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Abstract Intertidal sediments of the inner and middle zone

from the Bahı́a Blanca estuary were sampled for geo-

chemical and environmental assessment of metals (Cd, Cu,

Pb, Zn, Mn, Ni, Cr and Fe). Results indicate that both the

organic matter content and the sediment grain size plays an

important role in controlling the differential concentrations

of the metals found in sediments from both zones. For most

of the elements (except Mn), sediment metal concentra-

tions were greater in the middle zone, although the con-

centrations did not exceed the maximums for quality of

marine sediments. In this sense, anthropogenic impact (i.e.,

sewage drain) appears to be a key factor in the distribution

of metals within the estuarine system. Comparing the levels

obtained with quality levels (LEL and SEL), except Cu that

showed levels slightly above the LEL, the rest of the

concentrations of metals were lower to those levels. The

low metal concentrations obtained within this highly

impacted estuarine system suggest that the great volume of

water that flooding the extensive flats in each tidal cycle

has much importance. Although the potential risks of

metals to the estuarine environment were low, taking into

account the toxicity of some of these metals, continuity of

monitoring is highly recommended.

Keywords Bahı́a Blanca estuary � Intertidal sediments �
Metals � Flooding � Anthropogenic impact

Introduction

The social and economic development of estuaries brings

about the generation of several chemical pollutants through

various sources such as industrial and agricultural activi-

ties, mining and domestic wastes, among others (Ridgway

and Shimmield 2002; Ip et al. 2007; Hu et al. 2013; Zhao

et al. 2013). In this context, estuarine sediments constitute

the most important sink of pollutants in aquatic ecosys-

tems. Metals deserve special attention because of its high

toxicity, environmental persistence and potential bioaccu-

mulation and biomagnification through food chains

(Rainbow 2007; Pradit et al. 2010; Xu et al. 2016). The

metal concentrations found in the sediment may vary as a

function of the physicochemical variables such as pH,

salinity, redox potential, organic matter content and sedi-

ment grain size (Eggleton and Thomas 2004; Du Laing

et al. 2009; Acosta et al. 2011; Zhao et al. 2013). Benthic

organisms also influence this variation mainly due to
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bioturbation, where feeding, movement and burrow for-

mation introduce oxygenated water to deeper anoxic sedi-

ments (Eggleton and Thomas 2004). The content of organic

matter in sediments, especially in estuarine and coastal

areas, is recognized as an important tangler of various

types of contaminants, including metals. Additionally,

grain size distribution in sediments significantly influences

metal concentrations and their bioavailability. Some stud-

ies have shown that highest concentrations of metals are

associated with fine grained sediment particles, since

higher specific surface area of clay–silt particles increases

the association of metals with these particles (Ip et al.

2007; Chakraborty et al. 2015). Particle size and sediment

type exert a strong influence upon contaminant binding

ability. The presence of high concentrations of organic

matter and ion exchange materials, such as clays, will

greatly affect the ability of sediments to retain metal ions

via adsorption, chelation and ion exchange mechanisms

(Williams et al. 1994). Thus, this matrix acts not only as a

sink but also as a source for metals to the environment. In

this sense, the estuarine sediments become a fundamental

tool to assess the health status of the studied environment.

The Bahı́a Blanca estuary is under constant and

increasing anthropogenic pressure because several urban

settlements (380,000 habitants) including industrial devel-

opments and harbors, produce an impact on the environ-

ment through the discharge of sewages to the estuary

without suitable treatment (Ferrer et al. 2000; Andrade

et al. 2002; Biancalana et al. 2012). The main urban

sources of point pollution in this estuarine system are

located in the Bahı́a Blanca district, being the sewage

treatment plant of Bahı́a Blanca city and the sewer of

Ingeniero White town the principal ones. On the other

hand, the industrial discharges concern mainly the harbor

area of Bahı́a Blanca including the petrochemical center

(Limbozzi and Leitao 2008). Agricultural activities also

impact this environment (Perillo et al. 2001; Botté et al.

2007).

The aim of this study was to determine the total con-

centration and spatial distribution of metals in surface

intertidal sediments of the Bahı́a Blanca estuary. Although

not always content of heavy metals in sediments reflects

the amount available for biota because water is also a

source, in this work we focus on the potential ecological

risk of metal pollution in estuarine sediments.

Materials and methods

Study area

The Bahia Blanca estuary (38�450–39�400S and 61�450–
62�300W) is a mesotidal coastal plain estuary extended

over 2300 km2, and formed by several tidal channels,

extensive tidal flats with patches of low salt marshes and

islands (Piccolo et al. 2008; Pratolongo et al. 2013). Tides

are the main energy source of the system; the mean tidal

amplitude ranges from 2.2 to 3.5 m and the spring tidal

amplitude ranges from 3 to 4 m (Perillo and Piccolo 1991).

On the northern shore several ports (two are commercial

ones), cities (i.e., Bahı́a Blanca, Punta Alta) and industries

(oil, chemical, and plastic factories among others) are

settled. The two main freshwater tributaries that enter the

estuary from the northern shore are the Sauce Chico River

(drainage area of 1588 km2, 1.9 m3 s-1) and Napostá

Grande Creek (drainage area of 1450 km2, 0.8 m3 s-1)

(Pérez and Perillo 2002; Piccolo et al. 2008). Two minor

tributaries, Saladillo de Garcı́a and Canal Maldonado, also

drain into the estuary from the north. However, the sewage

discharges from the cities of Bahı́a Blanca, Punta Alta, and

Ingeniero White are responsible for the generation of the

largest input of freshwater, nutrients, and contaminants

(Spetter et al. 2015).

Two sites were selected within the Bahı́a Blanca estuary

(Fig. 1). One of them, Cuatreros Port (CP), is located in the

inner part of the estuary, within the area influenced by

General Cerri town. This area is under the impact of the two

branches of the Sauce Chico River and the Pejerrey canal,

with a fluctuating flow, which drain big extensions of

agricultural fields (Perillo et al. 2001; Limbozzi and Leitao

2008). The other sampling site, Rosales Port (RP), is located

in de middle part of the estuary within the area influenced

by the city of Punta Alta (*60,000 inhabitants). The site is

within the area affected by the Punta Alta sewage discharge,

which discharges into the estuary with no treatment. The

main activities of RP are mooring buoys. Two buoys for

mooring tankers, Punta Ancla and Punta Cigüeña, allow

loading and unloading of liquid fuels and operation of large

tankers due to the channel depth. In the port area there is a

petrochemical plant that produces high and low density

polyethylene. In the past 6 years, the movement of oil in

this area increased almost 26%, from 9,568,200 to

12,008,486 tons (Management Consortium of the Port of

Bahia Blanca 2016). This accounts for the importance of it

within the port system in the Province of Buenos Aires.

Sampling

Samples (n = 3 for each site) of intertidal superficial

sediment for determination of grain size, organic matter

and metals concentration were seasonally collected from

April 2014 to September 2015 with a PVC cores (100 mm

i.d.; 150 mm long). Afterward, they were kept in poly-

ethylene bags, carried to the laboratory in refrigerated

boxes, and stored at 4 �C for less than 48 h. Sampling was

performed during low tide in morning hours.
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The water physicochemical variables as temperature, pH

and conductivity were recorded in each sampling station at

1 m depth with a multisensor HORIBA U-10. Salinity was

calculated from conductivity.

Laboratory procedures

In the laboratory, sediment subsamples were taken in order

to determine grain size composition, organic matter and

metal contents in the\63 lm fraction (fine sediment). The

subsamples to determine metal concentrations were oven

dried at 60 ± 5 �C for 4 days. Large debris and fragments

of biota were removed before grinding in a porcelain

mortar. Afterward they were sifted through stainless steel

meshes until fine particles (\63 lm) were obtained. All

homogenized subsamples were stored in plastic desiccators

until their analytical treatment. The subsamples for organic

matter were oven dried at 60 ± 5 �C until constant weight.

Organic matter content (%OM) was calculated from weight

loss on ignition after drying samples at 450 ± 50 �C for

1 h in a muffle furnace (Dean 1974). Granulometry of each

sample was measured with a Malvern Mastersizer 2000

laser diffractometer to obtain the percentages of clay

(\4 lm), silt (4–63 lm) and sand ([63 lm) fractions.

Concentrations of (Cd, Cu, Cr, Ni, Pb, Zn, Mn and Fe)

in the\63 lm grain size fraction were analyzed according

to the methodology of Botté et al. (2010). About 500 mg of

dry sediment samples were mineralized with a 1:5 HNO3/

HClO4 mixture in a thermostatic bath at 110 ± 10 �C up to

a minimum volume. Then the extracts (1 mL) were made

up to 10 mL with 0.7% HNO3. All equipment used was

previously cleaned with diluted nitric acid (0.5% v/v) to

prevent contamination.

An inductively coupled plasma-optical emission spec-

troscopy (ICPOES Optima 2100 DV Perkin Elmer) was

used for determining all metal concentrations. The detec-

tion limit of the method (MDL) was calculated as the

standard deviation (SD) of 10 blank replicates (Federal

Register 1984). The MDLs (lg/g), were as follows: Cd

0.034, Cu 0.738, Pb 0.882, Zn 0.665, Mn 7.722, Ni 1.644,

Cr 1.329 and Fe 16.47.

Analytical quality was checked against international

certified reference materials (pond sediment flour R.M. No.

82) provided by The National Institute for Environmental

Fig. 1 Map of the study area. Black points represent the sampling areas in the Bahı́a Blanca estuary
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Studies (NIES) from Tsukuba University (Japan). For all

the analyzed metals, recovery percentages match with

official NIES and UNEP calibration exercises (Table 1).

Statistic analysis

Differences between sites were statistically checked by

Student t test, combining all the data for the whole study

period (i.e., ignoring seasonal/temporal differences).

Appropriate statistical software was used (IBM SPSS

Statistics 22.0 and Infostat version 2016—Grupo InfoStat,

FCA, Universidad Nacional de Córdoba, Argentina), fol-

lowing Zar (1996). The acceptable level of statistical sig-

nificance was 5%.

Results

Temperature, pH and salinity in superficial water

Water temperature in CP and RP varied from 9.6 to

22.5 �C, with lower values in August and September and

higher ones in the early fall (Fig. 2a). This variation was

similar for both sites, showing no significant statistical

differences between them (p = 0.61).

Water pH in CP remained almost constant during the

entire sampling period (8.1 ± 0.12). Although the values

of water pH in RP were, on average, similar to those of CP,

a greater variability was observed for RP (8.3 ± 0.43),

finding a jump of one point between the lowest (7.9) and

the highest (8.9) water pH value (Fig. 2b). Nevertheless, no

significant statistical differences were found between sites

(p = 0.15).

Salinity in CP and RP varied from 25.65 to 37.20, with

highest values in April, February and September (Fig. 2c).

Again, no significant statistical differences were found

between sites (p = 0.21).

Table 1 Recovery values of the various metals from reference materials [pond sediment flour (R.M. No. 82)]

Metal Value obtained in our lab (lg/g dry weight) Certified value (lg/g dry weight) Recovery (%)

Pond sediment flour (R.M. No. 82) Cu 22.63 31.6 71.6

Pb 77.10 73 105.6

Zn 248.35 231 107.5

Mn 547.35 665 82.3

Ni 33.1 31.5 105.1

Cr 43.02 47 91.5

Fe 23,330 30,700 76.0
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Fig. 2 Variation of temperature (a), pH (b) and salinity (c) in water

from both sampling sites (CR Cuatreros Port, RP Rosales Port)
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Organic matter content and grain size

The sediment composition showed differences in the clay,

silt and sand fractions between the two sites (Fig. 3a). In

CP, the clay, silt and sand fractions ranged from 22.93 to

32.12, 53.34 to 62.94 and 5.13 to 23.73%, respectively,

with an average of 26.90, 56.99 and 16.11%. In RP, the

ranges were 30.19–38.51, 58.30–66.67 and 3.14–6.92%

with an average of 33.58, 61.89 and 4.54%, respectively.

Analyzing the percentage of fine grain (%\63 lm, clay

and silt together) statistical significant differences were

found for both sites (p = 0.003), showing a greater per-

centage of fine grain in RP than in CP (96.2 vs 83.89%

respectively; Fig. 3a, b).

The %OM was, in all sampling dates, higher in RP than

in CP (Fig. 3b). This coincides with the statistical analysis

since significant differences were found between sites

(p = 0.04). The average %OM for CP and RP was

4.29 ± 1.15 and 5.14 ± 1.32%, respectively (n = 18 for

each site), with ranges between 2.52 to 6.07% for CP and

3.10 to 7.23% for RP.

Heavy metals in sediments

The mean, standard deviation and range of concentrations

of Cd, Cu, Pb, Zn, Mn, Ni, Cr and Fe in the intertidal

superficial sediments of CP and RP are summarized in

Table 2. Cd was the only metal with concentrations below

the detection limit (CP only). Meanwhile, Cd concentra-

tions found in RP were not too high, showing the maximum

value in August 2014 (0.11 lg/g dry wt., Table 2). The rest

of the metals showed concentrations above the detection

limit in all the sampling period. Except for Mn, all the

metals had significantly higher concentrations in RP than in

CP (p\ 0.05; Fig. 4). The average concentrations of heavy

metals in sediments at both sites showed the following

order: Fe[Mn[Zn[Cu[Cr[Ni[Pb[Cd.

In order to determine the possible correlation between

all metals as well as between metals and the different

variables analyzed, a statistical analysis of all the data for

each site was performed. The correlation coefficient

matrices are shown in Table 3. In both places, a positive

and significant correlation was found between various

metals; however, the number of correlations was higher in

CP than in RP. Regarding the correlation between metals

and the analyzed variables, they were detected only in CP,

with a negative and significant correlation between pH and

Zn, Cr and Fe and pH and %OM.

Discussion

Physicochemical variables as temperature, pH and salinity

can all contribute to mobility, bioavailability and potential

toxicity of metals (Du Laing et al. 2007, 2008; Acosta et al.

2011). In this study, water temperature, water pH and water

salinity showed no significant differences between the two

sites. Water temperature in both locations followed values

of air temperature registered by Vitale (pers. Communi-

cation) and Accuweather.com (Fig. 5). A strong regulation

of the water temperature by the air temperature was pre-

viously described for the estuary (Freije et al. 2008).

Water pH values were homogenous and varied between

7.9 and 8.9. These values are in coincidence with those

previously reported (Popovich et al. 2008; Fernández

Severini et al. 2009; PMI Report 2014). However, given

this jump of one point in the pH value in RP, it is conve-

nient to continue evaluating this parameter taking into

account a possible alkalinization of these estuarine waters.

Salinity was the third variable measured. Although no

significant differences between the studied sites were

found, a greater variation was found for salinity values of

CP (Standard deviations: 3.72 in CP vs 2.00 in RP). This

greater variability in salinity values in the innermost zone

of the estuary was described years before (Freije et al.
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1981; Freije and Marcovecchio 2004). These authors

highlighted a strong dependence between the values of

salinity and precipitations. Also, the physical and geo-

morphological characteristics of the inner zone have an

influence in this variability (Pı́ccolo and Perillo 1990;

Perillo et al. 2001; Freije and Marcovecchio 2004).

When assessing the amount of metals in the sediment, it

is essential to know the % of fine grain that composes each

sampling site, since it is precisely in this fraction where the

aforementioned elements are mainly retained. Fine parti-

cles, such as clay and colloidal materials, are generally

surface-active and contain organic matter and Fe/Mn oxide

surface coatings, and they can play an important role in

controlling deposition of trace metals to sediments from an

estuary to a coastal area (Ip et al. 2007). The presence of

metals is directly related to the organic matter in sediments,

and it substantially affects the fate of metals in this matrix.

Organic matter in sediments is derived from many sources,

including dead plants and animals, fecal matter, domestic

sewage and flocculated colloidal organic matter (Dewitt

et al. 1992). According to the results obtained in this study,

CP showed significantly lower % of fine grain and % of

organic matter than RP (82.98 vs 96.2 and 4.29 vs 5.14%,

respectively). The greatest content of organic matter in RP

is not only related with the greater clay and silt content

found in this site, but also due to the influence of urban

sewage discharge which is relatively near the sampling

area. A third factor that might be influencing is vegetation.

According to Negrin et al. (2011, 2013), the presence of

Sarcocornia perennis plays a key role in organic matter

distribution. There is a marked difference in the abundance

of vegetation between both studied sites, being notably

superior in RP, thus contributing a greater content of

organic matter to the system.

Selected metals (Cd, Cu, Pb, Zn, Mn, Ni, Cr and Fe)

were found in almost all samples of surface sediments of

the intertidal from the Bahia Blanca estuary. In Table 4,

average metal concentrations found in this study were

compared with previous data on the estuary, with values

from other estuaries as well as with Sediment Quality

Guidelines values described by Persaud et al. (1993):

Lowest effect level (LEL) and severe effect level (SEL).

LEL represents the level of contamination which has no

effect on most of the sediment-dwelling organisms. SEL

represents levels of contamination from which the sedi-

ment is considered heavily polluted and likely to adversely

affect sediment-dwelling organisms.

Comparing with the concentrations previously found in

the estuary (Table 4), we detected that the levels of Cd and

Ni were lower than those from previous years. On the other

hand, concentrations of Pb, Zn, Mn and Fe were within the

concentrations previously described within estuary.

Finally, Cu and Cr concentrations were greater than thoseT
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found in previous years. In the case of Cd, CP showed

concentrations below the detection limit in most samples.

Meanwhile, in RP, Cd concentrations were slightly above

the detection limit in all samples. According to Cifuentes

et al. (2012), a single discharge could not be identified as

the only source of contamination or the determining factor

for the presence of Cd. Diffuse discharges from the former

waste dump together with point source sewage discharges

were identified as the most significant ones. A possible

source could be through the atmospheric deposition, but so

far there are no studies proving the entry through

atmosphere. A second possibility could be from agricul-

tural sources because of the utilization of phosphate fer-

tilizers containing Cd between other metals. Except Mn,

the rest of the metals showed levels significantly greater in

RP than in CP in the whole sampling period. A possible

explanation could be the contribution of this metal through

the river system. This is evident from decades of study

where the greatest average values always corresponded to

the innermost section of the estuary, i.e., CP (Botté 2005).

Sewage discharges coming from the city may contain

various contaminants, among them, all the studied metals
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derived from the different human activities that enter

through runoff from precipitations, households and small

businesses and industries. In the case of Cu, possible

sources could be the use and application, in the cities

mentioned and nearby, of fungicides, wood preservatives,

pipes, pigments, antifouling paints among others. On the

other hand, the sources of Cr into the system could be

chemicals, cement, brake pads car, tanneries, steelmaking,

chrome plating, manufacture of dyes and pigments, pre-

serving wood, and water treatment of cooling towers. In

smaller amounts, it is used in drilling muds, textiles, and

toner for copiers. Taking into account both quality levels

(i.e., LEL and SEL), with the exception of Cu, which

showed concentrations slightly above the LEL, the con-

centrations found for the other metals, namely Cd, Pb, Mn,

Zn, Cr, Ni and Fe, were lower than those levels. Besides,

the average concentrations of all metals recorded in this

study were, in general, comparable with those described for

other estuaries considered non-polluted (Table 4). In this

sense, toxicity to benthic organisms appears to be low.

According to Persaud et al. (1993), contamination in sed-

iments that exceeds the LEL may require further testing

and a management plan. Although Cu was the only metal

with concentrations slightly above the LEL, it would be

desirable to carry out monitoring of the study area to

evaluate the levels of all these metals over time.

Table 3 Correlation matrix (Pearson correlations) for heavy metals in sediments and physicochemical variables from both sites (bold indicate

significant correlation, p\ 0.005)

Cu Pb Zn Mn Ni Cr Fe %OM pH Temperature Salinity

Cuatreros Port

Cu 1

Pb 0.835 1

Zn 0.637 0.944 1

Mn 0.794 0.874 0.771 1

Ni 0.793 0.958 0.933 0.924 1

Cr 0.672 0.895 0.943 0.832 0.948 1

Fe 0.710 0.559 0.394 0.863 0.691 0.568 1

%OM 0.711 0.506 0.412 0.691 0.669 0.640 0.858 1

pH -0.245 -0.704 -0.854 -0.662 -0.747 20.834 -0.296 -0.213 1

Temperature -0.253 0.034 0.279 0.176 0.248 0.457 0.162 0.312 -0.599 1

Salinity -0.284 -0.005 0.110 0.185 0.168 0.062 0.205 -0.002 -0.344 0.402 1

Rosales Port

Cu 1

Pb 0.978 1

Zn 0.459 0.568 1

Mn 0.390 0.449 0.376 1

Ni 0.265 0.339 0.286 0.953 1

Cr 0.269 0.339 0.060 0.899 0.948 1

Fe -0.180 -0.101 0.314 0.772 0.710 0.600 1

%OM -0.045 0.039 -0.253 0.627 0.682 0.854 0.503 1

pH -0.576 -0.514 0.354 -0.183 -0.249 -0.437 0.422 -0.351 1

Temperature -0.444 -0.404 -0.013 -0.437 -0.179 -0.299 -0.321 -0.342 0.163 1

Salinity -0.643 -0.773 -0.737 -0.369 -0.406 -0.335 0.027 -0.082 0.251 -0.123 1

0

5

10

15

20

25

Apr
´14

Aug
´14

Nov
´14

Feb
´15

May
´15

Sep
´15

Apr
´14

Aug
´14

Nov
´14

Feb
´15

May
´15

Sep
´15

Cuatreros Port Rosales Port

Water TºC

Air TºC

Fig. 5 Water and air temperature in both sampling sites of the Bahı́a

Blanca estuary throughout the sampling period
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Previous studies on intertidal sediments from the Bahı́a

Blanca estuary recording significant differences between

metals concentrations on inner and outer sediments,

indicating that a strong dilution effect was occurring

within the system and pointed out that the tidal energy

influence along time (twice a day) clearly redistribute the

introduced metals, modifying the background level and

also homogenizing the estuary sediment concentrations

(Marcovecchio et al. 2008). The low metal concentrations

obtained within this highly impacted estuarine system

suggest that the great volume of water that flooding the

extensive flats in each tidal cycle has a very important

role. This dilution effect of huge volumes of water has

also been described for other estuaries in the world, for

instance the Yangtze estuary (Zhang et al. 2001; Chen

et al. 2004).

Finally, except Cu and Fe, most of the studied metals in

CP were significantly correlated each other, suggesting a

common origin of these metals in sediments. This was not

the same for RP where only few metals correlated each

other. The lack of a positive correlation could be indicating

the entry of the metals into the system in more current

geological times, probably derived from human activity,

which is large and with a high degree of dispersion (i.e.,

numerous sources).

Conclusions

• Studied metals were recorded in most of analyzed

samples in both sites; however, their levels were not

extremely high suggesting they could be very close to

background ones.

• Both organic matter and % fine grain size within the

studied sediments demonstrated to significantly govern

metals contents within this matrix.

• Anthropogenic impact (i.e., sewage discharges, port

activities) appeared to be determinant factors in the

distribution and circulation of metals within the system.

• The degree of accumulation of evaluated metals does

not overcome the maximums for quality of marine

sediments. Some metals are environmentally signifi-

cant; therefore, they must be monitored continuously to

detect in time any probable alteration in the biota.

• The low metal concentrations obtained within this

highly impacted estuarine system suggest that of great

volume of water that flooding the extensive flats in each

tidal cycle has much importance.

• The advantages reached from the analysis of metals in

the finest grain size fraction of sediments are fully

highlighted, and its incorporation into future monitor-

ing programs within this environment is encouraged.
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Botté SE, Freije RH, Marcovecchio JE (2010) Distribution of several

heavy metals in tidal flats sediments within Bahı́a Blanca estuary

(Argentina). Water Air Soil Pollut 210:371–388. doi:10.1007/

s11270-009-0260-0

Chakraborty P, Sarkar A, Vudamala K, Naik R, Nath BB (2015)

Organic matter—a key factor in controlling mercury distribution

inestuarine sediment. Mar Chem 173:302–309. doi:10.1016/j.

marchem.2014.10.005

Chen Z, Saito Y, Kanai Y, Wei T, Li L, Yao H, Wang Z (2004) Low

concentration of heavy metals in the Yangtze estuarine sedi-

ments, China: a diluting setting. Estuar Coast Shelf Sci

60:91–100. doi:10.1016/j.ecss.2003.11.021

Cifuentes O, Escudero D, Medus S, Devoto B (2012) Cadmium found

in the Bahia Blanca estuary. Int Educ Sci Res J 2(10):61–79

Dewitt TH, Jones JK, Ozretich RJ, Swartz RC, Lamberson JO,

Schults DW, Ditsworth GR, Smith LM, Hoselton L (1992) The

influence of organic matter quality on the toxicity and partition-

ing of sediment-associated fluoranthene. Environ Toxicol Chem

11(2):197–208. doi:10.1002/etc.5620110209

Dean WE (1974) Determination of carbonate and organic matter in

calcareous sediments and sedimentary rocks by loss on ignition:

comparison with other methods. J Sediment Petrol 44:242–248.

doi:10.1306/74D729D2-2B21-11D7-8648000102C1865D

Delgado J, Nieto JM, Boski T (2010) Analysis of the spatial variation

of heavy metals in the Guadiana estuary sediments (SW Iberian

Peninsula) based on GIS-mapping techniques. Estuar Coast Shelf

Sci 88:71–83. doi:10.1016/j.ecss.2010.03.011

Du Laing G, Vandecasteele B, De Grauwe P, Moors W, Lesage E,

Meers E, Tack FMG, Verloo MG (2007) Factors affecting metal

concentrations in the upper sediment layer of intertidal reed beds

along the river Scheldt. J Environ Monit 9:449–455. doi:10.

1039/b618772b

Du Laing G, De Vos R, Vandecasteele B, Lesage E, Tack FMG,
Verloo MG (2008) Effect of salinity on heavy metal mobility

and availability in intertidal sediments of the Scheldt estuary.

Estuar Coast Shelf Sci 77:589–602. doi:10.1016/j.ecss.2007.10.

017

Du Laing G, Rinklebe J, Vandecasteele B, Meers E, Tack FMG

(2009) Trace metal behaviour in estuarine and riverine

 636 Page 10 of 12 Environ Earth Sci  (2017) 76:636 

123

Author's personal copy

http://dx.doi.org/10.1016/j.chemosphere.2011.07.046
http://dx.doi.org/10.2134/jeq2002.0532
http://dx.doi.org/10.1007/s10661-011-2232-2
http://dx.doi.org/10.1007/s10661-011-2232-2
http://dx.doi.org/10.1007/s00128-007-9231-6
http://dx.doi.org/10.1007/s11270-009-0260-0
http://dx.doi.org/10.1007/s11270-009-0260-0
http://dx.doi.org/10.1016/j.marchem.2014.10.005
http://dx.doi.org/10.1016/j.marchem.2014.10.005
http://dx.doi.org/10.1016/j.ecss.2003.11.021
http://dx.doi.org/10.1002/etc.5620110209
http://dx.doi.org/10.1306/74D729D2-2B21-11D7-8648000102C1865D
http://dx.doi.org/10.1016/j.ecss.2010.03.011
http://dx.doi.org/10.1039/b618772b
http://dx.doi.org/10.1039/b618772b
http://dx.doi.org/10.1016/j.ecss.2007.10.017
http://dx.doi.org/10.1016/j.ecss.2007.10.017


floodplain soils and sediments: a review. Sci Total Environ

407:3972–3985. doi:10.1016/j.scitotenv.2008.07.025

Eggleton J, Thomas KV (2004) A review of factors affecting the

release and bioavailability of contaminants during sediment

disturbance events. Environ Int 30:973–980. doi:10.1016/j.

envint.2004.03.001

Federal Register (1984) Definition and procedure for determination of

the method detection limit. EPA, 40 CFR Part 136, Appendix B,

Revision 1.11 1(11):198–199
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