicates should be performed. 

 

D.4 Standardization of sodium hydroxide solution 

Oven dry potassium hydrogen phthalate (KHC8H4O4) at 110ºC for 2 hours and cool in 

a desiccator. Weigh 0.9-1.0 g of KHC8H4O4 to nearest 0.0001 g into a 250 ml 

Erlenmeyer flask. Dissolve in 100 ml of distilled water. Add 3-4 drops of 

phenolphthalein. Titrate with prepared 0.25 N NaOH solution until the pink color of 

the indicator persists for 30 seconds. Three replicates should be performed. 

 

D.5 Calculation  

The reactions during standardization of sodium hydroxide and hydrochloric acid 

solutions are shown in Eqs. D-1 and D-2. 

KHC8H4O4  +  NaOH  � NaK(C8H4O4)  +  H2O                                          (D-1) 

Na2CO3  +  2HCl   � 2NaCl  +  H2CO3                                                  (D-2) 

The results from the acid-base titration for carbonate contents are calculated as Eqs.  

D-3 and D-4. Eq. D-3 involves no assumptions about the forms of the carbonate 

phases, and Eq. D-4 assumes that all the carbonate occurs as CaCO3. 

%CO3-C  =    [(100)(0.006)(mlHCl)(NHCl)] – [(mlNaOH)(NNaOH)]                      (D-3) 

%CaCO3   =   [(100)(0.05)(mlHCl)(NHCl)] – [(mlNaOH)(NNaOH)]                        (D-4) 
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APPENDIX E 

Determination of organic matter 

 

The method for determine the organic content in the sediment was first presented by 

Walkey-Black (1947), which modified by Loring and Rantala (1992). 

Organic carbon in the sediment is oxidized by chromic acid. The oxidation of carbon 

chromic acid may be represented as Eq. E-1. 

2Cr2O7
2- + 3C + 28H+    �    4Cr3+ + 3C4+ + 14H2O (E-1) 

The used Cr2O7
2- in Eq. E-1 is reduced by ferrous solution. The reduction of Cr2O7

2- 

by ferrous solution may be given as Eq. E-2. 

Cr2O7
2- + 6Fe(NH4)2

4+ + 14H+    �    2Cr3+ + 6Fe(NH4)
4+ + 6NH4+ + 7H2O (E-2) 

Since carbon only constitutes about 58% of the soft organic remain in sediments, the 

carbon content can be converted to the organic matter content by multiplying the 

formular with 1.72. 

 

E.1  Reagents 

All chemicals using in this study are analytical reagent grade. Concentrated sulfuric 

acid (H2SO4) with silver sulfate (AgSO4) is prepared by dissolving 2.5 g of Ag2SO4 in 

1 l of conc. H2SO4. Diphenylamine indicator is prepared by dissolving 0.5 g of 

diphenylamine in 20 ml of distilled water and 100 ml of conc. H2SO4. Primary 

standard 0.1 N potassium dichromate solution is prepared by dissolving exactly  

49.04 g of K2Cr2O7 in 1 l of distilled water. 0.5 N ferrous ammonium sulfate solution 

is prepared by dissolving 196.1 g of Fe(NH2)(SO4)2·6H2O in 800 ml of distilled water 

containing 20 ml conc. H2SO4 then dilute to 1 l with distilled water. Other reagents 

include 85% orthophosphoric acid (H3PO4) (sp. gr. = 1.71) and sodium fluoride solid 

(NaF) (sp. gr. = 1.84). 
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E.2 Analytical procedure 

Carefully weigh approximately 0.5 g, to nearest 0.0001 g, of freeze-dried sediment 

sample which ground in an agate mortar and passed through 63 µm nylon sieve. Place 

the sample in a 500 ml erlenmeyer flask. Add exactly 10 ml of 0.1 N K2Cr2O7 and 

mixed carefully by gentle swirling. Add 20 ml of conc. H2SO4 (with AgSO4), gently 

mix thoughtfully for 1 minute, and avoid spattering of the sediment onto the side of 

the flask. Let the reaction to be completed for 30 minutes, dilute the solution to about 

200 ml by distilled water. Add 10 ml of 85% H3PO4, 0.2 g NaF, and 15 drops (1 ml of 

indicator), respectively. The sample is then back titrated with 0.5 N ferrous 

ammonium sulfate solution until the color of the solutions change from dull green to 

brilliant green.  

In the beginning the color of the sample is dull green because of the chromous ions, 

and then become a turbid as the titration proceeds before change sharply to a brilliant 

green at the end-point. 

If most of dichromate solution is consumed, the analysis should be repeated with 

smaller amount of sediment sample. Blank is performed by the same manner but 

without sediment, and should be run daily. 

 

E.3 Standardization of organic carbon determination 

Dextrose (C6H12O6) is used as the standard. It should contain 39.99% carbon. Weight 

exactly 0.01 g, to nearest 0.0001 g, of dextrose and treat in the same manner as the 

sediment sample. Three replicates should be done. The carbon in dextrose is 

calculated using Eq. E-3. The theoretical value is 39.99% C in one gram of dextrose. 

% C = 10 �1 � �
�� 	 
 (E-3) 

F = �1.0 �� 	 � ��
����� 	 � ���

������ ������� (E-4) 

 =  30 for 0.01 g of dextrose. 
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E.4 Calculation of results 

The volume in ml of used ferrous ammonium sulfate solution is used to calculate the 

percentage of organic carbon and organic matter by Eqs. E-5 and E-6, respectively.  

% organic carbon  =  10 �1 � �
�� �1.0� � ��

����� � ���
������ ������� (E-5) 

% organic matter  = 10 �1 � �
�� �1.0� � ��

����� �1.72� � ���
������ ������� (E-6) 

where S  =  ml of ferrous ammonium sulfate solution used for titrate blank 

 T  =  ml of ferrous ammonium sulfate solution used for titrate sample 

 1.72 =  conversion factor of carbon content to organic carbon 

 
��

����  =  milliequivalent weight carbon 
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APPENDIX F 

Determination of metals in non-lattice fraction  

 

The metals held in non-lattice fraction can be determined by selective chemical 

methods using acetic acid (CH3COOH) according to Loring and Rantana (1992). 

Acetic acid, 25% (v/v), is added to remove metals held in ion exchange positions, 

easily soluble amorphous compounds of iron and manganese, carbonates and those 

metals weakly held in organic matter. It leaves the silicate lattices intact and does not 

attack the resistant iron and manganese minerals or organic compounds. The 

proportion of the total metal concentration removed by the extraction is operationally 

defined as the non-lattice held (acid soluble) metal fraction of sediment. 

 

F.1 Reagent 

25% (v/v) acetic acid (CH3COOH) is prepared from analytical reagent grade glacial 

acetic acid diluted with DI water (>18 mΩ cm-1). 

 

F.2 Analytical procedure 

Place a portion of freeze-dried sediment sample in an agate mortar. Do not grind it but 

simply crush the lumps. Weigh 2 g of sample and transfer it into a propylene 

centrifuge tube. Add 25 ml of 25% (v/v) CH3COOH. Shake slowly in a mechanical 

shaker for 6 hours, prior to separate the solution and sediment by centrifuging at 2,500 

RPM for 10 minutes. Pour the clear supernatant, CH3COOH solution, into 50 ml 

volumetric flask. Wash the sediment with 10 ml of DI water and shake the tube 

briefly on the shaker. Separated the wash water by centrifuging and add it to the 

volumetric flask. Make up the solution to a volume of 50 ml. 

Dry the tube containing the residue in the oven at 105ºC and place to cool in the 

desiccator. Keep this sediment for further analysis of lattice-held fraction. 

The extracted solution is transfer to polyethylene bottle and left overnight prior to 

determine metal concentration by atomic absorption spectrophotometer. 
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APPENDIX G 

Determination of total metals in sediments 

  

Total metals in sediment can be released using hydrofluoric acid (HF). To analysis 

metals held in lattice fraction, HF and aqua regia (HNO3:HCl, 1:3) are used to 

decompress sediment in order to release all elements into solution according to the 

method fully described in Loring and Rantana (1992).  

A sealed Teflon bomb is used as a decomposition vessel. The main advantages of the 

Teflon bomb decomposition are (a) rapid decomposition, (b) reduce risk of 

contamination (c) small volume of acid required and (e) no loss of volatile elements. 

 

G.1  Special Apparatus 

- Teflon decomposition vessels (Teflon bomb) 

- Domestic microwave 

- Microwave pressure cooker 

- Polypropylene and Teflon labware 

G.2  Chemicals 

All chemicals using in this study are analytical reagent grade. There include 

hydrofluoric acid (49% HF), nitric acid (70% HNO3), hydrochloric acid (37% HCl), 

aqua regia (HNO3-HCl) (1:3 v/v), boric acid crystal (H3BO3), de-ionized water 

(>18mΩ cm-1) 

G.3  Procedure 

1. Accurately weigh 100-200 mg to nearest 0.0001 g for microwave heating of 

finely ground sample. 

2. Transfer to a Teflon bomb. 

3. Add 1 ml of aqua regia (HNO3-HCl, 1:3 v/v). 

4. Add 6 ml of HF very slowly to avoid excessive frothing. 

  



76 

 

5. Close the bomb tightly and place the bombs in the microwave pressure cooker; 

place the cooker along with a beaker containing 50 ml water in the microwave 

oven; heat for 5 min at full power and 10 minute at a half power then keep it 

for 10 min and repeat heat step. 

6. Remove the bomb from the heat source and cool it to room temperature in 

cold water or an ice bath. 

7. Weight 5.6 g of HBO3 and transfer into a 100 ml Polypropylene volumetric 

flasks. 

8. Add 20 ml of De-ionized reverse osmosis water and shake briefly. 

9. Remove the bomb from the cooling water and dry it. 

10. Open the bomb, (be sure to wipe off any water found on the outside of the 

sealing area) and transfer the contents into the 100 ml Polypropylene 

volumetric flasks. 

11. Rinse the bomb several times with deionized water and add the rinsing to the 

flask. 

12. Shake the flask to complete the dissolution (black carbon residue may remain 

but does not contain significant amounts of metal and does not interfere with 

subsequent metal determinations). 

13. Make the solution up to 100 ml with deionized water. 

14. Transfer the solution into Polypropylene narrow mouth bottles for storage. 

15. Allow solution obtained from 100-500 mg sample size to settle overnight; 

those from 500-1000 mg sample size should settle for several days in case 

borosilicate forms.  

16. Analyze the solution for metals by graphite furnace AAS. 
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APPENDIX H 

Analytical results 

 

Table H-1   Size composition, calcium carbonate content and organic matter in the 
sediments collected from the upper Gulf of Thailand during 23-25 August 2010. 

Station 
%Sand  

(>63 µm) 
%Silt 

(2-63 µm) 
%Clay 

(<2 µm) 
%CaCO3 %OM 

2 2.7 59.9 37.4 5.8 4.28 

3 6.4 48.6 44.9 9.9 3.53 

4 1.0 55.5 43.6 12.1 4.51 

5 2.1 80.0 17.9 1.8 2.55 

6 0.4 45.4 54.2 4.3 3.22 

7 26.5 34.3 39.2 13.0 1.62 

8 41.2 53.3 5.5 13.1 2.20 

9 53.9 22.5 23.6 11.5 2.00 

10 57.6 10.3 32.1 13.9 2.37 

11 2.6 64.1 33.3 3.0 3.16 

12 3.4 66.1 30.5 4.2 4.08 

13 39.4 54.0 6.6 11.6 2.65 

14 32.5 39.9 27.6 12.1 2.92 

15 55.9 27.2 16.8 13.2 2.14 

16 34.5 15.8 49.8 12.7 2.19 

18 5.2 51.5 43.3 6.2 3.89 

19 12.6 39.8 47.7 9.5 3.36 

20 20.2 29.7 50.2 9.8 3.34 

21 19.6 21.6 58.8 12.5 3.38 

22 37.1 4.7 58.2 15.9 2.20 

23 44.6 15.8 39.6 17.8 2.30 

24 17.5 38.2 44.3 21.9 2.58 

26 15.6 36.1 48.3 9.7 3.88 

27 18.5 27.3 54.3 9.1 3.35 

28 31.8 23.2 44.9 10.0 2.77 

29 27.0 22.0 51.0 12.9 3.08 

30 2.3 22.0 75.8 14.2 4.76 

31 61.3 9.3 29.4 16.6 2.19 

32 49.8 4.4 45.8 15.1 1.79 

33 9.0 16.9 74.1 15.9 4.30 
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Table H-2   Size composition, calcium carbonate content and organic matter in the 
sediments collected from the river mouth of Chaopraya River on 9 March 2011. 

Station 
%Sand  

(>63 µm) 
%Silt 

(2-63 µm) 
%Clay 

(<2 µm) 
%CaCO3 %OM 

1 8.2 26.2 65.6 2.79 4.55 

2 5.5 20.7 73.7 1.70 4.65 

3 3.9 20.5 75.6 1.73 4.02 

4 13.4 20.9 65.7 1.92 3.46 

5 34.3 14.6 51.0 2.08 2.89 

6 1.8 25.8 72.4 2.19 3.95 

7 11.3 19.9 68.8 2.12 3.53 

9 1.2 33.3 65.5 0.89 3.76 

10 46.1 17.6 36.2 1.81 2.22 

11 51.8 14.8 33.4 1.95 2.20 

12 19.1 15.6 65.3 2.31 1.37 

13 47.9 16.5 35.6 1.86 2.23 

14 40.2 14.0 45.8 2.03 2.35 

15 59.9 19.5 20.7 4.24 2.39 

16 32.4 27.2 40.4 1.87 2.37 

17 16.7 18.2 65.1 2.01 3.50 
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Table H-3  Concentrations of simultaneously extracted metals (SEM) in the 
sediments collected from the upper Gulf of Thailand during 23-25 August 2010. 

Station Cd (µg/g) Cu (µg/g) Pb (µg/g) Zn (µg/g) Fe (mg/g) Mn (mg/g) 

2 0.15 5.59 1.48 116.6 9.47 0.63 

3 0.17 8.57 3.46 118.9 11.75 2.36 

4 0.04 8.76 1.25 65.8 2.11 0.59 

5 0.04 6.00 1.36 147.7 17.17 2.32 

6 0.07 4.73 0.32 111.8 12.73 1.09 

7 0.04 2.40 0.19 66.3 12.46 0.94 

8 0.03 1.47 0.21 32.9 7.04 0.68 

9 0.03 1.18 0.21 27.8 2.54 0.48 

10 0.02 1.02 0.14 28.3 3.11 0.51 

11 0.03 4.84 0.45 99.1 19.35 1.65 

12 0.05 5.56 0.20 155.9 19.05 1.64 

13 0.04 2.15 0.10 56.3 11.41 1.10 

14 0.02 1.43 0.15 34.5 11.92 0.90 

15 0.10 0.90 0.17 26.2 8.95 0.88 

16 0.02 1.09 0.13 37.4 5.86 0.62 

18 0.06 3.32 0.14 76.8 14.08 1.40 

19 0.04 2.07 0.12 65.1 11.53 0.87 

20 0.09 0.97 0.24 41.0 6.69 0.63 

21 0.04 1.70 0.11 41.8 10.00 1.02 

22 0.02 0.80 0.16 18.4 6.73 0.81 

23 0.03 0.99 0.18 34.6 6.12 0.75 

24 0.03 0.73 0.31 27.8 1.06 1.06 

26 0.08 1.98 0.16 80.1 7.95 0.77 

27 0.09 2.50 0.16 63.6 10.77 1.07 

28 0.07 1.54 0.13 31.0 8.19 0.79 

29 0.06 1.32 0.13 50.7 7.90 0.89 

30 0.10 5.96 0.23 97.8 3.68 0.85 

31 0.04 1.19 0.20 31.3 3.12 1.22 

32 0.04 0.59 0.16 21.7 6.03 0.89 

33 0.12 4.53 0.30 63.3 3.88 0.73 
All data was normalized by percentage of < 63 µm and CaCO3 
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Table H-4  Concentrations of simultaneously extracted metals (SEM) in the 
sediments collected from the river mouth of Chaopraya River on 9 March 2011. 

Station Cd (µg/g) Cu (µg/g) Pb (µg/g) Zn (µg/g) Fe (mg/g) Mn (mg/g) 

1 0.13 9.36 13.54 142.3 9.38 0.87 
2 0.15 16.60 17.64 157.5 12.07 0.71 
3 0.14 16.74 17.23 129.0 12.50 2.83 
4 0.11 19.03 17.12 130.7 18.20 2.59 
5 0.05 8.21 16.96 103.6 13.03 5.71 
6 0.10 10.29 16.79 144.2 11.92 3.08 

7 0.10 13.06 17.32 117.9 13.13 3.98 

9 0.06 10.62 15.93 122.0 11.48 5.55 

10 0.05 13.75 21.72 143.3 26.47 7.84 

11 0.07 12.92 21.92 187.1 29.81 7.64 

12 0.11 9.48 16.67 118.0 15.05 4.96 

13 0.06 16.58 26.44 107.6 21.43 5.80 

14 0.07 10.20 18.68 97.8 20.02 4.49 

15 0.07 6.41 12.21 184.5 70.80 18.76 

16 0.06 9.79 11.67 143.2 18.07 7.43 

17 0.08 9.20 12.75 80.6 11.08 1.39 
All data was normalized by percentage of < 63 µm and CaCO3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



81 

 

Table H-5 Concentrations of metals in non-lattice and lattice held fractions of the sediments collected from the upper Gulf of Thailand during 
23-25 August 2010. 

Station 
Cd (µg/g) Cu (µg/g) Pb (µg/g) Zn (µg/g) Fe (mg/g) Mn (mg/g) 

non-lattice total non-lattice total non-lattice total non-lattice total non-lattice total non-lattice total 

2 1.19 1.27 2.74 75.01 8.79 23.54 51.8 156.5 2.50 32.0 2.45 2.59 

3 0.71 0.78 2.13 47.27 6.77 15.92 24.8 100.5 1.32 31.1 0.78 1.30 

4 0.37 0.42 2.28 38.71 5.36 13.43 25.6 95.2 1.94 23.8 0.64 0.79 

5 0.16 0.30 7.84 29.56 6.65 16.02 38.7 130.5 6.99 35.1 1.20 1.37 

6 0.22 0.29 5.86 35.34 8.18 10.92 59.0 171.2 4.44 44.2 0.84 1.01 

7 0.30 0.45 2.69 25.69 8.82 13.66 21.7 79.2 2.82 41.1 0.44 0.76 

8 0.05 0.11 1.43 35.61 8.67 12.94 19.3 62.8 2.30 29.4 0.40 0.52 

9 0.04 0.20 2.91 33.00 9.73 13.21 20.1 62.7 1.99 28.0 0.46 0.62 

10 0.18 0.31 1.45 44.77 10.54 16.40 17.4 78.2 2.01 34.7 0.36 0.59 

11 0.16 0.21 4.77 40.85 7.47 12.34 46.1 108.3 9.02 39.1 0.54 0.67 

12 0.36 0.48 4.78 44.48 6.57 16.87 30.7 140.7 4.69 39.3 0.58 0.85 

13 0.37 0.48 0.87 33.00 6.52 15.67 15.2 87.0 2.04 34.8 0.46 0.85 

14 0.63 0.64 1.05 17.38 9.11 16.73 15.1 73.4 1.65 32.7 0.70 0.89 

15 0.57 0.67 1.03 19.81 8.87 19.51 14.0 77.9 1.87 35.4 0.86 0.96 

16 0.05 0.11 1.58 17.10 7.64 15.43 11.7 67.4 1.61 30.6 0.66 0.69 

18 0.14 0.27 1.57 25.10 6.94 12.82 22.9 70.1 2.21 46.5 0.25 0.60 

19 0.36 0.42 1.93 37.02 5.21 14.94 15.2 111.2 2.21 43.6 0.36 0.75 

20 0.76 0.78 0.83 60.04 4.62 13.40 10.0 80.9 2.05 36.7 0.70 0.94 

21 0.14 0.23 0.85 26.88 6.37 25.19 9.7 83.1 1.89 37.6 0.93 1.02 

22 0.17 0.28 1.36 19.63 7.47 14.80 11.2 95.5 2.17 35.1 0.72 0.92 

23 2.07 2.19 1.12 20.66 8.40 18.58 11.5 106.5 2.18 40.7 0.77 0.82 

24 0.52 0.68 1.66 16.08 8.77 20.58 13.5 81.6 2.35 32.2 0.56 0.85 

 



82 

 

Table H-5 (cont.)  

Station 
Cd (µg/g) Cu (µg/g) Pb (µg/g) Zn (µg/g) Fe (mg/g) Mn (mg/g) 

non-lattice total non-lattice total non-lattice total non-lattice total non-lattice total non-lattice total 

26 0.39 0.56 1.94 16.45 3.05 15.66 19.1 73.0 2.12 40.6 0.58 0.64 

27 0.56 0.74 0.85 13.90 4.59 13.55 12.1 65.8 1.80 36.8 0.70 0.84 

28 0.10 0.23 3.95 17.17 5.66 13.62 10.7 63.3 1.92 25.0 0.56 0.87 

29 0.15 0.24 0.93 18.50 6.10 14.47 11.9 67.0 2.07 35.9 0.19 0.57 

30 0.72 0.88 3.40 20.56 6.34 13.38 25.6 65.5 1.12 19.3 0.49 0.62 

31 0.73 1.02 1.60 21.93 5.44 23.71 18.3 103.7 1.46 41.3 0.39 0.45 

32 1.49 1.66 1.12 23.58 7.49 16.47 12.3 73.9 1.91 32.1 0.46 0.51 

33 0.06 0.26 2.17 17.35 5.16 15.22 18.8 54.7 1.01 26.4 0.35 0.64 
All data was normalized by percentage of < 63 µm and CaCO3 
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Table H-6 Concentrations of metals in non-lattice and lattice held fractions of the sediments collected from the river mouth of Chao Phraya on 
9 March 2011. 

Station 
Cd (µg/g) Cu (µg/g) Pb (µg/g) Zn (µg/g) Fe (mg/g) Mn (mg/g) 

non-lattice total non-lattice total non-lattice total non-lattice total non-lattice total non-lattice total 

1 3.02 0.47 11.4 46.7 7.90 28.6 85.5 233.4 10.2 23.1 0.88 0.30 

2 3.52 0.54 15.8 53.6 7.21 37.9 89.8 244.2 10.0 25.2 0.71 0.22 

3 3.55 0.59 14.1 46.6 7.07 30.2 68.8 239.2 10.3 26.0 1.88 1.22 

4 2.46 0.26 14.7 38.8 7.22 19.3 66.5 193.3 15.1 31.9 1.82 0.91 

5 2.12 0.42 11.2 56.6 9.02 34.1 106.4 188.0 19.6 37.2 2.66 1.74 

6 3.01 0.41 13.9 38.4 9.03 7.4 65.4 190.7 10.0 27.5 1.93 1.05 

7 2.09 0.51 11.7 26.8 6.87 26.8 56.7 242.7 12.4 33.0 1.86 0.86 

9 1.90 0.42 15.3 41.6 8.4 23.2 56.1 224.4 9.9 30.9 3.22 1.36 

10 1.89 0.94 14.5 42.5 17.5 36.5 88.1 230.2 27.8 40.8 3.79 0.87 

11 2.46 0.60 13.5 48.7 16.0 45.0 89.0 311.4 29.4 46.0 3.23 0.71 

12 2.30 0.53 10.8 32.2 11.0 22.2 57.0 187.0 13.1 32.7 2.07 1.25 

13 2.94 0.73 20.1 43.2 21.7 39.2 84.9 513.3 21.8 37.6 2.42 1.62 

14 7.33 0.43 11.4 41.4 14.7 13.5 67.4 215.1 22.5 35.6 2.34 1.68 

15 3.27 1.61 19.8 78.5 6.84 17.0 102.9 602.7 24.0 79.5 5.59 4.33 

16 2.02 0.38 12.8 32.1 11.6 3.53 85.2 282.6 19.8 46.9 2.09 2.62 

17 2.56 0.36 8.5 44.8 10.2 20.1 51.1 224.3 14.1 30.0 1.47 0.85 
All data was normalized by percentage of < 63 µm and CaCO3 
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Table H-7  Precision of acid volatile sulfide and simultaneous extracted metals 
analysis 

(a) Acid volatile sulfide (AVS) (µmol/g dry weight) 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 9 0.012 0.012 
 

0.012 ± 0.000  0.000 0.6 

U-GOT 10 0.015 0.014 
 

0.014 ± 0.001 0.001 5.1 

U-GOT 16 0.050 0.015 
 

0.033 ± 0.018 0.025 76.5 

U-GOT 21 0.512 0.334 
 

0.423 ± 0.089 0.125 29.6 

U-GOT 23 0.024 0.056 0.010 0.030 ± 0.014 0.023 78.0 

U-GOT 31 0.009 0.009 
 

0.009 ± 0.000 0.000 1.3 

U-GOT 32 0.006 0.011 
 

0.009 ± 0.003 0.004 43.5 

 CPY 4 0.192 0.354 
 

0.273 ± 0.081 0.114 41.9 

     
Average 34.6 

(b) Simultaneous extracted cadmium (Cd) (µg/g dry weight) 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 9 0.016 0.031 
 

0.023 ± 0.008 0.011 46.4 

U-GOT 10 0.017 0.014 
 

0.016 ± 0.002 0.002 15.7 

U-GOT 16 0.016 0.020 
 

0.018 ± 0.002 0.003 17.6 

U-GOT 21 0.035 0.032 
 

0.033 ± 0.001 0.002 6.4 

U-GOT 23 0.019 0.018 0.02 0.019 ± 0.001 0.001 4.6 

U-GOT 31 0.028 0.023 
 

0.025 ± 0.002 0.003 12.6 

U-GOT 32 0.025 0.030 
 

0.027 ± 0.003 0.004 13.1 

 CPY 4 0.094 0.100 
 

0.097 ± 0.003 0.004 4.1 

     
Average 15.1 

(c) Simultaneous extracted copper (Cu) (µg/g dry weight) 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 9 0.996 1.370 
 

1.183 ± 0.187 0.264 22.3 

U-GOT 10 1.067 0.981 
 

1.024 ± 0.043 0.061 5.9 

U-GOT 16 0.914 1.269 
 

1.091 ± 0.177 0.251 23.0 

U-GOT 21 1.577 1.813 
 

1.695 ± 0.118 0.167 9.8 

U-GOT 23 0.952 1.028 0.977 0.986 ± 0.022 0.039 3.9 

U-GOT 31 1.093 1.281 
 

1.187 ± 0.094 0.133 11.2 

U-GOT 32 0.596 0.580 
 

0.588 ± 0.008 0.011 1.9 

 CPY 4 12.84 19.39 
 

16.11 ± 3.28 4.63 28.8 

     
Average 13.4 
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(d) Simultaneous extracted lead (Pb) (µg/g dry weight) 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 9 0.151 0.162 
 

0.157 ± 0.005 0.007 4.8 

U-GOT 10 0.073 0.118 
 

0.096 ± 0.022 0.032 33.1 

U-GOT 16 0.091 0.123 
 

0.107 ± 0.016 0.023 21.1 

U-GOT 21 0.070 0.108 
 

0.089 ± 0.019 0.027 30.2 

U-GOT 23 0.100 0.146 0.122 0.123 ± 0.013 0.023 18.9 

U-GOT 31 0.110 0.122 
 

0.116 ± 0.006 0.008 7.1 

U-GOT 32 0.095 0.130 
 

0.112 ± 0.018 0.025 22.1 

 CPY 4 14.68 14.33 
 

14.50 ± 0.17 0.25 1.7 

     
Average 17.4 

 (e) Simultaneous extracted zinc (Zn) (µg/g dry weight) 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 9 23.1 18.7 
 

20.9 ± 2.21 3.12 14.9 

U-GOT 10 17.9 20.3 
 

19.1 ± 1.21 1.71 8.9 

U-GOT 16 36.4 23.9 
 

30.1 ± 6.22 8.80 29.2 

U-GOT 21 36.8 33.9 
 

35.4 ± 1.48 2.09 5.9 

U-GOT 23 21.2 29.1 20.2 23.5 ± 2.82 4.89 20.8 

U-GOT 31 13.2 22.5 
 

17.8 ± 4.63 6.55 36.8 

U-GOT 32 16.0 14.4 
 

15.2 ± 0.77 1.09 7.2 

 CPY 4 113.8 107.6 
 

110.7 ± 3.11 4.40 4.0 

     
Average 16.0 

 (f) Simultaneous extracted iron (Fe) (mg/g dry weight) 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 9 1.69 2.13 
 

1.91 ± 0.22 0.31 16.2 

U-GOT 10 3.20 0.99 
 

2.09 ± 1.10 1.56 74.5 

U-GOT 16 4.30 5.14 
 

4.72 ± 0.42 0.60 12.6 

U-GOT 21 8.52 8.39 
 

8.45 ± 0.06 0.09 1.1 

U-GOT 23 5.06 3.68 3.73 4.16 ± 0.45 0.78 18.8 

U-GOT 31 2.30 1.26 
 

1.78 ± 0.52 0.74 41.4 

U-GOT 32 4.42 4.02 
 

4.22 ± 0.20 0.28 6.6 

 CPY 4 16.2 14.7 
 

15.4 ± 0.74 1.04 6.8 

     
Average 22.2 
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(g) Simultaneous extracted managnese (Mn) (mg/g dry weight) 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 9 0.335 0.382 
 

0.358 ± 0.024 0.034 9.4 

U-GOT 10 0.433 0.256 
 

0.344 ± 0.088 0.125 36.3 

U-GOT 16 0.422 0.584 
 

0.503 ± 0.081 0.115 22.8 

U-GOT 21 0.835 0.889 
 

0.862 ± 0.027 0.038 4.4 

U-GOT 23 0.550 0.493 0.49 0.511 ± 0.020 0.034 6.7 

U-GOT 31 0.772 0.621 
 

0.696 ± 0.075 0.107 15.3 

U-GOT 32 0.657 0.584 
 

0.621 ± 0.037 0.052 8.4 

 CPY 4 2.59 1.80 
 

2.19 ± 0.39 0.56 25.4 

     
Average 16.1 
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Table H-8  Precision of the analysis of sediment size composition 

(a) Sand percentage (%) 

Station Rep. 1 Rep. 2 Average ± SE SD %RSD 

U-GOT 5 34.3 38.7 36.5 ± 2.2 3.1 8.5 

U-GOT 16 32.4 49.5 41.0 ± 8.5 12.1 29.4 

CPY 7 26.5 32.4 29.4 ± 2.9 4.1 14.1 

CPY 15 55.9 60.0 58.0 ± 2.1 2.9 5.0 

    
Average 14.3 

(b) Silt percentage (%) 

Station Rep. 1 Rep. 2 Average ± SE SD %RSD 

U-GOT 5 51.0 41.5 46.3 ± 4.7 6.7 14.5 

U-GOT 16 40.4 39.7 40.1 ± 0.3 0.5 1.2 

CPY 7 34.3 27.3 30.8 ± 3.5 5.0 16.3 

CPY 15 22.7 27.2 25.0 ± 2.3 3.2 12.7 

    
Average 11.2 

 (c) Clay percentage (%) 

Station Rep. 1 Rep. 2 Average ± SE SD %RSD 

U-GOT 5 14.6 19.7 17.2 ± 2.5 3.6 20.9 

U-GOT 16 27.2 10.8 19.0 ± 8.2 11.6 61.0 

CPY 7 39.2 40.4 39.8 ± 0.6 0.9 2.2 

CPY 15 17.2 16.8 17.0 ± 0.2 0.3 1.7 

    
Average 21.5 
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Table H-9  Precision of the analysis of carbonate material (%) in the sediments 

Station Rep. 1 Rep. 2 Average ± SE SD %RSD 

U-GOT 2 6.2 5.4 5.8 ± 0.4 0.5 9.3 
U-GOT 3 10.1 9.7 9.9 ± 0.2 0.3 2.6 
U-GOT 4 12.0 12.1 12.1 ± 0.0 0.1 0.6 
U-GOT 6 4.5 4.1 4.3 ± 0.2 0.3 5.9 
U-GOT 7 13.1 12.8 13.0 ± 0.1 0.2 1.6 
U-GOT 8 13.5 12.8 13.1 ± 0.4 0.5 4.1 
U-GOT 9 11.5 11.4 11.5 ± 0.0 0.1 0.6 
U-GOT 10 15.5 12.2 13.9 ± 1.7 2.4 17.0 
U-GOT 11 3.1 3.0 3.0 ± 0.1 0.1 2.9 
U-GOT 12 3.5 4.8 4.2 ± 0.6 0.9 20.7 
U-GOT 13 11.5 11.6 11.6 ± 0.0 0.1 0.6 
U-GOT 14 12.1 12.1 12.1 ± 0.0 0.0 0.1 
U-GOT 15 13.5 13.0 13.2 ± 0.3 0.4 2.8 
U-GOT 16 13.1 12.4 12.7 ± 0.3 0.5 3.7 
U-GOT 18 6.6 5.9 6.2 ± 0.4 0.5 7.9 
U-GOT 19 9.7 9.3 9.5 ± 0.2 0.3 2.8 
U-GOT 20 9.4 10.2 9.8 ± 0.4 0.5 5.5 
U-GOT 21 12.0 12.9 12.5 ± 0.4 0.6 4.9 
U-GOT 22 16.0 15.9 15.9 ± 0.1 0.1 0.5 
U-GOT 23 17.8 17.8 17.8 ± 0.0 0.0 0.1 
U-GOT 24 21.2 22.5 21.9 ± 0.7 0.9 4.3 
U-GOT 26 10.0 9.5 9.7 ± 0.2 0.4 3.6 
U-GOT 27 9.0 9.3 9.1 ± 0.2 0.3 2.8 
U-GOT 28 10.1 9.8 10.0 ± 0.2 0.2 2.5 
U-GOT 29 12.7 13.1 12.9 ± 0.2 0.3 2.1 
U-GOT 30 14.1 14.4 14.2 ± 0.2 0.3 1.9 
U-GOT 31 16.5 16.8 16.6 ± 0.1 0.2 1.2 
U-GOT 32 15.0 15.2 15.1 ± 0.1 0.2 1.1 
U-GOT 33 15.6 16.1 15.9 ± 0.2 0.3 2.0 
CYP 1 2.7 2.9 2.8 ± 0.1 0.1 3.2 
CYP 2 1.6 1.8 1.7 ± 0.1 0.2 10.0 
CYP 3 1.6 1.9 1.7 ± 0.2 0.2 13.4 
CYP 4 2.0 1.9 1.9 ± 0.0 0.0 2.4 
CYP 5 2.3 1.9 2.1 ± 0.2 0.3 12.6 
CYP 6 1.8 2.6 2.2 ± 0.4 0.5 23.4 
CYP 7 2.2 2.1 2.1 ± 0.1 0.1 4.3 
CYP 9 2.2 1.7 2.0 ± 0.2 0.3 15.1 
CYP 10 1.9 1.8 1.9 ± 0.1 0.1 5.7 
CYP 11 1.9 2.0 2.0 ± 0.0 0.0 2.5 
CYP 12 2.5 2.1 2.3 ± 0.2 0.2 10.4 
CYP 13 1.9 1.9 1.9 ± 0.0 0.0 0.5 
CYP 14 2.2 1.9 2.0 ± 0.2 0.2 11.2 
CYP 15 4.0 4.5 4.2 ± 0.2 0.3 8.2 
CYP 16 2.0 1.8 1.9 ± 0.1 0.2 8.7 
CYP 17 2.0 2.1 2.0 ± 0.0 0.1 2.9 

    
Average 5.6 
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Table H-10  Precision of the analysis of organic matter (%) in the sediments 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 2 4.12 4.16 4.57 4.28 ± 0.14 0.25 5.8 
U-GOT 3 3.64 3.67 3.29 3.53 ± 0.12 0.21 5.9 
U-GOT 4 4.44 4.54 4.54 4.51 ± 0.03 0.06 1.3 
U-GOT 5 2.71 2.27 2.68 2.55 ± 0.14 0.24 9.5 
U-GOT 6 3.39 3.12 3.16 3.22 ± 0.05 0.15 4.6 
U-GOT 7 1.64 1.60  1.62 ± 0.02 0.03 2.0 
U-GOT 8 2.14 2.21 2.26 2.20 ± 0.04 0.06 2.8 
U-GOT 9 1.94 1.89 2.18 2.00 ± 0.09 0.16 7.8 
U-GOT 10 2.26 2.38 2.48 2.37 ± 0.06 0.11 4.7 
U-GOT 11 3.18 3.10 3.18 3.16 ± 0.03 0.04 1.4 
U-GOT 12 3.69 3.92 4.64 4.08 ± 0.28 0.49 12.1 
U-GOT 13 2.41 2.78 2.76 2.65 ± 0.12 0.21 7.8 
U-GOT 14 2.85 2.94 2.97 2.92 ± 0.04 0.06 2.1 
U-GOT 15 2.13 2.16 2.13 2.14 ± 0.01 0.02 1.0 
U-GOT 16 2.29 2.09  2.19 ± 0.10 0.14 6.4 
U-GOT 18 3.85 3.93  3.89 ± 0.04 0.06 1.5 
U-GOT 19 3.48 3.23  3.36 ± 0.13 0.18 5.4 
U-GOT 20 3.42 3.26  3.34 ± 0.08 0.11 3.4 
U-GOT 21 3.38 3.38  3.38 ± 0.00 0.00 0.1 
U-GOT 22 2.19 2.21  2.20 ± 0.01 0.02 0.8 
U-GOT 23 2.18 2.42  2.30 ± 0.12 0.17 7.2 
U-GOT 24 2.48 2.68  2.58 ± 0.10 0.14 5.6 
U-GOT 26 3.91 3.85  3.88 ± 0.03 0.05 1.2 
U-GOT 27 3.38 3.32  3.35 ± 0.03 0.04 1.2 
U-GOT 28 2.77 2.78  2.77 ± 0.01 0.01 0.3 
U-GOT 29 3.10 3.05  3.08 ± 0.03 0.04 1.2 
U-GOT 30 4.74 4.79  4.76 ± 0.02 0.03 0.7 
U-GOT 31 2.24 2.15  2.19 ± 0.05 0.07 3.0 
U-GOT 32 1.79 1.80  1.79 ± 0.00 0.01 0.4 
U-GOT 33 4.33 4.27  4.30 ± 0.03 0.05 1.0 
CYP 1 4.65 4.46  4.55 ± 0.10 0.14 3.0 
CYP 2 4.73 4.57  4.65 ± 0.08 0.11 2.5 
CYP 3 4.06 3.98  4.02 ± 0.04 0.05 1.3 
CYP 4 3.50 3.41  3.46 ± 0.05 0.06 1.9 
CYP 5 2.90 2.88  2.89 ± 0.01 0.01 0.3 
CYP 6 3.98 3.91  3.95 ± 0.04 0.05 1.3 
CYP 7 3.52 3.54  3.53 ± 0.01 0.02 0.5 
CYP 9 3.80 3.72  3.76 ± 0.04 0.06 1.5 
CYP 10 2.26 2.18  2.22 ± 0.04 0.06 2.5 
CYP 11 2.18 2.21  2.20 ± 0.02 0.02 1.1 
CYP 12 1.43 1.32  1.37 ± 0.06 0.08 5.9 
CYP 13 2.24 2.22  2.23 ± 0.01 0.01 0.6 
CYP 14 2.35 2.34  2.35 ± 0.00 0.00 0.2 
CYP 15 2.37 2.40  2.39 ± 0.01 0.02 0.8 
CYP 16 2.34 2.40  2.37 ± 0.03 0.05 2.0 
CYP 17 3.48 3.51  3.50 ± 0.01 0.02 0.6 

   
 

 
Average 2.9 
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Table H-11  Precision of non-lattice held metals analysis 

(a) Non-lattice held cadmium (Cd) (µg/g dry weight) 

Station Rep. 1 Rep. 2 Average ± SE SD %RSD 

U-GOT 10 1.07 1.16 1.11 ± 0.05 0.07 6.0 

U-GOT 13 1.09 1.14 1.12 ± 0.03 0.04 3.5 

CPY  3 3.12 3.59 3.35 ± 0.24 0.33 10.0 

CPY 9 1.77 1.95 1.86 ± 0.09 0.13 6.8 

CPY 17 1.88 2.28 2.08 ± 0.20 0.28 13.5 

    
Average 8.0 

(b) Non-lattice held copper (Cu) (µg/g dry weight) 

Station Rep. 1 Rep. 2 Average ± SE SD %RSD 

U-GOT 10 0.95 1.00 0.98 ± 0.02 0.03 3.1 

U-GOT 13 0.75 0.66 0.71 ± 0.04 0.06 8.8 

CPY  3 13.5 13.0 13.3 ± 0.26 0.37 2.8 

CPY 9 14.0 15.9 14.9 ± 0.94 1.33 8.9 

CPY 17 6.88 7.00 6.94 ± 0.06 0.08 1.2 

    
Average 5.0 

(c) Non-lattice held lead (Pb) (µg/g dry weight) 

Station Rep. 1 Rep. 2 Average ± SE SD %RSD 

U-GOT 10 7.03 7.14 7.09 ± 0.05 0.07 1.0 

U-GOT 13 5.16 5.40 5.28 ± 0.12 0.17 3.2 

CPY  3 6.53 6.81 6.67 ± 0.14 0.20 3.0 

CPY 9 7.63 8.83 8.23 ± 0.06 0.85 10.4 

CPY 17 8.26 8.33 8.30 ± 0.04 0.05 0.6 

    
Average 3.7 

(d) Non-lattice held lead (Zn) (µg/g dry weight) 

Station Rep. 1 Rep. 2 Average ± SE SD %RSD 

U-GOT 10 11.2 12.2 11.7 ± 0.5 0.7 5.8 

U-GOT 13 12.1 12.5 12.3 ± 0.2 0.3 2.2 

CPY  3 125.7 128.2 127.0 ± 1.2 1.8 1.4 

CPY 9 112.0 113.2 112.6 ± 0.6 0.8 0.7 

CPY 17 95.9 89.8 92.8 ± 3.0 4.3 4.6 

    
Average 2.9 
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(e) Non-lattice held iron (Fe) (mg/g dry weight) 

Station Rep. 1 Rep. 2 Average ± SE SD %RSD 

U-GOT 10 1.31 1.39 1.35 ± 0.04 0.05 3.9 

U-GOT 13 1.62 1.68 1.65 ± 0.03 0.04 2.5 

CPY  3 9.66 9.77 9.71 ± 0.05 0.07 0.8 

CPY 9 9.84 9.49 9.67 ± 0.17 0.24 2.5 

CPY 17 12.1 10.8 11.5 ± 0.68 0.96 8.3 

    
Average 3.6 

(f) Non-lattice held manganese (Mn) (mg/g dry weight) 

Station Rep. 1 Rep. 2 Average ± SE SD %RSD 

U-GOT 10 0.87 0.76 0.82 ± 0.06 0.08 9.9 

U-GOT 13 0.94 1.23 1.08 ± 0.14 0.20 18.7 

CPY  3 1.67 1.87 1.77 ± 0.10 0.14 7.9 

CPY 9 3.15 3.17 3.16 ± 0.01 0.01 0.3 

CPY 17 1.19 1.19 1.19 ± 0.00 0.00 0.0 

    
Average 7.4 
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Table H-12  Precision of total metals analysis 

(a) Total cadmium (Cd) (µg/g dry weight) 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 3 0.96 0.44 0.40 0.70 ± 0.19 0.33 47.8 

U-GOT 13 0.56 0.23 
 

0.39 ± 0.17 0.23 59.9 

CPY 1 0.45 0.39 
 

0.42 ± 0.03 0.04 9.2 

CPY 9 0.41 0.41 
 

0.41 ± 0.00 0.00 0.0 

CPY 14 0.18 0.32 
 

0.25 ± 0.07 0.10 39.5 

     
Average 31.3 

(b) Total copper (Cu) (µg/g dry weight) 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 3 55.0 29.6 33.3 42.3 ± 8.2 14.2 33.5 

U-GOT 13 31.8 21.5 
 

26.7 ± 5.1 7.3 27.3 

CPY 1 40.9 42.3 
 

41.6 ± 0.7 1.0 2.4 

CPY 9 40.7 40.7 
 

40.7 ± 0.0 0.0 0.0 

CPY 14 24.4 23.5 
 

23.9 ± 0.5 0.7 2.9 

     
Average 13.2 

(c) Total lead (Pb) (µg/g dry weight) 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 3 14.1 14.4 11.7 14.2 ± 1.0 1.8 12.6 

U-GOT 13 13.9 11.5 
 

12.7 ± 1.2 1.7 13.5 

CPY 1 17.6 33.4 
 

25.5 ± 7.9 11.2 43.9 

CPY 9 18.6 27.0 
 

22.8 ± 4.2 6.0 26.2 

CPY 14 7.6 8.0 
 

7.8 ± 0.2 0.3 4.0 

     
Average 20.0 

(d) Total zinc (Zn) (µg/g dry weight) 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 3 93.3 86.5 93.3 91.0 ± 2.3 4.0 4.3 

U-GOT 13 73.7 67.1 
 

70.4 ± 3.3 4.7 6.6 

CPY 1 196.2 219.5 
 

207.8 ± 11.7 16.5 7.9 

CPY 9 226.4 213.3 
 

219.8 ± 6.5 9.3 4.2 

CPY 14 127.1 121.6 
 

124.3 ± 2.8 3.9 3.1 

     
Average 5.3 
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(e) Total iron (Fe) (mg/g dry weight) 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 3 20.8 34.9 34.4 27.9 ± 4.9 8.4 30.2 

U-GOT 13 29.1 27.1 
 

28.1 ± 1.0 1.4 5.0 

CPY 1 20.5 20.5 
 

20.5 ± 0.0 0.0 0.1 

CPY 9 30.3 30.3 
 

30.3 ± 0.0 0.0 0.0 

CPY 14 20.3 20.8 
 

20.6 ± 0.2 0.4 1.7 

     
Average 7.4 

(f) Total manganese (Mn) (mg/g dry weight) 

Station Rep. 1 Rep. 2 Rep. 3 Average ± SE SD %RSD 

U-GOT 3 1.16 1.16 1.12 1.16 ± 0.02 0.03 2.3 

U-GOT 13 0.48 0.89 
 

0.69 ± 0.21 0.29 43.0 

CPY 1 0.19 0.34 
 

0.26 ± 0.07 0.10 38.9 

CPY 9 1.43 1.23 
 

1.33 ± 0.10 0.14 10.6 

CPY 14 0.98 0.96 
 

0.97 ± 0.01 0.01 1.2 

     
Average 19.2 
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