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. MANAGEMENT PERBIHECTIVE 
Guideines exist to evaluate the quality of aquatic sediments by 
various regulatory organizations in many countries, for example, 
to decide on environmentally safe disposal of sediments dredged 
from waterways or in planning a remedial action to restore 
contaminated sites in freshwater and marine environments. In most 
cases, the guidelines are based on a single numerical value for 
the concentrations of organic and inorganic contaminants in the 
sediments. A study was carried out to assess the effects of the 
analytical methods commonly used in the determination of the 
concentrations of trace elements, particularly Co, Cr, Cu, Pb, Ni 
and Zn, in aquatic sediments of different geochemical character. 
Five geochemically and mineralogically different sediments and 
five commonly used digestion mixtures were used in the study. The 
results showed that variations in the geochemical character of 
the sediments significantly affected the efficiency of the 
digestion mixtures to extract the trace elements from the 
sediments. The mixture of HF and aqua regia recovered the 
greatest quantities of some of the trace elements in the 
sediments. The lowest‘recovery of all trace elements was obtained 
when using 0.5N HCl in the digestion of the sediments. It was 
concluded that a protocol for analytidal procedures should be 
included in sediment quality guidelines. Further, the digestion 
techniques employed in sediment analysis should be standardized 
to enable the comparison of results from different studies 
addressing the environmental impact of[contaminated sediments on 
aquatic ecosystems. .
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ABSTRACT 
The objective of the study was to evaluate the suitability of 

different digestion mixtures commonly used in the quantitative 
determination of trace elements, particularly Co, Cr, Cu, Pb, Ni 

and Zn, in aquatic sediments of different geochemical character. 
Five sediments of different geochemical character and mineralogical 

V q 
composition and five different digestion mixtures were used in the 

study. The accuracy of the sediment digestion and the determination 
of ‘the concentrations of trace elements in the digests were 

assessed by using two certified reference materials. The method for 

the determination of the concentrations of trace elements in the 
digests was the same for all five tested sediments and the 

certified reference materials. The concentrations of the trace 

elements in the sediments digested by 0,5N HCl ranged from 1 to 71 

percent of those obtained by digestion using a mixture of HF and 

aqua regia. The addition of HF to aqua regia was necessary for the 

complete recovery of some of the trace elements in a few tested
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sediments and in one of the certifi reference materials. The . ' efl W \@v 7 

results of the study showed that variations in the geochemical 
character and mineralogical composition of the sediments 
considerably affected the efficiency\ of the digestion of the 
sediments. Further, the results suggested the» need for a 

standardized protocol for analytical procedures in ‘the 

determination of trace elements in aquatic sediments, particularly 
for the assessment of sediment quality using sediment quality 
guidelines with a single numerical value of concentrations of trace 
elements. l 

INTRODUCTION ’ 

To evaluate the environmental quality of aquatic sediments, 
many countries developed guidelines for concentrations of different 
trace elements and organic contaminants in sediments. The sediment 
quality guidelines are-used by various regulatory organizations, 
for example, to decide on an environmentally safe disposal of 

sediments dredged from waterways or in planning a remedial action 
to restore contaminated sites in freshwater a_nd marine 

. . I . . . environments. In many cases, sediment quality guidelines are based 
on a single numerical value for total concentrations of different 
elements and compounds including trace elements in the sediments. 
However, the guidelines do not include the analytical procedures 
for quantitative determination of trace elements in the evaluation 

1 . of the sediment quality and comparison ofithe concentrations of the
I 

contaminants in the sediments to those giyen.in the guidelines. The
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suggestion by Hamilton (1993) "too much attention is being paid to 
the analyses and not enough to what is being analyzed" appears to 
apply“ well to 'the determination of‘ trace elements in aquatic 
sediments. The effects of particle, size distribution on the 
concentration of different elements were assessed (Ffirstner, 1982; 
Tessier et al., 1982; Mudroch, 1984; Mudroch and Duncan, 1986). 

However, large variations in the mineralogical and geochemical 
character of sediments need to be considered in the analyses of 
aquatic sediments. _ 

Many methods have been used to measure the concentrations of 
trace elements in sediments. With the exception of direct 

nondestructive methods carried out on dry sediments, such as x—ray 
fluorescence spectroscopy or neutron activation, the sediments have 

to be digested to solubiiize major and trace elements prior to 

analysis. Mixtures of different chemicals, particularly acids, have 
been used in the digestion of sediment samples. Digestion mixtures 
containing HCl_, HN03, HF, H202 and HC104 have frequently been 

repqrted in scientific literature (for example, Anderson, 1974; 

Malo, 1977; Agemian and.Chau, 1977; Brannon et al.,,1977; Tessier 

et al., 1979, 1982; Salomons and Forstner, "1980; Chao, .1934). 

However, little information exists on the suitability of different 

mixtures used for solubilization of trace elements in geochemically 

different sediments. _ 

The objective of this study was to evaluate the suitability of



\ 4 

different digestion mixtures commonlfi used in the quantitative 
determination of trace elements in sediments of, different 
geochemical character. It is hoped that this manuscript is the 
first step to stimulate further research and discussions on the 
need for standardization of protocols for determination of trace 
element concentrations in aquatic sediments. »

» 

MATERIALS AND METHODS 
Based on previous studies, five sites with "different 

geochemical character were selected for the collection of 

sediments: (1) Hamilton Harbour in, Lake Ontario, heavily 
contaminated by industrial activities; (2) Moira Lake, Ontario, a 

rural lake which in the past received an effluent from a metal 
imining area; (3) Lowhee Creek, B.C., receiving drainage from the 
tailings -of an abandoned gold mine, (4) Lake Ontario, with 
extensive historical pollution from industrial, agricultural, and 
municipal sources; and (5) Lake Superior, the least impacted of the 
Great Lakes. Sediments were collected in depositional areas at all 
five sites to obtain fine-grained sediment samples using a Ponar 
grab sampler. At each site a 5~cm surface section of the sediment 
was collected from the sampler into a plastic bag. The samples were 
freeze—dried and homogenized in a mechanical grinder using an agate 
grinding dish. 5

1 

‘ The digestion of the sediments ‘was carried: out in six 
replicates using the following mixtures:i(a) 2 ml of concentrated

\
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HF and 8 ml of aqua regia (HCl+HN03 3:1); (b)\5 nfl.}§02 (30%) and 5 

ml of aqua regia; (c) 10 ml of aqua regia; (d) 10 ml of HCl+HN03 
(1:1); and (e) 10 ml of 0.SN'HCl. .

» 

The main properties of the chemicals used in the dissolution 
of the trace elements in the sediments are summariezed in Table 1. 
The digestion mixtures were added to Teflon® containers containing 
i0.5 g samples with subsequent mixing. All Samples were allowed to 
de—gas at room temperature overnight to prevent a vigorous reaction 
during heating. The Teflon® containers were covered with Teflon® 
lids to protect the sample from contamination while allowing gas to 
escape. The samples in the mixture containing Hém were digested on 
a hot plate at a maximum temperature of 200%L All samples digested 
with the mixtures containing HF were further.evaporated in Teflon® 
beakers on a hot plate to ensure all HF was removed before 
filtering the digests and subsequent analysis. The samples were 
digested in a microwave oven (Floyd, Inc. Model RMS 150) using the 
following conditions: é) 3 minutes at 30 psi, h) 5 minutes at 50 
psi, c) 5 minutes at 100 psi, and d) 5 minutes at 130 psi. Digested 
samples were cooled and filtered through 0.4 pm Nuclepore 

Polycarbonate filters into volumetric flasks. 

' The quantitative determination of six trace elements (Co, Cr, 

Cu, Ni, Pb, and Zn) was carried out by inductively coupled plasma 

atomic emission spectroscopy (ICP~AES) using an Jobin Yvon Model 
74. The standards consisted of mixed solutions of high purity 
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concentrations of 0.5 and 5 mg.L* six trace elements in 2% 

HNO3 (Delta Scientific Laboratory Prodtcts, Canada). Instrumental 
conditions and information regarding tie six elements analyzed are 
listed in Table 2. The detection limits, defined as concentration 
equivalent to 3x standard deviation obtained from all the blank 
samples (n=19) are summarized in Table 2. The geochemical character 
of the five sediments was determined by the concentrations of major 
elements (Si, Al, Fe, Ca, Mg, K, Na, Ti, Mn and P) and organic and 
total C. The determination of the concentrations of major elements 
was carried out by lithium borate fusion and digestion of the 

samples by aqua regia followed‘ by ICP+AES analysis. The 

determination of the concentrations of organic and total C in the 

sediment were carried out using a Leco CR—12 carbon analyser. 
»\

Y 

Certified sediment reference materials of the National Bureau of 
Standards, U.S. Department of Commerce, estuarine sediment, NBS- 

1646, and Buffalo River sediment, NBS—2704, were used in the 

quality control of the analysis. Subsamples of the certified 
reference. material were digested with the same mixtures used for 
the samples. The determination of the geochemical character of the 
reference material followed the procedures described for the 
sediment samples. Statistical significance (p<0.005) for the 

H . . _ 

Y . . ! . - 

. ,. concentration of each trace element in the sediments was assessed 
> \ 

with one way ANOVA and Duncan Test (SAS, 1985).
i
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RESULTS AND DISCUSSION 
The concentrations of major elements in the sediment samples 

and reference materials are presented in Table 3. Silica, which is 
present in many aquatic sediments as quartz and a constituent of 
various aluminosilicates, was the major component in the Great 
Lakes sediments, i.e., Lake Ontario, Lake Superior and Hamilton 
Harbour, and in the reference materials. The sediment in Hamilton 
Harbour contained about two-times greater concentrations of Fe than 
those in Lakes Ontario and Superior. Iron in Hamilton Harbour 
occurs mainly as amorphous oxyhydroxides on the surface and in the

/ space between fine=grained sediment particles (Mudroch and Zeman, 
1975; Mayer and .Manning, 1990). The sediments lin. Moira Lake 
contained up to two orders of magnitude greater concentrations of 
organic carbon (Table 3), and the sediments from Lowhee Creek, 

B.C., almost ten times greater concentrations of Fe than the other 
sediments. The Buffalo River is located in the lower Great Lakes 
drainage basin and empties into Lake Erie. Therefore the sediments 
in the river are expected to have a geochemical character similar 
to that of Lakes Erie and Ontario. However, the SiO2/A1203 ratio in 
Lake Ontario and Buffalo River sediments (i.e., certified reference 
material mas 2704) were 3.4 and 5.3, respectively. The ratio

1 

indicated that the Buffalo River sediments contained more coarser 
(>63 pm) particles than those in lake Ontario. The certified 
reference estuary sediment (NBS 1646) contained the greatest 
concentrations of Na from all tested sediments, In summary, each 

) . 

tested-sediment had a different geochemical character. Some of the
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differences in the geochemical character of the tested sediment 
reflects thei1'mineralogical compositiof. Fine—grained sediments in 

’

\ 

Hamilton Harbour contain illite and Ee-rich chlorite, and small 
amounts of kaolinite, quartz, vermiculite, smectite and.mixed-layer 
minerals (Mudroch and Zeman, 1975). In addition to these minerals, 
the sediment contains large amounts of x-ray amorphous material of 
colour and appearance suggesting that they may be hydrated iron and 
manganese oxides. Major components of the/Moira Lake sediments are 
quartz, chlorite, biotite, potassium feldspars and vermiculite

K (Mudroch and Capobianco, 1980). The sediments in lnwhee Creek 
contain mainly quartz, feldspar and pyrite (Struik, 1988). Quartz, 
feldspars, calcite and clay minerals (70 to 80 percent illite and 
20 to 30 percent chlorite and kaolinite) are the major minerals in 

'

E Lake Ontario's sediments (Kemp and Thomas, 1976). Major minerals 
found in the fine—grained sediments of Lake Superior are quartz, 
plagioclase and potash feldspars and illite. The sediments also 
contain some expandable clay minerals, chlorite, kaolinite, 
vermiculite and a few authigenic minerals, such as amorphous black 
iron sulfide, greigite and vivianite, and amorphous hydrated iron 
and manganese oxides (Dell, 1972, 1973). 

In addition to the different geochemical character and 
mineralogical composition, each sediment represented an 
environmentally different water body with typical sources of trace 
elements. The sediments from Hamilton Harbour are severely

\ 

contaminated by the steel industry locajed on the shore (Poulton,

\
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1987). The Iharbour was identified) in -1985 by the U.S.—Canada 
International Joint Commission as an Area of Concern. The sediments 
in Lake Superior contain naturally greater concentrations of many 
trace elements than those in the other Great Lakes (Mudroch et al., 
1988). On the other hand, Lake Superior exhibits lower overall 
contamination originating from anthropogenic sources than the other 
Great Lakes (Allan and Ball, 1990). The sediments in Moira Lake 
have accumulated 1arge\quantities of As and other trace elements 
since the 1830's when mining and mineral processing began in its 
drainage basin (Azcue and Nriagu, 1993). The lake has experienced 
excessive summer algal blooms accompanied by the deposition of 

large quantities of organic matter in the sediments. Lastly, Lowhee 
Creek drains the tailings of an abandoned gold mine and most of its 

\

, 

sediments are remnants of the hydraulic mining activities (Azcue et 
al., 1994a, 1994b). The creek's sediments contain considerable 
quantities of pyrite and some arsenopyrite. 

. _ 
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The accuracy of the digestion of sediment samples using the 
different mixtures and the determination of the concentrations of 
trace elements in the digests was assessed by the analysis of the 
two certified reference materials. The recovery of trace elements 
in the certified reference,materials using the five different 
digestion mixtures is summarized in Table 4. The results shown in 
Table 4 indicated the difference>in the efficiency of the digestion 
mixture in the solubilization of the trace elements in the 
sediments which is most likely affected. by the geochemical
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character of the Asediments. The recovery of all trace 
elements was obtained when the sedime%ts were digested with 0.5N 
HCl. Recoveries of Cr, Pb, Ni and Zn in§the estuarine sediment were

l greatest when the sample was digested with the mixture of HF and 
aqua regia. However, similar recoveries of Co, Cu, Pb, Ni and Zn 
were obtained in Buffalo River sediments digested by the first four 
mixtures (Table 4). The results indicated a stronger association of 
the trace elements with silicates in the estuarine than in the 
Buffalo River sediments. 

The range of the concentrations of trace elements determined in 
the five sediments used in this study is shown in Table 5. 

Generally, the concentrations of the trace elements in sediments 
determined after digestion by 0.5N HCl ranged from 1 to 71 percent 
of those obtained by using the mixture of HF and aqua regia (Table 
5)-. The results suggested that 0.5N HCl was not efficient in 

extracting the trace elements in all five different types of tested 
sediments. In addition, the recovery of each of the trace elements 
varied widely in the five tested sediments. With the exception of 
0.5N HCl, all. digestion mixtures< were equally efficient in 
extracting Cu in all five tested sediments. Statistically similar 
concentrations of Zn, Ni and Cr werp_ extracted by digesting 
Hamilton Harbour sediments with all digestion mixtures except 0-5N 
HCl. On the other hand, the concentrations of Zn, Ni, Cr, Co and Pb 
were significantly greater when using the mixture of HF and aqua 
regia in digestion of Lake Ontario sediments than those obtained 
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using the other digestion mixtures. Similar.results were obtained 
for most of the trace elements by digestion of the sediments from 
Lowhee Creek, and, with the exception of Zn, those from Moira Lake 
(Table 5) . 

' 

- 
.
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The results indicated that, with the exception of 0.5N HCl, the 
tested digestion mixtures were sufficiently effective in the 
extraction ofk trace elements associated. with sediment organic 
matter in Moira Lake. However, it appeared that the addition of HF 
to aqua regia was necessary to recover some of the trace elements 
associated most likely with silica and/or aluminosilicates inka few 
of the tested sediments and in one of the certified materials used 
in the quality control; With the exception of 0.5N HCl the 
digestion mixtures appeared to be equally efficient in the 
extraction of trace elements, particularly Zn, Ni, Cr and Pb, 

originating from anthropogenic inputs as evidenced by the digestion 
Of Hamilton Harbour sediments. - 

CONCLUSIONS 
A study' was carried out ‘to investigate the efficiency of 

different chemicals frequently used in the digestion of the 

sediments prior to the determination of the concentrations of trace 

elements, particularly Co, Cr, Cu, Pb, Ni and Zn, in sediments of 

a different geochemical character receiving contaminants from 
different sources; Five sediments of different geochemical 
character and mineralogical composition and five different
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digestion mixtures were used in the séudy. The lowest recovery of 
the trace elements in all five teéted sediments sand in the 
certified standard sediments was obtaimed after the digestion using 
0.5N HCl. The results indicated that aha addition of HF to aqua 
regia was necessary for a complete refiovery of some of the trace 
elements in few tested sediments and in one of the certified 

»
| 

reference material. The results of the study showed that variations 
in the geochemical character and mineralogical composition of the 
sediments considerably affected the efficiency of the digestion of 
the sediments. The results of the study suggest the need for

i including a protocol for analytical proaedures in sediment quality 
guidelines, particularly in those whic?.are expressed as a single 
numerical value for ‘the concentrations of ‘trace elements in 

sediments. Further, we suggest that a% effort should be made to 
standardize the digestion.techniques employed in sediment analysis.

> 

\
\ 

The standardization will enable the comparison of results from 
differenti studies addressing the ienvironmental impact of 
contaminated sediments on aquatic ecosystems. ’ 
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Table 2. Analytical conditions and detection limits oi the git 
_ 

trace elements analyzed using e Jobin Yvon ICP-ABS 
,

i

T 

;/ Element Wavelength Potential
7 interferences \ . 

Boiling Detection 
point (°C)’ limits 

(uq.H% 

Zn 213.759 

Pb 220.353 

Co~ 228.616 

Ni 231.604 

cr 267,716 

Cu 324.754 

, Cu, 
Ni, Ti 

Al, Cr, 

Cr, Fe, 

Fe 

Fe, Mn, 

Ca, Cr, 

Fe, V, 

Fe 

Ni,’Ti
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Fe, Ti 
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