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Abstract 

A field filtration method for the concentration and separation of suspended 
particulate matter (SPM) from freshwater systems and the subsequent 
determination of major, minor, trace and ultra trace elements (Al, As,  Ba,  Be, Ca,  
Cd,  Co, Cr, Cs, Cu, Fe,  Ga,  Hf, K,  Mg,  Mn, Mo, Na,  Nb,  Ni, P,  Pb, Rb, S,  Sb, Sc,  
Si,  Sn,  Sr,  Ta,  Th, Ti, Tl, U, V, W,  Zn  and Zr) is validated with respect to detection 
limits, precision, and bias. The validation comprises the whole procedure 
including filtration, sample digestion and instrumental analysis. The method 
includes two digestion procedures (microwave acid digestion and alkali fusion) 
in combination with inductively coupled plasma atomic emission spectrometry 
(ICP-AES) and inductively coupled plasma quadrupole mass spectrometry (ICP-
QMS). Total concentrations of these 38 trace and major elements have been 
determined in suspended particulate matter (SPM) from lake and river water 
with low levels of suspended solids (<2 mg 1-' DW), and a wide range of element 
concentrations. The precision of the method including filtration, digestion and 
instrumental determination ranges between 8 and 18 % RSD for most elements 
on a dry weight basis. Higher recovery after acid digestion is found for some 
elements, probably because of volatilization or retention losses in the fusion 
procedure. Other elements show higher recovery after fusion, which is explained 
by more efficient decomposition of mineral phases relative to the non-total acid 
digestion. Non-detectable concentrations of some elements are reported due to 
small differences between blank filter levels and the amounts of elements present 
on the filters after sampling. The calculated sums of main inorganic components, 
expressed as oxides, ranges between 94.0 and 98.0% ash weight. The method 
limits of detection range between 0.7  ng  and 100 lug, as estimated from the blank 
filter samples. These detection limits are 3-1000 times higher compared to the 
corresponding instrumental limits of detection. The accuracy and bias of the 
overall analytical procedure was assessed from replicate analysis of certified 
reference materials. 

A better knowledge of the mechanisms of filter clogging in sampling of 
suspended matter is important in order to extend the applicability of the method. 
For the sample types investigated in this study, the amount of inorganic material 
in the suspended particulate matter (SPM) seems to be the most important factor 
controlling the maximum volume of filterable water, and Fe is presumable the 
most important clogging regulating parameter in the group of elements included 
in the inorganic matter. 

A critical evaluation of the instrumental capabilities of the ICP-QMS 
instrumentation in comparison with the sensitive double focusing sector field 
plasma mass spectrometry technique (ICP-SFMS) is also included. It was found 
that a modified microwave acid digestion procedure in combination with ICP-
SFMS could replace ICP-AES determinations and fusion digestions for most 
of the investigated elements. Guidelines and limitations for this powerful and 
relatively simple and less time consuming procedure, covering most elements in 
one single determination, are discussed. 
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INTRODUCTION 

Background 

Since the 1970's, several research projects with the aim of studying 
geochemical processes in natural unaffected waters, waters affected by mining 
activities as well as soils and sediments have been carried out at the Division 
of Applied Geology,  Luleå  University of Technology. Freshwater environments 
have included African rivers  (Pettersson  et al., 2000;  Pettersson  and Ingri, 2001), 
Kola Peninsula lakes and rivers (Pekka et al., 2004), lakes within the  Kalix  River 
drainage area (Peinerud, 2000; Peinerud et al., 2001) and the  Kalix  River it self 
(Burman, 1982; Ponter et al., 1990; Ponter et al., 1992; Ingri and Widerlund, 
1994; Ingri et al., 2000;  Andersson  et al., 2001; Dahlqvist et al., 2004; Ingri et 
al., 2004), one of the last pristine major rivers in Western Europe. Extensive 
studies of the unique brackish water environment in the Gulf of Bothnia - 
Baltic Proper  (Boström  et al., 1978; 1981; 1982; 1983; Ingri, 1985; Ingri and 
Ponter, 1986; Ingri et al., 1991; Öhlander et al., 1993;  Andersson  et al., 1998), 
including estuarine processes in the  Kalix  River estuary (Widerlund and Ingri, 
1995; Widerlund and Roos, 1994; 1996; Widerlund, 1996a; 1996b, Widerlund 
and Ingri, 1996;  Gustafsson  et al., 2000;  Andersson  et al., 2001) have also been 
conducted. 

In many of these projects are the geochemical processes studied, closely 
related to the transport of suspended major and trace elements. High quality 
sampling and analysis of particulate suspended matter (SPM) is in many 
times crucial in order to obtain accurate information, possible to use in further 
geochemical interpretation and evaluations. The purpose of this project was to 
critically examine and validate the common field filtration sampling method, 
used for collection of SPM within the majority of the earlier mentioned projects. 
Focuses are also outlined on to produce new guidelines and restrictions concerning 
future projects of collecting SPM and, if possible, expand the range of elements 
normally investigated in geochemical exploration of suspended matter. 



Sampling and subsequent chemical analysis of suspended matter — a brief 
outline 

The determination of major and especially trace elements in SPM from 
natural waters is an old problem in the geochemical modelling of aquatic systems 
and in water pollution monitoring programs (Ellis and Chattopadhyay, 1979). 
Historically, the paucity of information on SPM has been due in part to the 
problems of obtaining sufficient amounts of material for analysis (Whitehouse 
et al., 1990). Small amounts of elements (often in  ng  or jig quantities) available 
for analysis, blank contributions from reagents and equipment (e.g. filters and 
containers) and several handling procedures capable of introducing contamination 
are some of the difficulties and potential limitations in the analysis of SPM. As a 
consequence, bottom sediments and dissolved fractions have been most studied 
as they are abundant and generally easier to sample. 

Classical SPM separation methods from natural waters include settling, 
centrifugation, flocculation and membrane filtration, the latter commonly using 
0.45 p.m pore size filters  (Laxen  and Chandler, 1982: Horowitz, 1986). There are 
a number of inherent problems associated with the use of these techniques, the 
principal problem being the rather arbitrary cut-off sizes between "particulate" 
and "dissolved" fractions. For example, depending of the pore size used in 
filtration, much of the latter may consist of submicron colloidal particles or 
organic macromolecules, or both. Which may be fundamentally different in 
nature and composition to truly dissolved species (Sigleo and Helz, 1981). As 
regards filtration, although most SPM are collected after separation at 0.45 lam, 
the type and make of membranes, the pressure under which waters are filtrated and 
the time between sampling and treatment may variable. Despite these problems 
are filtration using membrane filters of various types and pore diameters the 
most common procedure in natural waters for the concentration and separation 
of SPM for subsequent chemical analysis (Salbu and Oughton, 1995). The 
simplicity and the possibilities for on-line filtration in situ makes this approach 
an attractive alternative when limited sample amounts suffice and/or where the 
number of samples is limited (Horowitz, 1986). Filtration also proves to be the 
best method with regard to the recovery of SPM. In filtration, methodological 
effects such as filter clogging, sorption and systematic or random contamination 
may seriously affect the results. Clogging and sorption are however minimized 
when tangential (cross-flow) ultrafiltration is performed using fibre membranes 
or cross-flow cassettes (Djane et al., 1995). Importantly, compared to classical 
filtration methods, ultrafiltration allows large volumes of water to be processed 
and it allows efficient fractionation of particulate and dissolved fractions in the 
colloidal size range, also when the particulate fraction is small (mg amounts). 
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If large-scale studies are undertaken, with numerous sampling sites, high 
sampling frequencies, or both, the analytical costs and manpower demands of 
in-line filtration can become prohibitive. Continuous flow centrifugation (CFC) 
might be an alternative in these situations (Horowitz et al., 1989). CFC process 
whole—water samples on-line by continuously pumping of sample into the 
device; the system retains solids while discharging a clarified effluent. Side-by-
side  studies comparing in-line classical filtration (0.45 gm) with CFC has shown 
that centrifugation is a fast and viable alternative when chemical analysis of SPM 
is required (Etcheber and Jouanneau, 1980; Horowitz et al., 1989). Nevertheless, 
the majority of CFC applications to SPM sampling in natural waters pertain to 
waters with relatively high amounts of suspended solids and/or when the organic 
matter concentrations are not excessive. 

Separation and size analysis of the colloid-sized particles (<1 p.m) are of 
particular importance because of their large specific surface area and ease of 
transport in river systems (Beckett, 1986). Unfortunately, the colloid size range 
is not well served by convenient methods for separation and size analysis. A 
number of different types of field-flow fractionation techniques (FFF) have been 
used to fulfil this need (Becket, 1987 and Beckett et al., 1988;  Gustafsson  et 
al., 2000). Until the sensitive  multielement  analysis device, inductively coupled 
plasma quadrupole mass spectrometry technique (ICP-QMS), become available, 
sample preconcentration was necessary. A direct coupling of FFF to an ICP-
QMS enables a complex particle or macromolecular mixture to be introduced 
and potentially produces a complete distribution of the element composition 
across the size range of the sample (Beckett, 1991; Taylor et al., 1992; Lyv&I et 
al., 2004). In addition, this hyphenated technique has the potential of providing 
measurements of trace element contaminants associated with specific-size 
fractions of colloidal suspended matter in environmental water quality and 
geochemical applications. 

Scope of the thesis 

In the lakes and in most rivers of northern Europe (Scandinavia), suspended 
loads tend to be low (<10 mg 1-') and the composition of the SPM is also different 
compared to the world average of particles in freshwater (Ingri and Widerlund, 
1994). Sampling by CFC in these low ionic strength waters with low levels of 
SPM and relatively high amounts of organic matter in the suspended phase has 
shown to be not straightforward and not comparable to filtration (Ruth et al., 
1996). Consequently, filtration seems to be a better choice than CFC for the 
sampling of SPM in these freshwaters even with regard to the limitations of the 
former technique. 
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The main objectives of the present work were to: 

• Statistically validate all steps involved for the simultaneous determination 
of major, minor, trace and ultra trace elements in SPM from freshwater 
with low levels of suspended solids (<2 mg t1 ). 

• Investigate parameters probably affecting the volume of water filtered 
before clogging. 

• Investigate the possibilities to expand the range of elements, normally 
used for geochemical interpretation of SPM, with this method. 

• Critically investigate alternative methods of calculating concentrations of 
elements in SPM. 

• Investigate the possibilities to replace determinations based on the two 
normal digestion procedures (microwave acid digestion and alkali fusion) 
in combination with two instrumental determinations, inductively coupled 
plasma atomic emission spectrometry (ICP-AES) and inductively coupled 
plasma quadrupole mass spectrometry (ICP-QMS), with a modified 
microwave acid digestion followed by a single instrument determination, 
the sensitive double focusing sectror field plasma mass spectrometry 
(ICP-SFMS) technique. 

SAMPLING SITES 

The samples represent three different types of freshwater systems 
occurring in the boreal zone in northern Sweden: An unimpedly flowing river  
(Kalix  River), a lake in the  Kalix  River drainage area (which stretches from 
the Scandinavian Caledonides in the northwest to the Gulf of Bothnia in the 
southeast), affected mainly by natural geochemical processes (Lake Vettasjärvi), 
and a heavily polluted lake (Lake Ala Lombolo) in the  Torne  River watershed 
(Fig. 1 in Paper I). The geochemistry of these systems includes low natural 
background levels of elements as well as extremely elevated levels resulting 
from human activities. Thus this study comprises water systems with a wide 
range of element concentrations. More information of water quality parameters, 
suspended loads, anthropogenic impact and other geochemical characteristics 
for these three water systems are presented in Paper I. 
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METHODS 

Sampling — field filtration 

In the field, precautions were taken to prevent contamination of both SPM 
samples and filtered water samples. The SPM samples were collected by filtration 
in the field (in situ). In the  Kalix  River, the samples were taken approximately 
3 m from the shore, in a rapid, situated 30 km upstream from the estuary 
(Kamlungeforsen). The lakes were sampled from the ice at half of the depth of 
the sampling point. Silicone tubing was lowered below the water surface and 
the water was then pumped by means of a portable peristaltic pump and filtered 
on-line through one pair of parallel mounted membrane filters. One sample 
comprises two pairs of filters, one pair for each digestion method. Loading of the 
filter holders was performed in the field. Routine sampling with separate filter 
assemblies prepared in advance (under clean room conditions) would probably 
improve the method and reduce the possibilities of contamination in the field 
work. A principal scheme of the sampling and analytical procedures involved are 
presented in Fig. 1. 

Sampling 

»lee 

Fresh water  

Peristaltic pump 

in-line 	C_D 0.45 pm filtration  
in-line 

0.45 pm filtration 

Microwave acid 	Lithium metaborate 
digestion 	 fusion 

I 	 I  
4 	4 	4 	4 

ICP-AES 	ICP-QMS ICP-AES 	ICP-QMS 
analysis 	analysis 	analysis 	analysis 

Fig. I. Principal sampling and analysis scheme for determination of SPM in freshwater with 
in situ filtration. 

Total SPM concentrations were determined by vacuum filtering a known 
volume of water through a preweighed filter. The volume of filtered water 
was chosen to almost clog the filter. This filtration procedure was done in the 
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laboratory as soon as possible after collection in the field. The filters were dried 
at 50°C at constant weight and the total SPM concentration were then determined 
as the weight of dry sediment divided by the volume of water filtered. 

More detailed descriptions of the sample collection and the analytical 
methods used for sampling are given in Paper I. 

Bias 

No appropriate certified reference material for SPM is commercially 
available. The bias of the method is, therefore, measured by the recovery of small 
amounts (approximately equal to the amount of inorganic SPM collected in the 
natural freshwaters) of Certified River Sediment Reference Material GSD-1 and 
GSD-10. The difference in composition of the reference materials (<3% LOI) 
compared to the SPM samples (41-68% LOI) is a limiting factor in the validity 
of the results. The small amount of reference material taken for analysis is likely 
to cause heterogeneity effects. Moreover, due to small amounts of reference 
materials analyzed, the amount of some elements was at the  ng  level (close to 
or below the detection limit), which is usually the case with real samples, and 
this also limits the accuracy of the results. Nevertheless, this test demonstrates 
that it is possible, using common geochemical analytical methods, to handle and 
analyse much smaller samples than is normally done. 

Sample preparation — alkali fusion and microwave acid digestion 

It is generally recognized that the digestion of solid samples is one of the 
critical factors controlling accuracy in the analysis of geological samples. SPM 
collected on membrane filters has been considered a difficult-to-digest  sample 
because it contains a variety of matrix constituents including organic compounds, 
oxides, and silicates. Incomplete digestion of refractory mineral phases, 
inhomogeneous samples, precipitation and losses by volatilization or retention 
are problems that may face the analyst in analysis of SPM. Very often no single 
method is suitable for all elements that are to be determined. For instance, most 
mineral components are not completely dissolved by nitric acid digestion. Thus 
for elements bound in the crystal lattice of minerals, total determinations are not 
possible following such digestion only. On the other hand, the fusion procedure, 
which is very effective for most mineral components, causes severe losses of 
some important elements (e.g. lead) (Totland et al., 1992). Thus, the use of two 
digestion procedures in this study is necessary. 

In this study, the use of microwave digestion in closed vessels eliminates 
the danger of volatilization losses and air-borne contamination and thus enables 
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the analysis of volatile elements. The advantage of microwave digestion in 
closed systems include faster reaction rates resulting from the high temperatures 
and pressures attained inside sealed containers as well as from direct interaction 
between the microwaves and the solid sample. In addition to the utilization of 
strong oxidizing agents (acid mixtures), high temperature is also necessary for 
complete digestion. 

Fusion techniques are widely used for geological materials. Melting fluxes 
(alkaline carbonates, alkaline hydroxides,  borates,  etc.) are then used to perform 
more or less quantitative digestions even of refractory mineral phases like 
zircons. Fusion with lithium metaborate or lithium tetraborate, either alone or in 
combination, followed by dissolution in dilute acid, is a convenient and reliable 
way to solubilize silicate material without loss of Si or other major elements. 
Silica is retained in solution enabling the determination of all major elements 
from a single preparation (Betinnelli and  Baroni,  1995). In this work, a lithium 
metaborate fusion followed by sample dissolution in dilute HNO3  is used to 
determine total concentrations of major and some minor and trace elements. 

A modified microwave acid digestion procedure was also tested in order 
to exclude the alkali fusion procedure. Freshwater suspended matter contains a 
significant amount of silicates and for complete dissolution, an acid digestion 
procedure requires  HF  as digestion agent. It is thus necessary to carefully 
investigate if it is possible to dissolve all silica containing minerals and at the 
same time keep trace and minor elements in solution. This is only possible using 
small quantities of particulate material per acid volume, so that the solution 
remains below the solubility product for such solid. 

Instrumental analysis 

Inductively coupled plasma (ICP) sources combined with atomic emission 
spectrometers  (AES)  were first introduced into geoanalytical laboratories in  
Luleå  and the rest of the world in the late 1970's. Both ICP-AES and inductively 
coupled quadrupole plasma mass spectrometry (ICP-QMS) have proved to be 
convenient techniques for analysis in the earth science field (Totland et al., 1992) 
and qualities such as capacity for simultaneous, rapid and precise multielemental 
determinations with wide analytical range and low detection limits (especially for 
the latter) allow them to compete successfully with more traditional techniques 
like atomic absorption spectrometry  (AAS),  flame atomic emission spectrometry 
(FAES), instrumental neutron activation analysis (INAA) and X-ray fluorescence 
(XRF). The two instruments are linked by having a common source, since an 
inductively plasma is used to excite either optical emission (ICP-AES) or ions 
(ICP-QMS). Consequently, many of the sample requirements are common to 
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both techniques. Application of new double focusing sector field ICP-MS 
instruments (ICP-SFMS) instead of ICP-QMS allows even further improvements 
in instrumental detection limits and makes the technique less affected by both 
spectral and non-spectral interferences (Feldman et al., 1994). 

In this study were ICP-AES and ICP-QMS used as analytical techniques 
as they are complementary to each other and is considered to be "reference" 
techniques in many environmental and geological applications. To examine 
the practicability of the combination of ICP-AES and ICP-QMS as analytical 
techniques with the proposed dissolution methods, an ICP-SFMS instrument 
was employed in a comparative exercise. 

RESULTS AND DISCUSSION 

Elements present in the filters may contribute seriously to the total 
element content of SPM measured. It is therefore necessary to determine blank 
concentrations in the filters. Along with each sample set, random specimens of 
filters from the same package as for the samples and for the certified reference 
materials were included to determine the blank concentrations. In addition, 
SPM analyses at low levels are affected by contamination from the handling 
procedures, sampling apparatus and reagents. It is thus important to carefully 
determine preparation blanks as well as blank filter samples. 

The limit of detection  (LOD)  is most often expressed as the lowest 
concentration (or amount) of an element, which is statistically different from 
the analytical blank. It is often recommended that the detection limit should be 
based on at least 5-10 blank determinations and the  LOD  is then defined as 3 • 
SDB  (SDB  = standard deviation for the blank). Thus the LODs reported in this 
study are calculated as 3 times the standard deviation for 10 preparation blanks, 
and called method limits of detection (MLOD). Because the absolute value of 
the standard deviation normally increases with the magnitude of the blank value, 
it is desirable that the blank value is low. In this investigation, blank filter levels 
are treated separately in order to study possibilities of blank filter corrections of 
the results. Consequently, DLOD (decomposition limits of detection) values are 
reported in comparison with the MLOD values. 

Results are presented as total amounts (in  ng  or  µg)  of the elements found 
in the samples. Further calculations in order to present elemental concentrations 
(e.g. on ash or dry weight basis) include additional parameters, which affect 
precision and accuracy of the results. Statistics for such parameters are presented 
in an attempt to discover critical steps in the whole chain from field sampling to 
instrumental determination. A summary of the definitions used in this study is 
given below. 
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ILODs 	Detection limits calculated for the instrumental analysis alone. 
Determined after 10 synthetic blank determinations and defined 
as 3•SDB  (SDB  = standard deviation for the synthetic blanks). 

DLODs 	Detection limits calculated for the combination of digestion 
and instrumental analysis. Determined after 10 digestion blank 
determinations and defined as 3•SDB  (SDB  = standard deviation 
for the digestion blanks).  

INI  LODs 	Detection limits calculated for the combination of blank filter 
variation, digestion and instrumental analysis (the whole 
method). Determined after 10 blank filter determinations and 
defined as 3.SDB  (SDB  = standard deviation for the blank filter 
samples). 

MLOD ratio The relationship between the mean amount of an element in the 
sample and the MLOD for that element. This ratio is used in 
evaluating the analytical quality for individual elements. 

Blank filter contributions in comparison with preparation blanks and 
instrumental LODs 

All elements show higher (2-300 times) DLODs compared to the ILODs. 
Reagent impurities and/or contamination introduced in the handling procedures 
are obviously major limiting factors for the detection capabilities of this method. 
Most elements show blank filter contributions, which further reduce the overall 
method detection capabilities in the form of higher MLODs compared to the 
DLODs. For illustration, a couple of trace and major elements ILODs, DLODs 
and MLODs are presented in Fig. 2. A closer data interpretation of the blank 
filter statistics reveals that blank filter elemental amounts generally appear to be 
non-normally distributed. In some cases, improvements in the statistics might 
be possible due to specific groups of data, arising from different batches of 
filters, which are possible to recalculate and blank subtract from corresponding 
samples. 
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Fig. 2. Examples of detection limits calculated as the instrumental analysis alone (ILODs), the 
combination of digestion and instrumental analysis (DLODs) and the whole method combin-
ing instrumental, digestion and blank filter variation (MLODs). Trace elements (Co, Cu, Pb 
and  Ni)  are presented in pg after microwave acid digestion and detection with ICP-QMS and 
the major elements (Al, Ca,  K  and Si) are presented in  ng  after lithium  metabo  rate fusion and 
detection with ICP-AES. 

Sampling of SPM from natural water systems- amounts of elements 
collected 

Ratios of the mean amounts of elements collected on the filters (after filter 
blank subtraction) to the corresponding MLOD values are used to evaluating the 
analytical quality for individual elements in each water system. Elements with 
low MLOD ratios (<2) are classified as troublesome or not detectable elements. 
Ratios between 2-5 are classified as determinable and ratios >5 might be classified 
as well determinable. A graphical presentation of the amounts of elements found 
in blank filter samples and from the fresh water systems in comparison with 
the corresponding MLOD values is presented in Fig. 3a-d  (these figures covers 
both troublesome and well determinable elements). It was clearly recognized 
that major and abundant elements in "normal" geochemical sample types, such 
as  Na,  K,  Ca and Mg belongs to the troublesome or not detectable group of 
elements in SPM in these freshwater systems. Manganese and Fe, sometimes 
characterized as minor or trace elements, are on the other hand highly enriched 
and abundant elements (together with Si) in these SPM. Unfortunately, were a 
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monitoring programs below this method detection limits (MLOD ratios <1), or 
found at hardly detectable amounts in the majority of the investigated water 
systems  (e. g. Cd,  Cr and  Ni).  Precious elements like Be,  Sc,  Ta,  Ti and Zr are 
not surprisingly found at levels below this methods range of detectability. More 
discussion of this methods detection possibility will be found in Paper I and II. 
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Fig. 3a-d.  Amounts of Cu, U, Fe and Ca found in blank filter samples and the freshwater 
systems in comparison with corresponding MLOD values.  Cupper  and U were determined with 
ICP-QMS after microwave acid digestion, respectively lithium metaborate fusion. Iron and Ca 
were determined with ICP-AES after lithium  metabo  rate fusion. 
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Mechanism of filter clogging 

In this study all samples are processed in order to collect as much SPM as 
possible, which means that all filters are employed until they become clogged. 
Consequently, accumulation of SPM continuously decreases the actual filter 
pore size and the cut-off pore size is poorly defined. From my experience of 
SPM sampling in freshwater, this is a minor problem because most of the water 
(-75 %) is filtered with a high flow rate when the back pressure is low and only 
a minor part (<5 %) of the filtered volume is passing through when the filters are 
almost clogged. The small amounts of inorganic material collected on the filters 
(<10 mg), even after processing the filters to clogging is a bigger problem and 
there is a demand to investigate the mechanisms behind clogging. Horowitz et 
al. (1992) suggested that the presence of organic matter in the SPM has a more 
marked effect on filtration clogging than purely inorganic SPM. A comparison of 
parameters suggested to affect the maximum filterable volume in the freshwater 
systems included in this study is presented in Paper I (Table 9). A statistical 
interpretation of these data shows that only the amount of inorganic matter 
and the amount of Fe show normal distribution when the three water systems 
are evaluated as a single data set. It is interesting to notice that the amount of 
inorganic matter differs less than the amount of organic matter, considering that 
widely different volumes of water were filtered. Thus it is likely that the amount 
of inorganic matter is the most important factor controlling the maximum 
volume of filterable water. According to these results is it also possible that Fe 
is the most important regulating parameter among the elements included in the 
inorganic matter. Humic substances adsorbed on oxides, especially Fe-oxide 
particles play a significant role in the surface and colloid chemistry of natural 
suspended particulate matter (Tipping, 1986). Specific forms of adsorbed organic 
matter on Fe-oxide particles may play a significant role in the mechanism behind 
filter clogging. It should be remembered that Fe dominates the  ashed  suspended 
matter (as Fe,03) together with Si (as 5i02). These two constituents make up 
64.5-79.0% of the suspended inorganic matter collected in this study. It can thus 
be concluded that in regulating the volume of filterable water in these freshwater 
systems, the inorganic fraction of the SPM is more important than the organic 
one, although the SPM is relatively rich in organic matter (41-68% LOT, Table 6, 
Paper I). 
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Comparison with an alternative method of calculating concentrations of 
elements in SPM 

Despite the overwhelming evidence of the importance of SPM for 
contaminant transport, monitoring programs often neglect isolation of the 
solid phase of the water for chemical analysis. Many geochemists are therefore 
building their geochemical modeling on concentrations of elements in the 
SPM calculated from the difference between unfiltered-digested and filtered 
subsamples (Droppo and  Jaskot,  1995). A water sample is collected, and an 
aliquot is field-filtered through a 0.45 gm membrane filter. An unfiltered aliquot 
from the same sample is digested by heating dilute acid (e.g. 10 % v/v HC1) and 
then filtered to remove undigested solids (Skougstad et al., 1979). The digested 
and the undigested samples are then analyzed and the concentrations of SPM-
associated elements are calculated from the difference between the results of the 
two determinations. Filtration artifacts are eliminated with this technique but 
several new uncertainties resulting in limitations in precision and accuracy may 
be introduced instead, especially in waters with low SPM and/or trace-metal 
levels. Horowitz (1986) found that these errors could be significant even when 
suspended sediment levels are as high as 150 mg 14. Thus the author suggests that 
errors associated with sediment concentrations in the order of 10 - 20 mg 1-1  could 
well make the quantitation of many elements impossible and/or meaningless. 
This statement is illustrated in Table 11 (Paper I) for one of the fresh water 
systems included in this study  (Kalix  River), with a low load of SPM (1.95 ± 0.11 
mg t', Table 7, Paper I). Si, Al, Fe, and  Mn  show significant differences that are 
possible to use in this indirect method of calculating concentrations, assuming 
an acid digestion procedure capable of total dissolution of aluminosilicates, 
sulfides etc. Determination of Ca,  K,  Mg,  Na,  and S concentrations in SPM with 
this method is however impossible because the contribution of these elements 
from the SPM to the concentration in an unfiltered-digested subsample is too 
small for a difference between this subsample and the filtered subsample to be 
distinguished. Low concentrations of  P  and Ti in the SPM (4 ± 0.4 and 2 ± 0.2 nt', 
respectively) in combination with insufficient limits of detection in ICP-AES 
analysis disqualify these elements from use in this method. This example shows 
that indirect determinations of elements in SPM by measuring the difference 
between filtered and unfiltered subsamples are sometimes difficult or impossible 
to perform and should be avoided, especially for water systems with low levels 
of suspended solids. 
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Analytical merits of ICP-SFMS in comparison with ICP-QMS and ICP-
AES 

To examine the practicability of the combination of ICP-QMS and 
ICP-AES as analytical techniques with the proposed dissolution methods, an 
ICP-SFMS instrument was employed in a comparative exercise. A modified 
microwave acid digestion procedure was also tested in order to replace the alkali 
fusion procedure. Comparative figures for elements analyzed after microwave 
acid digestion with ICP-SFMS or ICP-QMS detection are presented in Table 9 
(Paper II). It is evident that ICP-SFMS analyses yield superior detection limits 
compared to the ICP-QMS measurements. ILODs are 5-600 times lower, DLODs 
are 2-700 times lower and MLODs are 2-170 times lower than the corresponding 
ICP-QMS figures. The sequential decrease of detection capabilities in the order 
ILOD<DLOD<MLOD is also confirmed in the ICP-SFMS measurements. 
Reagent impurities, blank filter contribution and contamination introduced in 
the laboratory handling procedures obviously limit detection capabilities for 
several elements in this method. ICP-SFMS instruments thus offer possibilities 
of sampling suspended matter in reduced sample volumes (and consequently 
smaller filter size and reagent volumes), without loosing detection capabilities. 
Reduced volume of filtrated water minimizes the contact time between sample 
and the sampling apparatus (e.g. silicone tubing and peristaltic pump tubing), 
thus minimizing some of the contamination introduced in the field sampling part 
of the preparation scheme. Increased MLOD-ratios and more accurate suspended 
matter analysis are therefore possible with ICP-SFMS determination even on a 
smaller filtered volume of water. Evidence for this conclusion is reported by 
Cullen et al. (2001). They investigated ICP-SFMS analysis of marine suspended 
matter, filtered from 0.2 litre of seawater containing about 60 	dry weight 
suspended matter in comparison with filtrated freshwater volumes of 10-60 litre 
containing 13-26 mg dry weight suspended matter (see Paper I), collected in this 
ICP-AES/ICP-QMS study. 

Unfortunately, no field samples were included in the comparative studies 
with the ICP-SFMS instrument. Hence, analytical precision and bias of the 
two different ICP-MS techniques were evaluated only by the recovery of small 
amounts (8-9 mg) of Certified River Sediment Reference Material (GSD-1). 
Table 10 (Paper II) gives a comparison of elements analyzed after microwave 
acid digestion and detection with either ICP-SFMS instrumentation or ICP-QMS. 
It can be seen that As,  Cd,  Mo,  Sn,  Ti, V and  Zn  are detectable and closer to the 
certified values after ICP-SFMS determination. Incomplete digestion of  Sn,  Tl 
and V is the most likely explanation of poor recoveries for these three elements. 
Incomplete mineral digestion may also explain why  Sb  displays non-detectable 
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concentrations even after ICP-SFMS determination. Several elements display 
similar recoveries with both detection techniques. Minor elements such as  Ba,  
Sr and Rb are included in this group of elements together with trace elements 
such as Co, Cs, Cu,  Ga,  Ni,  Nb, Pb, Th and U. The precision of the ICP-QMS 
instrumentation is obviously comparable with ICP-SFMS for these relatively 
elevated levels or less contamination prone elements. 

Analytical capabilities of a modified microwave digestion procedure 
including  HF  addition in order to obtain complete dissolution of all mineral 
components 

The complete dissolution of geological and environmental samples 
generally requires the use of stronger acid combinations (e.g., HNO3-HF-HC104) 
than is used in this investigation or fusions with alkali fluxes (Jarvis, 1991). Loss 
of analytes to insoluble phases, formed during sample dissolution (e.g., CaF2, 
AlF3), is a concern for  HF-containing digests. Furthermore, residual chloride ions 
from remnant HC104  may cause interference problems in the determination of a 
number of elements (e.g. As). Formation of volatile compounds is also possible 
if the digestion takes place under atmospheric pressure (Suleck and Povondra, 
1989). Freshwater suspended matter contains a significant amount of silicates and 
for complete dissolution, an acid digestion procedure requires  HF  as digestion 
agent. It is thus necessary to carefully investigate if it is possible to dissolve all 
silica containing minerals and at the same time keep trace and minor elements in 
solution. This is only possible using small quantities of particulate material per 
acid volume, so that the solution remains below the solubility product for such 
solids. The aim of the tests was to find the minimum proportion of  HF  (with no 
addition of HC104), which would be effective for the quantitative dissolution of 
silicon-containing compounds while causing negligible losses of other elements 
in insoluble compounds. The ICP-SFMS instrument was operated with the 
detector in 'both' mode (i.e. the detector automatically chooses whether it will 
operate in counting or analog mode) in order to accurately determine major 
elements with high concentrations as well as minor and trace elements in one 
single determination from one single dissolution solution. 

Results from the tests with addition of  HF  (10,20, 30,40, 50, 80, 120,200 and 
300 µI) to acid digests of a Certified River Sediment Reference Material (GSD-1) and 
determination with ICP-SFMS are presented in Figure 3-6 (Paper II). Relevant 
amounts (8-9 mg) of GSD-1 were prepared together with two filters, spiked with  
HF  and analyzed in the same way as a SPM sample. All results are normalized to 
the highest concentration of each element. Major and minor elements presented in 
Figure 3 display (not surprisingly) significantly lower recoveries for all elements 

16 



(except  P)  in the analyses without  HF  addition. Most elements show the highest 
recovery after addition of 80 )11 of  HF.  Significant formation of insoluble Mg 
and Al fluoride phases occurs if the amount of  HF  addition exceeds 120 µ1. 
Calcium, on the other hand, seems to remain in solution to a much higher degree 
even with  HF  additions up to 300 µ1. Solubility products can not explain why 
Ca (log Ks  = -10.41) remains in solution whilst Mg (log Ks  = -8.18) precipitates 
with increased addition of  HF.  Also Sr and  Ba,  with similar solubility products 
as Mg (log Ks  = -8.54 and —5.76, respectively), are kept in solution. A sequential 
breakdown of different mineral components can been seen in this test. Silica 
and Al display similar behaviour between 30 and 50  jul HF  addition, indicating 
breakdown of Al-bearing silicates in this interval. Maximum recovery of Si is 
achieved in the interval 80-300 Ill. A group of common and important trace 
elements is presented in Figure 4. All these elements need  HF  addition to achieve 
maximum recovery. With several contamination prone elements or elements 
detected at trace levels, there is naturally greater uncertainty in the results for 
this group. Figure 5 displays elements that are less common in environmental 
studies of natural waters. Thorium and  Sc  displays significant losses following 
addition of more than 50 and 80 p.1 of  HF,  respectively. Solubility products for 
fluorides cannot explain the behavior of these elements in this sample matrix. 
Furthermore, Zr (which is known to appear in highly insoluble zircons) is the only 
element in this test showing maximum recovery for the largest amount of  HF.  
Rare Earth Elements (REE) and  Y  are presented in Figure 6. Almost all elements 
in this figure achieve highest recovery at 40 ill of  HF  addition. Furthermore, all 
elements seem to form insoluble phases above 200 IA of  HF (Y  already at 120 
4). Heavier REE (Ho, Er, Tm, Yb and Lu) are more affected than lighter REE 
(La, Ce, Pr, Nd,  Sm, Eu,  Gd and  Dy).  Once again, solubility products do not 
explain the losses with increasing  HF  addition. 

According to the results presented in Figure 3-6 (Paper II), the addition 
of 80 ill of  HF  is a compromise enabling maximum recovery for most of the 
elements in this study. In Table 11 (Paper II), results from the  HF  addition tests 
are presented together with results from the ordinary microwave acid digestion 
and lithium metaborate fusion procedures. Major elements (Al, Ca, Fe,  K,  Mg,  
Mn, Na,  P,  Si and Ti) show recoveries between 90 and 113 %, with  HF  addition, 
while corresponding figures for fusion are 80-106 %  (P  is not included since it 
was not detectable after fusion). Exclusion of  K,  which is close to the MLOD 
results in major element recoveries between 95-106 % for this dissolution 
technique. Minor elements  (Ba,  Rb, Sr, and V) show quantitative recoveries 
for both microwave acid dissolution (with  HF  addition) and fusion (102-106 
% and 89-115 %, respectively). Zirconium increases its recovery from 3 to 12 
% with  HF  addition to the microwave acid digest but this is still too low to be 
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analytically useful. Quantitative recovery for Zr might be expected in the fusion 
procedure but unsatisfactory 1CP-AES detection capabilities result in <MLOD-
results. Trace elements naturally show a wider range of recoveries compared to 
major and minor elements, which are determined at significantly higher levels. 
Since the results from microwave acid dissolution with  HF  addition are based on 
only one determination, outliers cannot be excluded. This may apply to As,  Cd,  
Cu, and  Zn  for which recoveries are worse compared to the normal microwave 
acid digestion (mean of six determinations). Nevertheless it is quite obvious that  
HF  addition leads to significantly improved recoveries for almost all elements 
investigated. It is also interesting to note that common and important elements in 
geochemical exploration such as Co,  Ni,  Cr, and Pb definitely need  HF  addition 
for quantitative recoveries. Uncommon and rare elements in exploration of SPM 
in natural waters like the REE, Be,  Bi,  Cs,  Ga,  Nb,  Sb, Sc,  Th, Tl,  Y,  U, and W 
are also possible to detect using this modified microwave acid digestion method. 
REE show 91-111 % recovery, with three exceptions (La, Lu and Tm). The 
evaluation for Lu and Tm with 76 and 81 % recovery, respectively, is uncertain 
since the results are compared with recommended (i.e., not certified) reference 
values. The poor recovery for La (80 %) is more difficult to explain. Traditional 
analyses with ICP-QMS within this laboratory of this certified reference material 
confirm the results for La, Lu and Tm. Similar low recoveries are reported 
by Tang et al. (1992). On the other hand, contradictory results in the form of 
quantitative recoveries were reported by  Sen  Gupta and Bertrand (1995). 

Despite the improvements in accuracy and recovery in the ICP-SFMS 
analysis of GSD-1 after  HF  addition to the previously used microwave acid 
digestion (Table 11, Paper II), a warning concerning the general applicability 
of this method to real world freshwater SPM analysis is in place. Elements 
subjected to formation of insoluble fluoride phases (e.g., Mg, Al, Th,  Sc,  Y,  REE) 
need careful optimization of the  HF  amount, which may be difficult to obtain at 
the same time as quantitative recovery for elements associated with refractory 
minerals (e.g., Si, Ti). The difference in composition of the GSD-1 (<3% LOT) 
compared to the SPM samples (41-68% LOT, see Paper I) may also limit the 
validity of these results. Addition of 80 p.1 of  HF  to 8-9 mg of GSD-1 fulfilled 
the above criteria but addition of the same amount to 8-9 mg (ash weight) of a 
natural SPM sample may result in poor recoveries due to different main inorganic 
constituents and/or higher LOT-content. Nevertheless, most common trace and 
ultra trace elements in geochemical exploration are not subjected to formation of 
insoluble fluoride phases but needs  HF  addition for maximum recovery (Table 
11, Paper II). A combination of microwave acid digestion (with 50-300 pl of  HF  
added) and lithium metaborate fusion would give sufficient recovery for most 
elements from real world freshwater SPM, collected using this sampling method. 
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All major elements including elements known to form insoluble fluoride phases 
or bound in resistant minerals (Al, Ca, Mg, Ti and Si) are then to be determined 
using the results from the lithium metaborate fusion. 

SUMMARY OF THE MAIN FINDINGS OF THE PRESENT 
WORK AND FUTURE RESEARCH 

A  multi-element  method for the determination of a suite of major, minor, 
trace and ultra trace elements (Al, As,  Ba,  Be, Ca,  Cd,  Co, Cr, Cs, Cu, Fe,  Ga,  
Hf, K,  Mg,  Mn, Mo, Na,  Nb,  Ni, P,  Pb, Rb, S,  Sb, Sc,  Si,  Sn,  Sr,  Ta,  Th, Ti, 
Tl, U, V, W,  Zn  and Zr) in SPM from freshwaters, including water systems 
where total particulate concentrations are very low (<2 mg/1) is presented and 
critically evaluated. This study emphasizes the importance of validation in all 
steps involved, from field filtration to instrumental analyses. The precision in the 
instrumental analysis of blank filters is found to be high compared to that of the 
whole procedure including digestion which suggests that the main issue in order 
to improve overall method bias and precision is to reduce blank filter levels and 
contamination introduced in the handling procedures. Filter and/or preparation 
blanks may otherwise contribute seriously to the amounts found in natural waters 
with low levels of suspended solids. Thus for most elements precision is limited 
by blank variation. 

Several handling procedures capable of introducing errors are included in 
the field and laboratory work of this method. A direct correlation between the 
number of measured parameters involved in the determination of a calculated 
variable and the RSD for this variable seems to exist in this method. Variables 
with three parameters shows higher RSD compared to the variable with only two 
parameters. Normalized data, which are calculated variables, are likely to show 
higher RSD compared to the original elemental determinations that are used in 
the calculation. A closer interpretation of the normalized data on a subsample 
level shows co-variation for many elements, irrespective of MLOD ratio, RSD 
in individual element determination, and decomposition method (Fig. 1, Paper 
II). It may be concluded that precision in element determinations are mainly 
affected by general sampling and handling procedures affecting most elements 
on an equal basis. 

A combination of a modified microwave digestion procedure and the use 
of ICP-SFMS may replace the analytical techniques and dissolution methods 
reported in Paper I. Future research in this field should be directed to carefully 
investigate the optimization of  HF  addition to SPM samples from natural water 
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systems to obtain acceptable recoveries over the whole range of elements 
investigated. Furthermore, a number of important trace elements in geochemical 
exploration need this modified microwave digestion if acceptable recoveries 
are to be achieved. The introduction of the sensitive and accurate ICP-SFMS 
technique opens up new possibilities for background studies of suspended 
matter in natural unpolluted freshwater systems. Further method development 
in order to reduce blank filter levels and contamination introduced in sampling 
and handling procedures, together with the new capabilities of the ICP-SFMS 
technique, would certainly result in new accurate information for a number of 
elements. 
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Abstract 

A field filtration method for the concentration and separation of suspended particulate matter (SPM) from 
freshwater systems for subsequent determination of major elements (Si, Al, Ca, Fe,  Mn,  Mg,  Na,  K, P,  Ti and S) is 
validated with respect to precision and bias. The validation comprises the whole procedure including filtration, 
sample digestion and instrumental analysis. The method includes two digestion procedures (microwave acid 
digestion and alkali fusion) in combination with inductively coupled plasma atomic emission spectrometry (IC?-
AES).  Total concentrations of the elements have been determined in suspended particulate matter from lake and 
river water with low levels of suspended solids ( < 2 mg 1-1  DW), and a wide range of element concentrations. The 
precision of the method including filtration, digestion and instrumental determination ranges between 10 and 14% 
RSD for most elements on a dry weight basis. Non-detectable concentrations of some elements are reported due to 
small differences between blank filter levels and the amounts of elements present on the filters after sampling. The 
calculated sums of main inorganic components, expressed as oxides, ranges between 94.0 and 98.0% ash weight. 
The method limits of detection range between 3 and 100  µg,  as estimated from the blank filter samples. These 
detection limits are 3-1000 times higher compared to the corresponding instrumental (ICP-AES) limits of detection. 

A better knowledge of the mechanisms of filter clogging in sampling of suspended matter is important in order to 
extend the applicability of the method. For the sample types investigated in this study, the amount of inorganic 
material in the suspended particulate matter (SPM) seems to be the most important factor controlling the maximum 
volume of filterable water, and Fe is presumably the most important clogging regulating parameter in the group of 
elements included in the inorganic matter. 

A critical evaluation of the indirect method of calculating concentrations in SPM as the difference between 
unfiltered-digested and filtered subsamples is also included. 0 1999 Elsevier Science Ltd. All rights reserved. 

1. Introduction 

The determination of major and especially trace el-
ements in suspended particulate matter (SPM) from 
natural waters is an old problem in the geochemical 
modeling of aquatic systems and in water pollution 

Presented in part at the 22nd Nordic Geological Winter 
Meeting, Turku, Finland, January 8-11, 1996.  

monitoring programs (Ellis and Chattopadhyay, 1979). 
Small amounts of elements (often in  ng  or  µg  quan-
tities) available for analysis, blank contributions from 
reagents and equipment (e.g. filters and containers) 
and several handling procedures capable of introducing 
contamination are some of the difficulties and potential 
limitations in the analysis of SPM. It is therefore im-
portant to validate the whole method from sampling 
to the final instrumental analysis in order to quantify 
bias, precision and the concentration levels of elements 

0883-2927/99/$ - see front matter  C)  1999 Elsevier Science Ltd. All rights reserved.  
Pil:  S0883-2927(98)0 0050-X 
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that are possible to detect and determine in natural 
water systems. 

The amount of material available for analysis and 
the chemical composition of SPM is normally very 
different compared to rocks and sediments. When clas-
sical geochemical sample digestion procedures are 
used, special attention and caution is necessary in the 
preparation of SPM samples due to different matrices 
and to the introduction of possible contamination 
sources (membrane filters). 

Suspended matter in natural waters is a mixture of 
organic and inorganic detritus, Fe-Mn  oxyhydroxides, 
clay minerals, carbonates, phytoplankton,  zooplank-
ton,  bacteria, and other particles that are retained on a 
0.45 gm pore size filter. This common distinction 
between particulate and dissolved components does 
not take into account smaller organic and inorganic 
colloids present in water  (Stumm,  1992). The compo-
sition of SPM is determined not only by the minerals 
and organic matter of which it primarily consists, but 
also by elements and compounds adsorbed onto the 
particle surfaces. In all aquatic systems (lakes, rivers, 
estuaries, the oceans, as well as ground waters) trace 
metals, major elements, humic and fulvic acids and or-
ganic contaminants can become associated with SPM 
present in the water column either by physicochemical 
adsorption (Balistrieri et al., 1981; Ingri and 
Widerlund, 1994; Li, 1981; Schindler and  Stumm,  
1987) or by biological uptake (Morel and Hudson, 
1985), particularly by bacteria and algae. Trans-
portation of such particulate species represents a major 
pathway in the biogeochemical cycles for trace con-
taminants (Turekian, 1977; Sigleo and Means, 1990; 
Honeyman and Santschi, 1992). 

The most common procedure for the concentration 
and separation of SPM in natural waters for sub-
sequent chemical analyses is filtration using membrane 
filters of various types and pore diameters (Salbu and 
Oughton, 1995). The simplicity and the possibilities for 
on-line filtration in situ makes this approach an attrac-
tive alternative when limited sample amounts suffice 
and/or where the number of samples is limited 
(Horowitz, 1986). Filtration also proves to be the best 
method with regard to the recovery of SPM. In fil-
tration, methodological effects such as filter clogging, 
sorption and systematic or random contamination may 
seriously affect the results. When clogging occurs, the 
effective pore diameter of the filter decreases. The fil-
tration rate decreases while the inverse phase velocity 
increases, and the species in the filtrate are no longer 
accurately defined according to pore size (Salbu et al., 
1985). This problem is reduced to some extent by 
using cellulose acetate membrane filters (depth filters) 
instead of polycarbonate screen membrane filters. 
Clogging and sorption effects are however minimized 
when tangential (cross-flow) ultrafiltration is performed  

using hollow fiber membranes or cross-flow cassettes. 
The ultrafiltration technique has been frequently used 
in the separation of trace elements and radionuclides 
associated with colloidal material into different size 
and/or molecular weight ranges (Salbu and Oughton, 
1995). Importantly, compared to classical filtration 
methods, ultrafiltration allows large volumes of water 
to be processed and it allows efficient fractionation of 
particulate and dissolved fractions in the colloidal size 
range, also when the particulate fraction is small (mg 
amounts). 

Side-by-side studies comparing in-line classical fil-
tration (0.45 gm) with continuous flow centrifugation 
(CFC) have shown that centrifugation is a fast and 
viable alternative when chemical analysis of SPM is 
required (Etcheber and Jouanneau, 1980; Horowitz et 
al., 1989). Rees et al. (1991) report recovery efficiencies 
of 86-91% which is comparable to results obtained in 
other investigations with different types of commercial 
CFC systems that were reviewed in the same article. 
The majority of CFC applications to SPM sampling in 
natural waters pertain to waters with relatively high 
amounts of suspended solids. In the lakes and in most 
rivers of northern Europe (Scandinavia), suspended 
loads tend to be low ( <10 mg 1-1) and the compo-
sition of the SPM is also different compared to the 
world average of particles in freshwater (Ingri and 
Widerlund, 1994). Sampling by CFC in these low ionic 
strength waters with low levels of SPM and relatively 
high amounts of organic matter in the suspended 
phase has shown to be not straightforward and not 
comparable to filtration (Ruth et al., 1996). Similar 
results (recoveries between 55 and 80% in CFC) were 
obtained by Ongley and Blachford (1982) for river 
waters with organic-rich SPM. Consequently, filtration 
seems to be a better choice than CFC for the sampling 
of SPM in these freshwaters even with regard to the 
limitations of the former technique. 

It is generally recognized that the digestion of solid 
samples is one of the critical factors controlling accu-
racy in the analysis of geological materials. Incomplete 
digestion of refractory mineral phases, inhomogeneous 
samples, precipitation and losses by volatilization or 
retention are problems that may face the geoanalyst 
(Hutton and Eaton, 1988). The choice of decompo-
sition method depends on the mineralogical character-
istics of the rock sample, the elements to be 
determined and the analytical technique to be used. 
Most conventional digestion procedures are tedious 
and labour-intensive, and a number of them, such as 
perchloric acid digestion, are potentially hazardous to 
laboratory personnel. The increasingly popular micro-
wave technique for sample preparation has been 
reviewed by Kingston and Jassie (1988). The advan-
tages of microwave digestion in closed systems include 
faster reaction rates resulting from the high tempera- 
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Lures and pressures attained inside the sealed contain-
ers as well as from direct interaction between the 
microwaves and the solid sample. Microwave ir-
radiation has been applied successfully to the acid dis-
solution of various environmental and organic 
materials (Betinnelli et al., 1989), as well as geological 
samples (Lamothe et al., 1986). In the present study, 
the use of microwave digestion in closed vessels elimin-
ates the danger of volatilization losses and air-borne 
contamination and thus enables the analysis of volatile 
elements like  Hg.  SPM collected on membrane filters 
has been considered a difficult-to-digest  sample because 
it contains a variety of matrix constituents including 
organic compounds, oxides, and silicates. In addition 
to the utilization of strong oxidizing agents (acid mix-
tures), high temperature is normally also necessary for 
complete digestion. 

Fusion techniques are widely used for geological ma-
terials. Melting fluxes (alkaline carbonates, alkaline hy-
droxides,  borates,  etc.) are then used to perform more 
or less quantitative digestions even of refractory min-
eral phases like zircons. The high efficiency of fluxes is 
mainly related to the high temperature (500-1000°C) 
used for fusion. The most widely used fluxes in sample 
preparation for  AAS  and ICP are lithium  borates  
(Delijska et al., 1988). Since the development of the 
method by Ingamells (1964), lithium metaborate and 
lithium tetraborate have been widely used for prepar-
ing ashes and geological samples for spectrochemical 
analysis. Fusion with lithium metaborate or lithium 
tetraborate, either alone or in combination, followed 
by dissolution in dilute acid, is a convenient and re-
liable way to solubilize silicate material without loss of 
Si or other major elements. Silica is retained in sol-
ution enabling the determination of all major elements 
from a single preparation (Betinnelli and  Baroni,  
1995). In this work, a lithium metaborate fusion fol-
lowed by sample dissolution in dilute HNO3  is used to 
determine total concentrations of major elements and 
of some trace elements in SPM. 

The determination of a number of trace elements in 
SPM from freshwater systems with low levels of sus-
pended solids is difficult due to the extremely low 
amounts  (ng  to 1.1.g quantities) of the elements being 
available for analysis. These low levels make blank fil-
ter contribution, together with contamination intro-
duced in the field and laboratory work, a serious 
problem for several elements. To enable accurate 
major, minor, trace, and  ultratrace  element determi-
nations in freshwater SPM, 3 spectrometric methods 
(ICP-AES, ICP-MS and atomic fluorescence spec-
trometry) were used. Determinations of the same el-
ements by different analytical techniques are valuable 
in assuring the quality of the data. The objective of the 
present work is to validate a method for the simul-
taneous determination of major, minor, and trace el- 

ements in  ng  to  gg  quantities in SPM from freshwater 
with low levels of suspended solids ( < 2 mg 1 -1). All 
steps in the method are statistically evaluated. Special 
attention has been given to blank contributions and 
instrumental performance in relation to background 
levels found in natural waters. Results from a bias test 
using certified reference materials will also be pre-
sented. To the authors' knowledge no attempt has pre-
viously been made to investigate systematically the 
effects of such parameters on the determination of el-
ement concentrations in SPM with this common 
sampling method. Part II in this study, covering minor 
and trace elements, is in preparation. 

2. Sampling sites 

The samples represent 3 different types of freshwater 
systems occurring in northern Sweden: An unimped-
edly flowing river  (Kalix  River), a lake in the  Kalix  
River drainage area, affected mainly by natural geo-
chemical processes (Lake Vettasjärvi), and a heavily 
polluted lake (Lake Ala Lombolo) in the  Torne  River 
watershed (Fig. 1). The geochemistry of these systems 
includes low natural background levels of elements as 
well as extremely elevated levels resulting from human 
activities. Thus this study comprises water systems 
with a wide range of element concentrations. 

The  Kalix  and  Torne  Rivers, which are connected 
by the Tärendö River bifurcation, are the last major 
pristine rivers in Scandinavia and Western Europe. 
Half of the water discharged from the  Torne  River 
above Tärendö River drains via the Tärendö River 
into the  Kalix  River. A description of geology and 
other characteristics of the  Kalix  River catchment area 
is given elsewhere (Ponter et al., 1992). The  Kalix  
River sampling point is situated at  Kamlunge  (Fig. 1), 
9 km  N  of the village of  Kalix,  in the last rapid before 
the river reaches the Gulf of Bothnia. Average sus-
pended sediment load in northern Swedish rivers is low 
(except for those fed by glacier water). In the  Kalix  
River the total suspended particulate concentration 
ranges from 1 to 6 mg 1-1  (Ingri, 1996), whereas 
major world rivers have average suspended sediment 
loads in the range 100-1000 mg 1-1  (Milliman  and 
Meade, 1983). Particulate matter transported by the  
Kalix  River is strongly enriched in Fe and  Mn  com-
pared to major world rivers and average crust and a 
pronounced seasonal variation in dissolved and sus-
pended  Mn  has been observed (Ponter et al., 1990). 
This excess is probably related to the chemical weath-
ering of large amounts of Fe and  Mn  in podzol pro-
files in till deposits and in peatland (20% of the area) 
to the ground water (Ponter et al., 1990, 1992). 

Lake Vettasjärvi has a surface area of 8.7 km2  
and a maximum depth of approximately 20 m. 
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Fig. I. Map of the  Kalix  River catchment with sampling localities. 

This lake is seasonally anoxic and drains into the  
Kalix  River via the Ängeså River. The remote lo-
cation of this lake virtually reduces the anthropo-
genic impact to atmospheric deposition and 
therefore makes it a suitable reference lake for the  
Kalix  River drainage area and also for lakes of 
Northern Sweden in general. High concentrations 
of both dissolved and suspended  Mn  and Fe in  

the hypolimnion in this lake during winter are as-
sociated with a strong enrichment in dissolved 
alkali and alkaline earth elements (Ponter et al., 
1992). The concentrations of trace elements in the 
epilimnion are supposed to represent background 
levels of this area. Trace element determinations in 
this lake are therefore a real analytical challenge, 
even in the suspended phase. 
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Lake Ala Lombolo is a small (0.25 km2) and shallow 
(maximum depth 3 m) lake situated close to Europe's 
largest Fe ore mine (Kiirunavaara mine). This mine 
was opened in the early 1900's and approximately 48 
million tons of the waste rock produced in the magne-
tite mining is now leached to the Luossajoki water sys-
tem (Ponter, 1993), to which Lake Ala Lombolo 
belongs. The city of Kiruna (25 000 citizens), which is 
situated close to the lake, is another source of pol-
lution. The Luossajoki water system is heavily 
eutrophic, mainly due to the mining activity  (N  from 
unreacted explosives and leaching of  P  from apatite 
mineral inclusions in the Fe ore). A natural conse-
quence of these eutrophic conditions with high organic 
production is a decrease in the  redox  potential in the 
lake sediments. These 02  free conditions result in trap-
ping of many metals as sulfides. Expressed as average 
concentrations in the 25 cm upper layer of the sedi-
ment the following elements are accumulated (mg kg-1  
dry weight sediment, mean + standard deviation). Cu: 
506 + 271,  Mo:  154 + 173, Pb: 258 + 164,  Zn:  
1659± 1135,  Hg:  39 + 39 and  Cd:  5.5 + 3.0 (Ponter, 
1993). These values are extremely high compared to 
the background levels of lakes in northern Scandinavia 
and makes this lake one of the most polluted in 
Northern Sweden. 

Sampling characteristics, water quality parameters 
and some chemical information (major elements in the 
dissolved phase) at the time of sampling are listed in 
Table 1 for the 3 water systems investigated.  

3. Experimental 

3.1. Sample collection and handling procedures 

In the field, precautions were taken to prevent con-
tamination of both SPM samples and filtered water 
samples. The SPM samples were collected by filtration 
in the field (in situ). In the  Kalix  River, the samples 
were taken approximately 3 m from the shore, in a 
rapid. The lakes were sampled from the ice at half of 
the depth at the sampling point. Silicone tubing was 
lowered below the water surface and the water was 
then pumped by means of a portable Masterflex' peri-
staltic pump (Cole-Parmer International, Chicago, IL, 
USA) and filtered on-line through one pair of 
Millipore" membrane filters (Millipore', Bedford, MA, 
USA). The filters (HAWP 142 50,  142-mm  diameter) 
are composed of cellulose acetate and cellulose nitrate 
fibers woven into a matrix with a nominal particle cut-
off equal to 0.45 pm. They were mounted in parallel in 
two metal-free Geotech' polycarbonate and acrylic fil-
ter holders (Geotech Environmental Equipment Inc., 
Denver, CO, USA). One sample comprises two pairs 
of filters, one pair for each digestion method. After 
sampling, the filters were folded and stored in a freezer 
(-20°C) in acid-washed plastic petri dishes until the 
time of analysis. Loading of the filter holders was per-
formed in the field. Routine sampling with separate fil-
ter assemblies prepared in advance (under clean room 
conditions) would probably improve the method and 

Table I. Sampling and chemical characteristics of the water systems 

Parameter 
Water system  

Kalix  River  Lake Ala Lombolo Lake Vettasjärvi 

Date  
Number of subsamples  
Sampling  depth  (m)1:  
Cl-  (mg 1-1)h  
Se (mg 1-1)h  

94-10-18 
10 
0.3 
1.6 
4.7 

95-01-24 
10 
1 (2) 
7.4 
63 

95-01-25 
4 
7 (14) 
0.8 
2.1 

NO3  -N (mg  <0.3 0.8 <0.3 
Ca  (mg 1-1)1  4.44 + 0.04 49.4 + 0.5 2.88 + 0.03 
Mg (mg 1-  )1'  1.02 + 0.01 5.45 + 0.03 1.02 + 0.01 
Na  (mg 1-1)r  1.47 + 0.08 7.07 + 0.04 1.00 + 0.03 
K (mg 1-1)r  0.742 + 0.092 4.84 + 0.12 0.801 + 0.154 
S (mg 1-1)f  1.41 + 0.02 20.8 + 0.2 0.501 + 0.036 
Si (mg 1-1)1  1.86 + 0.03 4.83 + 0.03 2.80 + 0.01 
Fe (mg 1-1)f  0.203 + 0.012 0.155 + 0.023 0.0371 ±0.0011 
Mn  (p.g  1-1)g 7.26 + 0.59 133 + 2 44.9 + 1.9 

Uncertainties represent 1 standard deviation. 'Sampling depth, figures in brackets 
represent water depth. rDissolved phase concentrations, determined with ICP-AES  
(n  = 3). gDissolved phase concentrations, determined with ICP-MS  (n  = 3). 
hConcentrations in unfiltered samples, determined with IC (ion chromatography). 
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reduce the possibilities of contamination in the field 
work. 

The amount of "dissolved" elements passing the fil-
ters changes during filtration since accumulation of 
suspended material continuously decreases the pore 
size  (Laxen  and Chandler, 1983). Filtration of unspeci-
fied volumes of natural water through unspecified 0.45 
gm membrane filters may not represent an acceptable 
operational definition for a number of dissolved chemi-
cal constituents (Horowitz et al., 1996). In order to 
obtain comparable "dissolved" element values from all 
water systems, a subsample of the filtered water 
volume was collected in an acid-cleaned polyethylene 
bottle when 1 liter of water had passed the filters. 
Samples for dissolved elements were acidified in a 
clean hood (in the laboratory) with concentrated 
HNO3  (1  ml  per 100  ml)  within a few hours of collec-
tion. The bottles were then transferred to clean plastic 
bags and stored at 4°C in the dark until the time of 
analysis. 

For each water system, in addition to the filter-
retained and filtrate fractions, a whole water sample 
was collected by pumping directly into a bottle without 
filtration. The content of this bottle, which was not 
acid-washed, was used for analyses of anions and 
nutrients. 

Total SPM concentrations were determined by vac-
uum filtering a known volume of water through a pre-
weighed 47 mm diameter, 0.45 gm pore size filter 
(Millipore", HAWP 047 00). A balance with a resol-
ution of 1  gg  was used for this purpose. The volume 
of filtered water was chosen to almost clog the filter. 
This filtration procedure was done in the laboratory as 
soon as possible after collection in the field. The filters 
were dried at 50°C to constant weight and the total 
SPM concentrations were then determined as the 
weight of dry sediment divided by the volume of water 
filtered (Table 6). 

In addition to the natural water samples two well 
characterized river sediment reference materials, GSD-
1 and GSD-10, supplied by IGGE (Institute of 
Geophysical and Geochemical Exploration, Peoples 
Republic of China) were used to assess the bias of the 
method. Relevant amounts of each reference material 
(8-9 mg) were weighed in together with two blank fil-
ters and analyzed along with the natural water SPM 
samples. 

3.2. Chemicals and reagents 

Deionized water ("Milli-Q"  water, Millipore") was 
used unless otherwise stated. Nitric acid was purified 
by sub-boiling distillation of analytical grade feedstock 
(65%, pro analysi, Merck, Darmstadt, Germany) in a 
quartz still (Heraeus, Karlsruhe, Germany) prior to 
use. This acid was used throughout unless otherwise  

stated. Hydrochloric acid (37%, pro analysi, Merck) 
was used in the acid cleaning of the low-density poly-
ethylene bottles used for sampling the filtrate. 99-
100% ultra high purity acetic acid (J.T. Baker B.V., 
Deventer, Holland) was used for cleaning the 142 mm 
filters. Hydrogen peroxide (30%, pro analysi, Merck) 
and lithium metaborate (Baker analyzed reagent grade,  
J.  T. Baker  B.  V.) were used in microwave digestion 
and in alkali fusion, respectively. 

A set of  multi-element  stock solutions was prepared 
from certified 1.000  g  I-1  commercial single element 
stock solutions  (SPEX'  Plasma Standards, Edison, NJ, 
USA). Calibration solutions with at least two concen-
trations, covering the expected concentration range of 
the samples, were prepared on a weekly basis from the  
multi-element  stock solutions and were used in the 
analysis of samples from microwave digestions. A 
quality control (QC)  multi-element  stock solution was 
prepared from 1.000  g  1-1  commercial single element 
stock solutions  (Referensmaterial  AB,  Ulricehamn,  
Sweden). Check samples were prepared by dilution of 
this  multi-element  stock solution on a weekly basis. 

3.3. Cleaning procedures 

Silicon tubing, pump head tubing, low-density poly-
ethylene containers (for storage of cleaned filters), plas-
tic petri dishes (for storage of filters with SPM), and 
filter holders used in the field work, as well as poly-
styrene tubes with low density polyethylene stoppers 
used in the laboratory, were soaked in 10% (v/v) 
HNO3  (p.a.) overnight or longer and rinsed with deio-
nized water. This procedure is not recommended for 
the filters due to decomposition of the membrane 
structure in this acid. Instead, the filters were leached 
in 5% (v/v) acetic acid for 72  h  and then soaked sev-
eral times in deionized water until no smell of acetic 
acid was appreciable. The cleaned filters were stored at 
+ 8°C (in the dark) in deionized water until the time 
of use and then transferred to the filter holders with a 
plastic pincette. Cleaning of low-density polyethylene 
bottles (used for sampling the filtrate) consists of 3 
steps: (1) soaking in a laboratory detergent (Extrad, 
Merck) solution followed by rinsing in deionized 
water, (2) soaking for 2 weeks in 50% (v/v) HC1 (p.a.) 
followed by rinsing in deionized water and (3) soaking 
in 0.36% (v/v) HNO3  (p.a.) for one week followed by 
rinsing with copious amounts of deionized water. 
Sample bottles were stored and transported in plastic 
bags. 

3.4. Sample preparation 

In total, 24 freshwater SPM samples, 12 samples 
from sediment reference materials, 10 blank filter 
samples and 10 reagent blanks (preparation blanks) 
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were prepared for analysis. Each sample was prepared 
using both microwave digestion and alkali fusion. 
After preparation, solutions were stored in polyethy-
lene bottles or in polystyrene test tubes. 

3.5. Microwave dissolution 

The filters are air-dried in a clean environment (a 
laminar flow hood in a class 1000 cleanroom). Then 
the dry filters (2 per sample) are transferred to a 120  
ml  microwave digestion (inner) PFA Teflon" vessel  (P/ 
N  327060, CEM Corporation, Matthews, N.C, USA) 
and 8  ml  of concentrated HNO3  is added together 
with 1  ml  of H202. One blank filter sample (2 filters) 
and one preparation blank is included in each turnta-
ble (batch). Up to 12 vessels are treated at a time. The 
vessels (with the lids on, but not tightly closed) are 
allowed to stand overnight at room temperature. In 
this step a gelatinous solution is formed from the dis-
solved filters. The vessels are then closed, mounted in 
sleeves (outer vessels) and heated in the microwave 
oven, CEM MDS 81D (CEM) using the digestion pro-
gram setting shown in Table 2. This microwave diges-
tion system operates at 2450 MHz with power settings 
from 0-100% (0-650 W) in 1% increments. Power and 
time can be independently programmed in up to 3 
stages. A rotating turntable (3-6 rpm) capable of hold-
ing 12 digestion vessels is equipped to ensure even 
sample heating. 

The vessels are carefully vented in a fume hood 
between each step after cooling to room temperature 
(a cold water bath is recommended to speed up this 
procedure). A relatively high over-pressure will prevail 
in the vessels especially after the second step. After 
digestion and cooling, the sample solution is trans-
ferred to a 10  ml  polystyrene test tube. 

Although the solution was not always clear, fil-
tration was not required since undigested particles sedi-
mented to the bottom of the tube and did not 
influence the spectroscopic measurements (samples 
containing particles may otherwise cause problems in 
most conventional ICP nebulizers). A 10-fold dilution 
with deionized water is recommended to obtain a suit-
able acid concentration (10% v/v) for the ICP-AES 
measurements. For long-time storage it is preferable to 
transfer the samples to acid-cleaned high-density poly- 

Table 2. Program setting for microwave digestion 

Microwave 
digestion step 	Time and microwave power  

1 40 min 30% (150 W) 
2 30 min 40% (200 W), 30 min 50% (260 W) 
3 30 min 40% (200 W), 30 min 50% (260 W) 

ethylene bottles and to freeze the bottles since poly-
styrene tubes may be attacked by the concentrated 
acid and crack if the time between preparation and 
analysis is too long. 

The PFA digestion vessels are cleaned prior to their 
first use and between samples by wiping the inside 
with paper moistened with spirit (95%), followed by 
soaking in 50% (v/v) HNO3  (p.a.) overnight or longer. 
A careful repeated rinse in deionized water followed by 
drying at 105°C makes the vessels ready for the next 
batch of samples. 

3.6. Alkali fusion 

The method described by Burman et al. (1978) was 
slightly modified to suit SPM samples. A wet-ashing 
step is necessary to oxidize the filter matrix before dry 
ashing in order to prevent the filters from catching fire 
in the oven. For this purpose the filters are folded with 
an acid-cleaned plastic pincette and transferred to Pt 
crucibles (Johnson and Matthey S.A., Tremblay, 
France). Two crucibles are reserved for one prep-
aration blank and one blank filter sample (2 filters) for 
each batch of samples. Then 10  ml  of concentrated 
HNO3  is added to the crucibles. The evaporation 
begins gently at 50°C to avoid boiling-over. After 24-
48  h  the temperature can be increased to 80-100°C. 
The evaporation is complete when only a dry—half-
dry, yellow—yellow-white residue remains. The cruci-
ble is then heated in a furnace (with the lid on) at 
550°C overnight. The ash is then transferred to a 
weighing paper (after cooling in an exsiccator) and 
weighed on a balance with 0.1 mg resolution. The 
weight is noted and the ash is returned to the Pt cruci-
ble. An amount of lithium metaborate (LiB02) equal 
to a LiB0,: ash ratio of 2:1 is then added to the cruci-
bles and mixed carefully with the ash (the amount of 
LiBO, must, however, not be less than 20 mg since the  
B  is used as an internal standard in the instrumental 
measurement). The mixed sample/LiBO, powder is 
then transferred to a  C  crucible and heated in a fur-
nace at 1050°C for 45 min. After cooling the bead is 
transferred from the  C  crucible to a 100  ml  plastic bot-
tle with screw cap (before use the bottles are acid 
washed in 10% (v/v) HNO3  (p.a.), rinsed in Milli-Q  
water and dried). The dissolution of the beads must 
not be carried out earlier than 4-5 days before analysis 
in order to perform analysis on a completely stable sol-
ution. The volume of the 5% (v/v) HNO3  added to 
dissolve the beads is determined by the amount of 
LiBO, added. The ratio LiBO): acid shall be 2 mg 
LiBO, per  ml  of acid (this enables the use of  B  as an 
internal standard in the instrumental detection step). 
The minimum final volume for analysis is 10  ml.  The 
bottles with beads and acid are placed on a laboratory 
shaker overnight for dissolution and the samples are 



2.5 kW, frequency 27.12 MHz 
Fused quartz with capillary injector 
Standard  Meinhard  (TR-30-C3) 
Standard ARL spray chamber 
2  ml  min- I  
1.2 kW 
< 10 W 

14 I min -I  
1.5 1 min- I  
1 1 min -1  
15 mm above load coil 
38 p.s.i. 

Paschen-Runge polychromator 
Entrance and exit 50 gm 
Concave, 1080 grooves mm 
Integration time 5000 ms, 4 measurements for each sample 
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then filtered (Munktell 00H filters, Grycksbo, 
Sweden) to remove any suspended  C  particles which 
otherwise may cause clogging in the nebulizers of the 
instruments. No further sample treatment is necessary 
before the instrumental detection step. 

The Pt crucibles are cleaned by rinsing in deionized 
water followed by soaking in hot (70-80°C) 10% 
HNO3  (p.a.) for at least 2  h.  A final rinse in deionized 
water makes the crucibles ready for the next batch of 
samples. 

3.7. Instrumentation and analytical procedure 

An ARL 3580 (Applied Research Laboratories SA, 
Ecubilens, Switzerland) inductively coupled plasma 
atomic emission spectrometer (ICP—AES) was used. 
The instrument has 40 channels for simultaneous  mul-
tielement  detection. Instrumental configuration and 
general experimental conditions were kept constant 
throughout this study and are summarized in Table 3. 

Samples were analyzed employing a single procedure 
covering the complete element suite in both types of 
digestions. This procedure is used in our laboratory  

for routine  multielement  analysis. Four measurements 
were made on each sample. 

Quantitation was performed using external cali-
bration. The fusion solutions were analyzed for major 
elements using calibrations based on a range of well-
characterized international certified rock and sediment 
reference materials (granite  GH,  basalt BR, diorite 
DR-N,  river sediment GSD-8 and serpentinite  UB-N,  
Govindaraju, 1994), chosen to match the range of 
compositions being studied. Rock reference materials 
are preferred for calibration for major elements 
because of difficulties in producing fully matrix-
matched standards from commercially available stan-
dard solutions. Fifty milligrams of each reference ma-
terial was fused with 100 mg LiB02  and dissolved in 
5% (v/v) HNO3  as described above. Trace elements 
are calibrated using diluted standard solutions. 

An additional reference material, granite  NIM-G  
(Govindaraju, 1994), was similarly dissolved and ana-
lyzed as a quality control sample at regular intervals. 
The number of sequences analyzed without recalibra-
tion is determined from the results of the quality con-
trol samples. Recalibration ("normalization") is 

Table 3. Instrument configuration and operating conditions for the ICP-AES instrument (ARL 3580) 

Plasma 
All-argon plasma 
R.F. generator 
Plasma torch assembly 
Nebulizer type 
Spray chamber 
Sample uptake 
Forward power 
Reflected power 
Argon coolant gas flow rate 
Argon plasma gas flow rate 
Argon carrier gas flow rate 
Observation height in plasma 
Nebulizer pressure 
Spectrometer 
Mounting 
Slit widths 
Grating 
Data acquisition parameters 
Wavelengths  (nm)  used, spectral orders in brackets 

180.73 
Si 251.61 
Al  167.08 
Ca  317.93 
Fe  259.94 
Mn 257.61 
Na  589.59 
P 178.29 
Ti 337.28 
Mg 279.08 
K 766.49 
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normally performed when the discrepancy of the qual-
ity control sample is more than +5% of the initial 
value. 

In contrast, synthetic  multi-element  standards were 
used for all element determinations in the microwave 
digestion samples. A quality control sample with 
appropriate concentration levels was prepared from 
standard stock solutions as described in the 
"Chemicals and reagents" section. Calibration, bias 
control etc. was done in the same way as for the fusion 
samples. The use of synthetic standards for the analy-
sis of these solutions provides a check on accuracy for 
major elements and, more importantly, accurate trace-
element determinations which will be described in Part 
II of this investigation. 

4. Results and discussion 

Elements present in filters may contribute seriously 
to the total elemental content of SPM measured. It is 
therefore necessary to determine blank concentrations 
in these filters. Along with each sample set, random 
specimens of filters from the same package as for the 
samples and for the certified reference materials were 
included to determine the blank concentrations. In ad-
dition, SPM analyses at low levels are affected by re-
agent and preparation blanks. 

The limit of detection  (LOD)  is most often expressed 
as the lowest concentration (or amount) of an element 
which is statistically different from the analytical 
blank. It is often recommended that the detection limit 
should be based on at least 7-10 blank determinations 
and the  LOD  is then defined as ISDB  
(SDB  = standard deviation for the blank). Thus the 
LODs reported in this study are calculated as 3 times 
the standard deviation for 10 blank filter samples, and 
are called method limits of detection (MLOD). 
Because the absolute value of the standard deviation 
normally increases with the magnitude of the blank, it 
is desirable that the blank is low. In this investigation, 
blank filter levels are treated separately in order to 
study possibilities of blank filter corrections of the 
results. Consequently, DLOD (decomposition limits of 
detection) values are reported in comparison with the 
MLOD values. The relationship between the mean 
amount of an element in the sample and the MLOD 
for that element is presented as "MLOD ratio". This 
ratio is used in evaluating the analytical quality for in-
dividual elements. 

Results are presented as total amounts (in p.g) of the 
elements found in the samples. Further calculations in 
order to present elemental concentrations (e.g. on ash 
or dry weight basis) include additional parameters 
which affect precision and accuracy of the results. 
Statistics for such parameters is presented in an  

attempt to discover critical steps in the whole chain 
from field sampling to instrumental determination. 

4.1. Preparation of blanks and blank filter levels 
compared to instrumental LODs 

A summary of the detection capabilities is given in 
Table 4. Detection limits are calculated for the ICP—
AES instrumental analysis alone (ILODs), for the 
combination of digestion and instrumental analysis 
(DLODs), and for the method as a whole (MLODs). 
The MLODs result from the combined variation in the 
filter blank, in the digestion blank, and in the instru-
mental background. Included in this table is also stat-
istics for S, which is determined after digestion by 
another method (microwave acid digestion), but which 
may be characterized as a major element in SPM. 

All elements show higher (3-300 times) DLODs 
compared to the ILODs. Reagent impurities and/or 
contamination introduced in the handling procedures 
are obviously major limiting factors for the detection 
capability of this method. Blank filter contributions 
further reduce the overall method detection capability 
(except for S) in the form of higher (2-9 times) 
MLODs compared to the DLODs. 

S displays significantly detectable amounts in the fil-
ters compared to the DLOD. A non-parametric stat-
istical method (Trtest, Miller and Miller, 1988) was 
employed for significance testing because blank filter 
elemental amounts generally appear to be non-nor-
mally distributed. A closer interpretation of the data 
for this element reveals two groups corresponding to 
two different batches of filters. A recalculation of the 
blank filter levels for these two batches results in mean 
values with lower standard deviations (12.7 + 0.84 jig 
and 23.2 + 0.59 p.g, respectively), which are possible to 
blank subtract from the corresponding samples. 

In assessing the reliability of analytical data for 
major elements in geological samples, summation to 
100% is often used (Potts, 1987). In this procedure the 
amounts of the major elements are converted to those 
of their corresponding oxides (SIG,, A1,03, CaO, 
Fe203, K,O, MgO, MnO,, Na2O, P205, TiO2  and 
S03; note that Fe and  Mn  are here assumed to occur 
in their highest oxidation states). After the ashing step, 
their sum should theoretically be 100% of the 
measured ash weight. Strongly oxidizing conditions 
and highly favourable conditions for CaSO4  formation 
in the wet-ashing step prevent volatilization losses of 
sulfur in the following dry ashing step (sulfur is calcu-
lated as SO3  instead of the actual form of SO4, in 
order to achieve a correct number of 0 atoms in the 
calculations). Sulfur was unfortunately not included in 
the analysis of the fusion samples and the sum must 
therefore include S determined after microwave diges-
tion of the same set of blank filters. 



tO  

00 

CD 

LI 

00 

en 

_ 

en 
+1 
oo 

0 
en 0 

+I  
CO 0 0 • 

en CO en -  

310 	 F. Ödman et al./ Applied Geochemistry 14 (1999) 301-317 

o • 0 - 
CO 

5 g 3̀  
0,  se c> . • g 

0.0 

t>. = 
E 

3 

÷o'• 	?  
75, C>.(7)  • 
.2 7. 

,g 

5: .4• >  'J 
rn 8 

°.,> Ct..
= 

.E 5 
-D 	ü 
. 15  

• '75 e5 
.2 o 

7,1  I- ' 	„ • 
k 

- 	.9  

`!..3 e -g ,..: 
E  .3 72 .2 
CO 
	'a 3 
.E 5 4'-E 

C.   
‘-^ 

rå 2  ö  
"g 
.3 'E 

.2 	J -0 
-2  

% 

g 

UD3 -5 .2 
r2 e  
.E 

.51 
"E; 

3 

E  

Poor precision (68% RSD) in oxide sums was found 
for the blank filter samples. Poor accuracy in weighing 
(+0.1 mg) is doubtlessly the most likely explanation 
for this. Contamination of the samples after the ash 
weighing is also conceivable. Of all following critical 
handling procedures in the preparation scheme, the fil-
tration step (removal of  C  particles) is the most suspi-
cious and future method development will be focused 
on finding a less contamination prone technique for 
this filtration. 

4.2. Sampling of SPM from natural water systems-
amounts of elements on filters and corresponding oxide 
sums 

Ratios of the mean amounts of elements collected 
on the filters (after filter blank subtraction) to the cor-
responding MLOD values are presented in Table 5 as 
MLOD ratios. Silicon, Fe,  Mn  and S display high 
MLOD ratios (5-65) in all 3 water systems. 
Furthermore, determinations of Al and Ti are only 
possible in the  Kalix  River due to non detectable 
amounts of these elements on the filters from Lake Ala 
Lombolo and Lake Vettasjärvi. The amounts of  Na,  
Mg and especially  K  are low in all water systems 
(MLOD ratios <2), which classifies these elements in 
the troublesome or not detectable group of elements. 
Calcium also shows low MLOD ratios in all water sys-
tems, except in Lake Ala Lombolo. Finally,  P  is well 
determinable in the lakes but close to the MLOD in  
Kalix  River. 

On average, 50 times more ash is found in the natu-
ral water samples compared to the blank filter samples. 
Considering the small amounts of ash (8.41 + 1.30 
mg), remarkably good oxide sums (94.0-98.0% with 
1.1-3.6% RSD) were calculated for these water sys-
tems. 

4.3. Precision in general handling parameters and 
alternative ways of presenting elemental concentrations 

Several handling procedures capable of introducing 
errors are included in the field and laboratory work of 
this method. Statistics for a number of parameters and 
variables (measured or calculated) are given in Table 6. 
Measured parameters such as volume of filtered water 
and the amount of ash on the filters are not indepen-
dent of each other since the second parameter is 
affected by the first. It is therefore likely that the RSD 
in the volume of filtered water would be reflected in a 
similar (or higher) RSD in the amount of ash on the 
filters. However, this relationship is not found in all 3 
water systems. A reasonable explanation for this is dif-
ficult to find in this limited set of data. The third 
measured parameter, the total concentration of SPM 
on a dry weight basis, shows low RSD ( < 6%) for the 
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Table 5. Ratios of the the mean amount of element found in SPM samples (after filter blank subtraction) from  Kalix  River, Lake 
Ala Lombolo and Lake Vettasjärvi to the corresponding MLOD (method limit of detection) 

Water system Si Al Ca Fe  K  Mg  Mn Na  P Ti S'  

Kalix  River  20 15 2 54 <lo  2 5 1.2 7 7 13 

Lake  Ala Lombolo  6 < 1° 7 64 <10 < I° 10 <10 17 <1° 60 

Lake  Vettasjärvi  14 <10 1.2 55  < 1° < 1° 65 <10 8 <10 20 

°Not detectable (see Table 4). 'Ratio to DLOD (see Table 4). 

water systems where 10 subsamples were collected. A 
low SPM concentration may explain the higher RSD 
for Lake Vettasjärvi (16%). This value is however 
more uncertain since it is based on 4 subsamples only. 

A direct correlation between the number of 
measured parameters involved in the determination of 
a calculated variable and the RSD for this variable 
seems to exist in this method. Determination of loss on 
ignition (LOT in %), approximately equal to the or-
ganic fraction of the SPM (Dankers and Laane, 1983), 
involves two calculated variables. One of these vari-
ables (determination of total amount of SPM on the 
142 mm filters) includes two measured parameters 
(volume of filtered water and total concentration of 
SPM, on a dry weight basis). Three measured par-
ameters are included in the calculation of the second 
variable (LOI-values in mg), on the same set of filters 
(amount of ash and the two parameters already men-
tioned). In all 3 water systems, the variable with 3 par-
ameters shows higher RSD compared to the variable 
with only two parameters. LOT values presented on a 
%-basis show lower RSD compared to results on a  

mg-basis since the former variable includes compen-
sation for differences in the volume of filtered water. 

The simplest (i.e. requiring the smallest number of 
known variables) way to present concentrations of el-
ements in the suspended phase is to divide the amounts 
collected on the filters with the volume of filtered 
water. Unfortunately this result (expressed in jig 1-1, 
for instance) lacks some valuable information (concen-
tration in the SPM itself). In geochemical modeling 
this is not fully satisfactory  (Boström,  1976). For 
instance, comparisons of elemental abundances in 
SPM with those in the sediment are not possible unless 
the former are presented on a dry weight (total sus-
pended load) or ash weight (inorganic suspended load) 
basis. Table 7 gives a comparison of these 3 alternative 
ways of presenting concentrations. The number of 
critical handling procedures (field and laboratory) var-
ies little between the 3 alternatives. Results presented 
in jig I -1  are seriously dependent on one field handling 
procedure (the measurement of the volume of filtered 
water), concentrations on ash weight are in turn 
dependent on one handling procedure which is carried 
out in the laboratory (weighing the ash) and results 

Table 6. Statistics for critical sampling and laboratory variables 

Measured parameters 
	

Calculated variables 

Kalix  River* 
mean 	 9.65 	 8.97 
% R.S.D. 	 8.1 	 18 

Lake Ala Lombolo* 
mean 	 17.3 	 7.96 
% R.S.D. 	 8.7 	 11 

Lake Vettasjärvi° 
mean 	 60.6 	 8.12 
% R.S.D. 	 17 	 13  

Total conc. 
of susp. mat. 
DW (mg 1-1) 

1.95 
5.6 

0.76 
3.9 

0.43 
16 

Total amount 
of susp. mat. 
DW (mg)' 

Loss 
on ignition, 
LOI (mg)2  

Loss 
on ignition, 
LOI (%)3  

18.8 9.85 52.4 
11 14 10 

13.0 5.41 40.8 
9.9 15 12 

25.6 17.5 67.7 
16 24 9.6 

Vol. of 
	

Amount of 
Water system 
	

filt.  water (1)t 
	

ash (mg) 

tVolume of water filtered through 2 filters (142 mm diameter), before clogging. *Determinations based on 10 
subsamples.°Determinations based on 4 subsamples. + Calculated after exclusion of outliers (95% probability). 'Calculated as  (vol.  of  
filt.  water in 1) . (total conc. of susp. mat. DW in mg 1-'). 2Calculated as  (vol.  of  filt.  water in 1) . (total conc. of susp. mat. DW in mg 
I -1)-(amount of ash in mg). 3Calculated as 100 . [(loss on ignition, LOI in mg)/(total conc. of susp. mat. DW in mg)]. 
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8 presented as total SPM concentration are dependent 

I" 	 on the laboratory determination of total suspended 
load (including two critical weighing procedures). On 

-0 . 	 top of this, results in p.g 1-1  and on dry weight are 
t.; 	 equally affected by losses of ash anywhere in the prep- 

aration scheme, while results on ash weight are only 
o  
C) 
	

affected by ash losses after the weighing step. 
0 	 Water volume measurements seem to be easier to 

73 > 	 perform with high accuracy compared to measure- 
. .= 	ments  of small amounts (8-9 mg) of  ashed  SPM. 
›, 	 Nevertheless, 70% of the element analyses show better .a 

10 	 precision when expressed as mg kg-1  of  ashed  SPM 
r0 	 compared to results in  ps  1-1. This indicates that the 
,C1 	 precision in the weighing procedure for the ash is more  
E 	accurate than in the measurement of filtered water 
3 	 volume. However, errors introduced in us 1-1-results 
i3 	 by ash losses must also be considered in this compari- 

son. Nevertheless, high precision was achieved even in 0 
;r6* 	 the  µg  1-1-results (for Fe and  Mn)  from Lake  
E 	Vettasjärvi where the volume of filtered water is the  
E  

es, 	 largest. The precision in the analysis of Fe in this lake 
-,,- (2% RSD) is probably improved by the large volume 
-= 	 of filtered water since nearly identical amounts of Fe 
a 	 were collected on the filters in all water systems o 
7. 	 (Table 5). Manganese is determined in Lake 
z' 	 Vettasjärvi with 0.9% RSD (expressed as jig 1-1) and J2 
15 	 this precise determination is probably the result of a 

79 	 combination of the high concentration in the solid  
E 	phase and a large volume of filtered water.  
e, 	 The additional handling procedure of determining 
o  the total SPM concentration (sampling and weighing  
E  a 	 of the 47 mm filters) caused an expected slight loss of o  
E 	precision in element concentrations expressed on dry 
,8 
. 	 weight compared to ash weight (Table 7). It is found 

t. 	 that 26 out of 33 element concentrations (79%) show 

ts, 	 higher RSD on dry weight. As already mentioned, 
:.-... 	 losses between ashing and weighing may theoretically 
..,3 0 	 contribute to this difference. 
42 

o No clear relationship was found between RSD for  

J 	element concentration on ash weight and the corre- 
sponding MLOD ratio. Thompson and Howarth a.  

E 	
(1976) express the relationship between precision (s), 

_._ 	 and analyte concentration  (c),  above the detection 
o limit as: sc  = sc, + kc (where  k  is a constant). This  rela-

,...  
0 	 tionhip cannot be demonstrated for this method since  
ö 	different  k-values are found for all elements. 
2 :6 	Phosphorous, for example, with 3 different levels of 

MLOD ratios (2, 17 and 8) shows almost identical  
g.)  z., 	RSD (10, 10 and 9%) for the 3 systems (Table 7). This e.L. 0 ±-' 	element illustrates the difficulties in comparing the pre--0 
11  t'''' 	cision in results obtained with this method in water 
3 t1 	systems with different geochemistry. Each water system . -0, 
3 - 	apparently has its unique characteristics affecting 

repeatability differently. In spite of these compli-
cations, the results show that precision is blank-limited 

.... - 	in some cases. 
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4.4. Bias 	 much smaller amounts of sample than is normally 
done. 

To quantify the bias in the analyses the Certified 
River Sediment Reference Materials GSD-1 and GSD-
10 were used. 6 subsamples, each consisting of 8-9 mg 
of these reference materials (approximately equal to 
the amount of inorganic SPM collected in the natural 
freshwaters) were prepared. Each subsample was pre-
pared and analyzed together with two filters in the 
same way as a SPM sample. The results are presented 
in Table 8. Calculated oxide sums for these reference 
materials were 90.0 + 8.5% (GSD-10) and 99.4 + 6.3% 
(GSD-1). The amounts of S and  P  are below the 
MLODs for both reference materials and thus imposs-
ible to detect with this method. Due to the small 
amounts of reference material analyzed, the amount of 
some elements was at the  µg  level (close to or below 
the detection limit), which is usually the case with real 
samples, and this limits the accuracy in the results. 
Moreover the small amount of reference material 
taken for analysis is likely to cause heterogeneity 
effects. The difference in composition ( <3% LOI) 
compared to the SPM samples (41-68% LOI, Table 6) 
will also limit the validity of the results. Nevertheless, 
they demonstrate that it is possible, with this common 
geochemical analytical method to handle and analyse 

Table 8. Concentrations (mg kg- I  DW) of major elements 
found in the certified reference materials GSD-1 and GSD-10 
after digestion and analysis similar to suspended particulate 
matter  (n  = 6). All results are filter blank subtracted. Values 
in parantheses are not certified 

Reference 
material Element Certified Found 

GSD  1 Si  (27.3)* 27.2 + 2.4* 
GSD  10  41.6 + 0.1* 38.6 + 3.4* 
GSD  1 Al  (7.85)* 7.65 + 0.70* 
GSD  10  1.50 + 0.02* 1.34 + 0.13* 
GSD  1  Ca (3.29)* 3.42 + 0.36* 
GSD  10  5000± 143 < MLOD° 
GSD  1 Fe  (5.14)* 5.29 + 0.49* 
GSD  10  2.70 + 0.03* 2.54 + 0.17* 
GSD  I  K  (2.30)* 1.85 + 0.55* 
GSD  10  1040 + 58 < MLOD° 
GSD  1 Mg  (2.50)* 2.59 + 0.31* 
GSD  10  724± 121 < MLOD° 
GSD  1  Mn 920 + 16 975 + 205 
GSD  10  1010 + 11 < MLOD° 
GSD  1  Na (2.60)* 2.46 + 0.23* 
GSD  10  (297) < MLOD° 
GSD  1 Ti  5870 + 90 6060 + 601 
GSD  10 1270 + 30 1120 + 131 

Uncertainties represents 1 standard deviation. *Concentrations 
in % DW. °Not detectable (see Table 4). 

4.5. Parameters affecting the volume of water filtered 
before clogging 

Several artifacts may be introduced in the filtration 
of natural water. Horowitz et al. (1996) found that the 
quantity of colloidally associated trace elements was 
affected by the rate at which the membrane became 
clogged, leading to a reduction in its effective pore 
size. Variation in diameter and manufacturer of the fil-
ters, sorption/desorption from the membrane, volume 
of sample processed and the amount of SPM in the 
water sample would also produce significant variations 
in the "dissolved" concentrations of several trace el-
ements. Clogging could be affected by such diverse 
variables as filter type, filter diameter, filtration method 
(vacuum or pressure), suspended sediment concen-
tration, suspended sediment grain size distribution, 
concentration of colloids, concentration of organic 
matter and volume of sample processed (Horowitz et 
al., 1992). The effects of these variables on dissolved 
trace element concentrations were termed filtration 
artifacts. It is certainly possible to assume that these 
artifacts may also affect results obtained after sampling 
and analysis of suspended matter.  Laxen  and Chandler 
(1982) and Droppo et al. (1992) investigated the effects 
of filtration parameters on the grain size distribution 
of suspended matter. Despite the importance of sus-
pended matter in aquatic geochemistry, it appears that 
few reports in the literature pay attention to how fil-
tration artifacts may affect concentrations of elements 
in the suspended phase. The purpose of this study was 
not to identify the best or most appropriate procedure 
for filtering water for subsequent chemical analysis of 
the SPM, but to demonstrate the analytical perform-
ance of the present alternative, which is used for 
sampling freshwater with low amounts of organic-rich 
SPM (total suspended load <10 mg 1-1). 

In this study all samples are processed in order to 
collect as much SPM as possible, which means that all 
filters are employed until they become clogged. 
Consequently, accumulation of SPM continuously 
decreases the actual filter pore size and the cut-off pore 
size is poorly defined. From our experience of SPM 
sampling in freshwater, this is a minor problem 
because most of the water (-75%) is filtered with a 
high flow rate when the back pressure is low and only 
a minor part ( < 5%) of the filtered volume is passing 
through when the filters are almost clogged (despite 
the fact particles sampled from this fraction may differ 
in composition). The small amounts of inorganic ma-
terial collected on the filters ( < 10 mg), even after pro-
cessing the filters to clogging, is a bigger problem and 
there is a need to investigate the mechanisms behind 
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clogging. Horowitz et al. (1992) suggested that organic 
matter in the SPM has a more marked effect on clog-
ging than purely inorganic SPM. A comparison of par-
ameters suggested to affect the maximum filterable 
volume is presented in Table 9. A statistical interpret-
ation of these data shows that only the amount of 
inorganic matter and the amount of Fe show normal 
distribution when the 3 water systems are evaluated as 
a single data set. Significantly different mean values 
were obtained when parameters with non-normal dis-
tribution in the combined data set were compared in 
pairs between the 3 water systems. Iron showed only 
one significant difference in the same test (between  
Kalix  River and Lake Ala Lombolo), while there was 
no significant difference in inorganic matter. It is inter-
esting to notice that the amount of inorganic matter 
differs less than the amount of organic matter, consid-
ering that widely different volumes of water were fil-
tered. Thus it is likely that in these waters, the amount 
of inorganic matter is the most important factor con-
trolling the maximum volume of filterable water. 
According to these results is it also possible that Fe is 
the most important regulating parameter among the el-
ements included in the inorganic matter. Humic sub-
stances adsorbed on oxides, especially Fe oxide 
particles, play a significant role in the surface and col-
loid chemistry of natural suspended particulate matter 
(Tipping, 1986). Specific forms of adsorbed organic 
matter on Fe-oxide particles may play a significant 
role in the mechanism behind filter clogging. It should 
be remembered that Fe dominates the  ashed  suspended 
matter (as Fe203) together with Si (as Si02). These 
two constituents make up 64-79% of the suspended 
inorganic matter collected in this study. It can thus be 
concluded that in regulating the volume of filterable 
water in these freshwater systems, the inorganic frac-
tion of the SPM is more important than the organic 
one, although the SPM is relatively rich in organic 
matter (41-68% LOI, Table 6). 

4.6. Comparison with an alternative method of 
calculating concentrations of elements in SPM 

Despite the overwhelming evidence of the import-
ance of SPM for contaminant transport, monitoring 
programs often neglect isolation of the solid phase of 
the water for chemical analysis. Many geochemists are 
building their geochemical modeling on concentrations 
of elements in the SPM calculated from the difference 
between unfiltered-digested and filtered subsamples 
(Droppo and  Jaskot,  1995). A water sample is col-
lected, and an aliquot is field-filtered through a 0.45 
gm membrane filter. An unfiltered aliquot from the 
same sample is digested by heating with dilute acid 
(e.g. 10% v/v HCI) and is then filtered to remove undi-
gested solids (Skougstad et al., 1979). The digested and 
the undigested samples are then analyzed and the con-
centrations of SPM-associated elements are calculated 
from the difference between the results. The number of 
filtration artifacts is reduced with this technique but 
several new uncertainties resulting in limitations in pre-
cision and accuracy may be introduced instead, es-
pecially in waters with low SPM and/or trace metal 
levels. Horowitz (1986) found that these errors can be 
significant even when suspended sediment levels are as 
high as 150 mg 1-1. It can thus be assumed that errors 
associated with sediment concentrations of 10-20 mg 
1-1  could well make the quantitation of many elements 
impossible and/or meaningless. This is illustrated in 
Table 10 for one of the freshwater systems included in 
this study  (Kalix  River), with a low load of SPM 
(1.95 ±0.11 mg 1-1, Table 7). Silicon, Al, Fe and  Mn  
show approximate differences that are possible to use 
in this indirect method of calculating concentrations, 
assuming an acid digestion procedure capable of total 
dissolution of aluminosilicates, sulfides etc. 
Determination of Ca,  K,  Mg,  Na  and S concentrations 
in SPM with this method is however impossible 
because the theoretical contribution of these elements 

Table 9. Statistics for parameters possibly affecting the volume of filtered water before clogging of the filters used for elemental 
analyses (values in parantheses are below MLOD) 

Water system 
Vol. of  filt.  
water (1)" 

Inorganic 
mtrl (mg)/ LOT (mg)* Si (µ,g)° Al (µg)° Fe (µg)'  Mn (p.g)°  

Kalix  Rivert 9.65 + 0.78 8.97 + 1.59 9.83 + 1.37 1790 + 295 298 + 53 2150 + 329 49.5± 8.3 
Lake Ala Lombolot  17.3 + 1.5 7.96 + 0.90 5.09 + 1.33 583± 132 (9.06 + 3.41) 2550 + 397 105 + 13 
Lake Vettasjärvi 60.6 + 10.3 8.12± 1.03 17.6 + 4.2 1280 + 352 (12.1 + 2.7) 2230 + 360 647± 104 
Overall statistics 
Mean 21.3 8.41 9.16 1200 130 2330 172 
% R.S.D. 87.7 15.4 53.1 49.9 112 17.0 126 

Uncertainties represent 1 standard deviation. tDeterminations based on 10 subsamples. Determinations based on 4 subsamples. 
''Volume of water filtered through 2 filters (142 mm diameter, mounted in parallel) before clogging. fWeight of material determined 
after ashing at 550°C. *Loss on ignition, approximately equal to to the organic fraction of the suspended matter (see Table 6). 
°Amounts of elements (after filter blank subtraction) found on the clogged filters. 
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Table 10. Theoretical statistical evaluation for the  Kalix  River water system to test whether it is 
possible to use the indirect method to calculate concentrations of elements in the SPM from the 
difference between a set of unfiltered-digested and filtered subsamples 

Element 
Concentration in the unfiltered-Concentration in the filtered 	Significant 
digested subsample, jig 1-I* 	subsample, lag 1- I 	 differencet  

Si 2050 1860 + 30 	 Yes 
Al  35.8 4.56 + 0.22 	 Yes 
Ca  4460 4440 + 40 	 No 
Fe 426 203 + 12 	 Yes 
K 747 742 + 92 	 No 
Mg  1030 1020 + 10 	 No 
Mn 12.5 7.26 + 0.59 	 Yes 
Na  1480 1470 + 80 	 No 
P < 140 < 140 
Ti <5.0 <5.0 

1410 1410 + 20 	 No 

Uncertainties represent 1 standard deviation 	in 	the 	instrumental 	measurement 	(n  = 4). 
*Theoretical values calculated as the sum of dissolved and suspended phase concentrations (see 
Table 1, Table 7, and text).  tt-statistics for the difference between the subsamples (95% confidence). 

from the SPM to the concentration in an unfiltered-
digested subsample is too small. Low concentrations of  
P  and Ti in the SPM (4±  0.4 and 2 ±0.2 jag 1, re-
spectively) in combination with insufficient limits of 
detection in ICP-AES analysis disqualify these el-
ements from use in this method. It should be noted 
that in reality the uncertainties in the differences would 
be even greater because of uncertainties in the analysis 
of the unfiltered-digested subsample and variation 
between subsamples. This example shows that indirect 
determinations of elements in SPM by measuring the 
difference between filtered and unfiltered subsamples 
are sometimes difficult or impossible to perform and 
should be avoided, especially for water systems with 
low levels of suspended solids. 

5. Conclusions 

The method described here enables the determi-
nation of the main inorganic constituents of suspended 
particulate matter in freshwaters, even in water systems 
where total particulate concentrations are very low 
( < 2 mg/I). The study also emphasizes the importance 
of validation in all steps involved, from field filtration 
to instrumental analysis. The precision in the instru-
mental analysis of blank filters is much higher com-
pared to that of the whole procedure including 
digestion which suggests that the main issue in order 
to improve overall method accuracy and precision is to 
reduce blank filter levels and contamination introduced 
in the handling procedures. Filter and/or preparation 
blanks may otherwise contribute seriously to the  

amounts found in natural waters with low levels of 
suspended solids. Thus for most elements precision is 
limited by blank variation. 

Since different batches of filters may give different 
results, it is recommended to carefully determine filter 
blank levels as a part of the analytical procedure. 

Acknowledgements 

This study was financially supported by the County 
Administration of  Norrbotten,  Sweden (Environmental 
Department), CENTEK,  Luleå  and  Svensk  
Grundämnesanalys AB,  Luleå,  which is gratefully 
acknowledged. Thanks are due to Elsa Peinerud, 
Anders  Lundqvist  and the Winbjörk family for valu-
able assistance during the field work. Thanks also to 
Dr Anders Widerlund for comments on the develop-
ment and evaluation of this analytical method. The 
authors also would like to thank all the personnel at  
Svensk  Grundämnesanalys AB, with their excellent 
knowledge in preparation and analysis of geological 
samples, for valuable support. 

References 

Balistrieri, L. S., Breyer,  P. G.,  Murray,  J.  W., 1981. 
Scavenging residence times of trace metals and surface 
chemistry of sinking particles in the deep ocean. Deep-Sea 
Res. 28. 101-121. 

Betinnelli, M.,  Baroni,  U., Pastorelli,  N.,  1989. Microwave 
oven sample dissolution for the analysis of environmental 
and biological materials. Anal. Chim.  Acta  225, 159-174. 



316 	 F. Ödman et al. Applied Geochemistry 14 ( 1999) 301-317 

Betinnelli, M.,  Baroni,  U., 1995. ICP-MS Multielemental 
Characterization of Coal Fly Ash. At. Spectrosc. 16, 203-
210.  

Boström,  K.,  1976. Particulate and dissolved matter as 
sources for pelagic sediments.  Acta  Univ. Stockholm, 
Stockholm Contrib. Geol. 30, 15-79. 

Burman, J.-0., Ponter,  C.,  Boström,  K.,  1978. Metaborate 
Digestion Procedure for Inductively Coupled Plasma-
Optical Emission Spectrometry. Anal. Chem. 50, 679-680. 

Dankers,  N.,  Laane,  R.,  1983. A comparison of wet oxidation 
and loss on ignition of organic material in suspended mat-
ter. Environ. Technol. Lett. 4, 283-290. 

Delijska, A., Blazheva, T., Petkova, L., Dimov, L., 1988. 
Fusion with lithium borate as sample preparation for ICP 
and  AAS  analysis. Fresenius Z. Anal. Chem. 332, 362-365. 

Droppo, I.  G., Jaskot, C.,  1995. Impact of River Transport 
Characteristics on Contaminant Sampling Error and 
Design. Environ. Sci. Technol. 29, 161-170. 

Droppo, I.  G.,  Krishnappan,  B. G.,  Ongley,  E. D.,  1992. 
Concentrating Suspended Sediment Samples by Filtration: 
Effect on Primary Grain-Size Distribution. Environ. Sci. 
Technol. 26, 1655-1658. 

Ellis,  K.  M., Chattopadhyay, A., 1979.  Multielement  
Determination in Estuarine Suspended Particulate Matter 
by Instrumental Neutron Activation Analysis. Anal. Chem. 
51, 942-947. 

Etcheber,  H.,  Jouanneau,  J.  M., 1980. Comparison of the 
Different Methods for the Recovery of Suspended Matter 
from Estuarine Waters: Deposition, Filtration and 
Centrifugation; Consequences for the Determination of 
Some Heavy Metals. Estuarine and Coastal Marine Science 
11, 701-707. 

Govindaraju,  K.,  1994. Compilation of Working Values and 
Sample Description for 383  Geostandards. Geostandards  
Newsletter Special Issue 18, 1-158. 

Honeyman  B. D.,  Santschi  P. H.,  1992. The role of particles 
and colloids in the transport of radionuclides and trace 
metals. In: Buffle,  J.,  van Leeuwen,  H. P. (Eds.),  
Environmental Particles. Vol. 1, Lewis, Chelsea. pp. 379-423. 

Horowitz, A.  J.,  1986. Comparison of methods for the con-
centration of suspended sediment in river water for sub-
sequent chemical analysis. Environ. Sci. Technol. 20, 155-
160. 

Horowitz, A.  J.,  Elrick,  K.  A., Hooper,  R. C.,  1989. A com-
parison of instrumental dewatering methods for the separ-
ation and concentration of suspended sediment for 
subsequent trace element analysis. Hydrological Processes 
2, 163-184. 

Horowitz, A.  J.,  Elrick,  K.  A., Colberg, M.  R.,  1992. The 
effect of membrane artifacts on dissolved trace element con-
centrations. Wat. Res. 26, 753-763. 

Horowitz, A.  J.,  Lum,  K. R.,  Garbarino,  J. R.,  Hall,  G. E.  
M., Lemiex,  C., Demas, C. R.,  1996. Problems Associated 
with Using Filtration To define Dissolved Trace Element 
Concentrations in Natural Water Samples. Environ. Sci. 
Technol. 30, 954-963. 

Hutton,  R. C.,  Eaton, A.  N.,  1988. Analysis of Solutions 
Containing High Levels of Dissolved Solids by Inductively 
Coupled Plasma Mass Spectrometry.  J.  Anal. Atom. 
Spectrom. 3, 547-550. 

Ingamells,  C.  0., 1964. Rapid Chemical Analysis in Silicate 
Rocks. Talanta 11, 665-666. 

Ingri  J.,  1996. Kalixälvens  Hydrogeokemi.  Länsstyrelsen i 
Norrbottens Län,  Rapportserie,  Nr  2 (in Swedish). 

Ingri,  J.,  Widerlund, A., 1994. Uptake of alkali and alkaline-
earth elements on suspended iron and manganese in the  
Kalix  River, northern Sweden. Geochim. Cosmochim.  Acta  
58, 5433-5442. 

Kingston  H.  M. and Jassie L.  B.,  1988. Introduction to 
microwave sample preparation: theory and practice. In 
ACS Professional Reference Book. Am. Chem. Soc., 
Washington, D.C. 

Lamothe,  P. J.,  Fries, T.  C.,  Consul,  J. J.,  1986. Evaluation 
of a microwave oven system for the dissolution of geologic 
samples. Anal. Chem. 58, 1881-1886.  

Laxen,  D. P. H.,  Chandler, I. M., 1982. Comparison of 
Filtration Techniques for Size Distribution in Freshwaters. 
Anal. Chem. 54, 1350-1355.  

Laxen,  D. P. H.,  Chandler, I. M., 1983. Size distribution of 
iron and manganese species in freshwaters. Geochim. 
Cosmochim.  Acta  47, 731-742. 

Li,  Y.-H.,  1981. Ultimate removal mechanisms of elements 
from the ocean. Geochim. Cosmochim.  Acta  45, 1659-
1664. 

Miller  J. C.,  Miller  J. N.,  1988. Rapid and non-parametric 
methods. In Statistics for Analytical Chemistry, 2nd  ed.,  
Ellis Horwood Ltd, Chichester, 142-144.  

Milliman, J. D.,  Meade,  R. H.,  1983. World-wide delivery of 
river sediment to the oceans.  J.  Geol. 91, 1-21. 

Morel, F. M. M., Hudson,  R. J.  M., 1985. Chemical 
Processes in Lakes. In: W.  Stumm  (Eds.),  Wiley-
Interscience, New York. pp. 142-144. 

Ongley,  E. D.,  Blachford,  D. P.,  1982. Application of continu-
ous flow centrifugation to contaminant analysis of sus-
pended sediment in fluvial systems. Environ. Technol. 
Letters. 3, 219-228. 

Ponter  C.  (1993)  Geokemisk  status  i  Luossajoki/Torneälvs  
vattensystem.  En  studie av  geokemiska  effekter  frän gråberg 
resterande frän järnmalmsbrytningen i  Kiruna. Rapport  för 
LKAB och  Kiruna  Kommun  (in Swedish). 

Ponter,  C.,  Ingri,  J.,  Burman, J.-0.,  Boström,  K.,  1990. 
Temporal variations in dissolved and suspended iron and 
manganese in the  Kalix  River, northern Sweden. Chem. 
Geol. 81, 121-131. 

Ponter,  C..  Ingri,  J.,  Boström.  K.,  1992. Geochemistry of 
manganese in the  Kalix  River, northern Sweden. Geochim. 
Cosmochim.  Acta  56, 1485-1494. 

Potts  P. J.,  1987. Concepts in Analytical Chemistry. In A 
Handbook of Silicate Rock Analysis, Blackie and Son Ltd, 
London. 

Rees, T. F., Leenheer,  J.  A., Ranville,  J.  F., 1991. Use of a 
single-bowl continous-flow centrifuge for dewatering sus-
pended sediments: Effect on sediment physical and chemical 
characteristics. Hydrological Processes 5, 201-214. 

Ruth, T.,  Ljungberg,  J.,  Rodushkin, I., 1996. Analytical 
method development for freshwaters.  Luleå  University of 
Technology, Research Report TULEA 1996, 25. 

Salbu  B.,  Oughton  D. H.,  1995. Strategies of Sampling, 
Fractionation, and Analysis. In Trace Elements in Natural 
waters  (eds. B.  Salbu and  E.  Steinnes), CRC Press Inc., 
Boca Raton. 



F. Ödman et al. 1 Applied Geochemistry 14 (1999) 301-317 	 317 

Salbu,  B.,  Bjørnstad,  H. E.,  Lindstrom,  N.  S., Lydersen,  E.,  
Brevik,  E.  M., Rambaek,  J. P.,  Paus,  P. E.,  1985. Size frac-
tionation techniques in the determination of elements as-
sociated with particulate or collodial material in natural 
fresh waters. Talanta 32, 907-913. 

Schindler  P.  W. and  Stumm  W., 1987. in Aquatic Surface 
Chemistry. Chemical Processes at the Particle-Water 
Interface  (ed.  W.  Stumm),  Wiley-Interscience, New 
York. 

Sigleo, A.  C.,  Means,  J. C.,  1990. Organic and inorganic com-
ponents in estuarine colloids: Implications for sorption and 
transport of pollutants. Rev. Environ. Contam. Toxicol. 
112, 123-147. 

Skougstad, M., Fishman, M., Friedman, L.,  Erdmann,  D.  
and Duncan, S., 1979. Techniques of Water Resources  

Investigations of the U.S. Geological Survey. In Book 5, 1-
626, Chapter Al.  

Stumm  W., 1992. In Chemistry of the Solid-Water Interface. 
Processes at the Mineral-Water and Particle-Water 
Interface in Natural Systems  (ed.  W.  Stumm),  Wiley-
Interscience, New York. 

Thompson, M., Howarth,  R.,  1976. Duplicate Analysis in 
Geochemical Practice. Part I. Theoretical Approach and 
Estimation of Analytical Reproducibility. Analyst 101, 690-
698. 

Tipping,  E.,  1986. Some aspects of the interactions between 
particulate oxides and aquatic humic substances. Marine 
Chemistry 18, 161-169. 

Turekian,  K. K.,  1977. The fate of metals in the oceans. 
Geochim. Cosmochim.  Acta  41, 1139-1144. 



II 



Validation of a field filtration technique for 
characterization of suspended particulate matter 
from freshwater. Part II. Minor, trace and ultra 

trace elements (and an alternative approach 
accomplishing major to ultra trace elements in 

one single dissolution and determination).  

Fredrik  Ödmana'h, Thomas Ruffle, Ilia Rodushkinb and Christer Ponterb 

'Division of Applied Geology,  Luleå  University of Technology, S-971 87  Luleå,  Sweden 

bAnalytica AB, Aurorum 10, S-977 75  Luleå,  Sweden 
E-mail: fredrik@analytica.se  

cAnalytica  AB,  Box  511, S-183 25  Täby,  Sweden 



Abstract 

A field filtration method for the concentration and separation of suspended 
particulate matter (SPM) from freshwater systems and the subsequent 
determination of minor, trace and ultra trace elements (As,  Ba,  Be,  Cd,  Co, Cr, 
Cs, Cu,  Ga,  Hf,  Mo,  Nb,  Ni,  Pb, Rb,  Sb, Sc,  Sn,  Sr,  Ta,  Th, Ti, U, V, W,  Zn  and Zr) 
is validated with respect to detection limits, precision, and bias. The validation 
comprises the whole procedure including filtration, sample digestion and 
instrumental analysis. The method includes two digestion procedures (microwave 
acid digestion and alkali fusion) in combination with inductively coupled plasma 
atomic emission spectrometry (ICP-AES) and inductively coupled plasma 
quadrupole mass spectrometry (ICP-QMS). Total concentrations of these 27 
trace and minor elements have been determined in suspended particulate matter 
(S PM) from lake and river water with low levels of suspended solids (<2 mg l' 
DW), and a wide range of element concentrations. The precision of the method 
including filtration, digestion and instrumental determination ranges between 8 
and 18 % RSD for most elements on a dry weight basis. Higher recovery after 
acid digestion is found for some elements, probably because of volatilization or 
retention losses in the fusion procedure. Other elements show higher recovery 
after fusion, which is explained by more efficient decomposition of mineral 
phases relative to the non-total acid digestion. Non-detectable concentrations of 
some elements are reported due to small differences between blank filter levels 
and the amounts of elements present on the filters after sampling. The method 
limits of detection range between 0.7  ng  and 2.65 lag, as estimated from the 
blank filter samples. These detection limits are 10-550 times higher compared 
to the corresponding instrumental limits of detection. The accuracy and bias of 
the overall analytical procedure was assessed from replicate analysis of certified 
reference materials. 

A critical evaluation of the instrumental capabilities of the ICP-QMS 
instrumentation in comparison with the sensitive double focusing sector field 
plasma mass spectrometry technique (ICP-SFMS) is also included. It was found 
that a modified microwave acid digestion procedure in combination with ICP-
SFMS could replace ICP-AES determinations and fusion digestions for most 
of the investigated elements. Guidelines and limitations for this powerful and 
relatively simple and less time consuming procedure, covering most elements in 
one single determination, are discussed. 



1. Introduction 

The important role of fine-grained (<62 p,m) suspended particular matter (SPM) 
and colloids (inorganic and organic) in biogeochemical cycling and transport of 
nutrients and contaminants in aquatic systems is widely accepted if not yet well 
understood. Many heavy metals and organic contaminants are partially or wholly, 
transported with SPM. Among the various types of surface-active particles in 
natural waters, Fe -  Mn  oxides (Jenne, 1968) and living or dead particulate organic 
matter (Morel and Hudson, 1985) have been identified as important carrier 
phases for trace metals (Morel and  Gschwend,  1987; Honeyman and Santschi, 
1992) and organic contaminants (Means and Wijayaratne, 1982). A variety of 
chemical and biological mechanisms concentrate nutrients and contaminants on 
these inorganic and organic surface-active suspended particles. Consequently, 
elements and organic compounds, which exist at or below detection limits in 
water samples, can be analyzed with relative ease on SPM. Measurements of the 
contents of these substances in SPM are therefore important in water monitoring 
programs. 

Several techniques are used for the determination of trace element 
concentrations in SPM from river, coastal, and ocean waters. These techniques 
include graphite furnace and flame  AAS  (Rantala and Loring, 1985; Horowitz et 
al., 1992; Spencer and Sachs, 1970), thin-film X-ray fluorescence spectrometry 
(Baker and Piper, 1976), and instrumental neutron activation analysis (INAA) 
(Ellis and Chattopadhyay, 1979). Surface analysis techniques  (e. g.,  electron 
microscopy) are particularly useful for characterizing retained particles and 
colloids according to size, morphology and composition (Leppard, 1992). 

Plasma source mass spectrometry is a state-of-the-art technique for  
ultratrace  elemental analyses (Houk, 1994). Since Houk et al. first described 
inductively coupled plasma quadrupole mass spectrometry (ICP-QMS) in 
1980, many researchers have reported on its analytical capabilities. ICP-QMS 
has several attractive features compared with other analytical techniques, 
e.g., the spectra are simple to interpret and relatively free from inter-element 
interferences, isotopic information is inherent, the multi-elemental capability 
allows a high sample throughput and small sample amounts, the detection 
limits are superior to those obtained in most alternative techniques, the dynamic 
range is wide and most of the elements in the Periodic Table can be detected. 
In the 20 short years of its existence, ICP-QMS has had a very significant 
impact on the progress of geochemistry research as evidenced by a high level of 
acceptance by the geochemical community and is probably the most significant 
advance in geoanalysis in the last decades. ICP-QMS is, for example, capable 
of determining geochemically significant trace elements, including rare earth 
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elements (REE) in geological samples (Kane et al., 1995; Longerich et al., 1987; 
Jenner et al., 1990), even when present at very low levels, without any separation 
or preconcentration. An interesting review by  Falkner  et al. (1995) covers recent 
advancement in geochemistry that have been made possible by ICP-QMS, 
including general discussions of the operating principles, sample introduction 
methods and geochemistry applications. 

Despite the fact that ICP-QMS has proved to be a very reliable technique 
for the rapid determination of a large number of elements present in diverse 
environmental samples, this instrumentation suffers from several types of 
spectral interferences. Most of these problems arise from undesirable ions with 
mass-to-charge (m/z) ratios overlapping the isotope of interest and the most 
severe of these are caused by polyatomic ions originating from the combination 
of certain elements originating from the plasma gas (i.e.  Ar),  the solvent and 
associated reagents (e.g. 0,  H, N, Cl,  S), and from the sample matrix. They are 
particularly problematic below m/z = 80 (Reed et al., 1994; Townsend, 2000). 
By using double focusing sector field plasma mass spectrometry (ICP-SFMS), 
many polyatomic interferences can be eliminated at appropriate mass resolution 
settings (Riondato et al., 2000). This feature opens up possibilities of accurate 
and precise determinations of "common" transition elements (e.g. Co, Cr,  Ni,  
Cu,  Zn)  together with other elements that present difficulties when using ICP-
QMS instruments (e.g. As,  Sc,  V, Fe, Ca,  K,  Ti, Sr, Si, Se,  P).  Besides to the 
ability to adjust the mass resolution, ICP-SFMS also offer the advantage of 
greater ion transmission in low resolution mode together with extremely low 
(<0.2 counts s-1) instrumental background and, consequently, detection limits 
are significantly lower than those obtained with ICP-QMS (Moens et al., 1995). 
Possibilities of interference-free ICP-SFMS determinations may also reduce 
the need of ICP-AES determinations. Nevertheless, ICP-QMS and ICP-AES 
instrumentation is still much more widespread in the geochemical community and 
these instruments are referred to as "reference" techniques in many applications. 
It is thus interesting to compare the capabilities of these three ICP techniques in 
real world suspended matter analysis. 

The determination of a number of trace elements in SPM from freshwater 
systems with low levels of suspended solids is difficult due to the extremely low 
amounts  (ng  to lag quantities) of the elements being available for analysis. These 
low levels make blank filter contribution, together with contamination introduced 
in field and laboratory work, a serious problem for several elements. To enable 
accurate major, minor, trace and ultra trace element determinations in freshwater 
SPM, two  multi-element  spectrometric analytical techniques (ICP-AES and ICP- 
QMS) were used. Determinations of the same elements by different analytical 
techniques are valuable in assuring the quality of the data. It should be noted 
that the techniques for the final determination step are used as complementary to 
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each other. This means that for each of the digestion techniques, the instrumental 
technique with the lower detection limit (normally ICP-QMS) determines the 
overall detection capabilities of the method. 

The objective of the present work is to validate a method for the 
simultaneous determination of major, minor, trace and ultra trace elements in  ng  
to mg quantities in SPM from fresh water with low levels of suspended solids 
(<2 mg 1-'). All steps in the method are statistically evaluated. Special attention 
has been given to blank contributions and instrumental performance in relation 
to background levels found in natural fresh waters. Results from a bias test using 
certified reference materials will also be presented. To the authors' knowledge 
no attempt has previously been made to investigate systematically the effects 
of such parameters on the determination of element concentrations in SPM 
collected with this common sampling method. Part I in this study covers 11 
major elements (Si, Al, Ca, Fe,  Mn,  Mg,  Na,  K, P,  Ti and S) in SPM determined 
by ICP-AES, mainly after fusion with lithium metaborate (Ödman et al., 1999). 
The purpose of Part II in this investigation is to demonstrate the effectiveness 
and capabilities of ICP-AES and ICP-QMS determinations of minor and trace 
elements in SPM after lithium metaborate fusion and microwave acid digestion 
in comparison with the accurate and precise ICP-SFMS technique. A digestion 
method, capable to replace the former two digestion procedures by one single 
dissolution, enabling the determination of all elements in one ICP-SFMS 
determination, is also outlined. 

2. Sampling sites 

The samples represent three different types of freshwater systems occurring 
in northern Sweden: An unimpedly flowing river  (Kalix  River), an unaffected 
lake in the same drainage area (Lake Vettasjärvi) and a heavily polluted lake 
(Lake Ala Lombolo). The geochemistry of these systems includes low natural 
background levels of elements as well as extremely elevated levels resulting from 
human activities. Thus this study comprises water systems with a wide range of 
element concentrations. Geographical location, sampling characteristics, water 
quality parameters and some useful chemical information applying to the time of 
sampling are presented in Part I. 
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3. Experimental 

3.1. Sample collection and handling procedures 

For a complete and exhaustive description of the present method and 
precautions used for sampling freshwaters with low amounts of organic-rich 
SPM (total suspended load <10 mg 1-1), the reader is referred to Part I in this 
investigation. Detailed information on cleaning procedures, chemicals and 
reagents and guidelines for microwave acid digestions and alkali fusions is also 
presented in this paper. Briefly, the SPM samples were collected by filtration in 
the field (in situ). Silicone tubing was lowered below the water surface and the 
water was then pumped by means of a portable peristaltic pump and filtered on- 
line through one pair of membrane filters (0.45 gm pore size). Filtering was done 
to the point of clogging for all filters. One sample comprises two pairs of filters, 
one pair for each dissolution method. 

In addition to the natural water samples two well characterized river 
sediment reference materials, GSD-1 and GSD-10, supplied by IGGE (Institute 
of Geophysical and Geochemical Exploration, People's Republic of China) were 
used for quality control. Relevant amounts of each reference material (8-9 mg) 
were weighed in together with two blank filters and analyzed along with the 
natural water SPM samples. In total, 24 freshwater SPM samples, 12 samples 
from sediment reference materials, 10 blank filter samples and 10 reagent blanks 
(preparation blanks) were prepared for analysis. 

Each sample was prepared using both microwave acid digestion and 
alkali fusion. A 10-fold, alternatively 20-fold, dilution of the microwave acid 
digestion solution, with deionised water is recommended to obtain a suitable acid 
concentration (10 or 5% v/v) for the ICP-AES, and ICP-QMS measurements, 
respectively. Alkali fusion samples were prepared using a method described by 
Burman et al. (1978), after slight modification. For the SPM filters, a wet ashing 
step is necessary to oxidize the filter matrix before dry ashing in order to prevent 
the filters from catching fire in the oven. The minimum final volume for alkali 
fusion analysis is 10  ml.  No further dilution is necessary before the ICP-AES 
detection step whereas a 10-fold dilution with 1% (v/v) HC1 is recommended 
before the ICP-QMS measurements. 

No freshwater samples were included in the comparative studies with the 
ICP-SFMS instrument. The alkali fusion digestion procedure was also excluded 
in these measurements. A modified microwave acid digestion procedure in which 
an additional aliquot of 10-300 gl hydrofluoric acid  (HF,  40 %, "suprapure" 
grade, Merck, Darmstadt, Germany) was added, was used instead of the alkali 
fusion procedure. In total 16 reagent blanks, 7 blank filter samples and 5 samples 
from the sediment reference material (GSD-1) were prepared according to the 
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normal microwave digestion procedure.  HF-containing preparations included 2 
blank filter samples and 10 sediment reference material samples (GSD-1). A 
20-fold dilution with deionised water is recommended to obtain a suitable acid 
concentration (5% v/v) for the ICP-SMS measurements of these solutions. 

3.2. Instrumentation and analytical procedure 

An ARL 3580 (Applied Research Laboratories SA, Ecubilens, Switzerland) 
ICP-AES instrument was used with a Gilson 100 sample changer and a Gilson  
Minipuls  3 peristaltic pump (Gilson Medical Electronics Inc., Villiers Le Bel, 
France). This ICP-AES device has 40 channels for simultaneous  multielement  
detection. Instrumental configuration and general experimental conditions were 
kept constant throughout this study and are summarized in Part I. Wavelengths 
for the minor and trace elements monitored in this study are summarized in Table 
1. Samples were analyzed employing a single procedure (analytical sequence) 
covering the complete element suite in both types of digestions. This procedure 
is used in our laboratory for routine  multielement  analysis. Four measurements 
(integrations) were made on each sample. Quantitation was performed using 
external calibration. 

The ICP-QMS instrument used was a Plasmaquad PQ 2+ (Fisons 
Instruments, Winsford, UK) modified with a "Turbo Interface" and a new 
upgraded "PQVision" OS/2 software. A Gilson 100 autosampler was used as 
a sample changer together with a Gilson  Minipuls  3 peristaltic pump (both 
Gilson Medical Electronics Inc.). The operating conditions and data acquisition 
parameters given in Tables 1 and 2 were kept constant throughout this study. The 
voltages required for ion lenses were adjusted daily to maximize the count rate 
at m/z 115. The sensitivity of the instrument was in the range 2.106-6.106  counts 
per 	Internal standardization (correction for instrumental drift and/or 
matrix effects) was accomplished by adding an aqueous  multielement  solution 
containing 115In and 2°9Bi to all blanks, standards and sample solutions. All results 
presented here were acquired for all the selected elements including the internal 
standards in one single acquisition. Sample solutions were introduced into the 
ICP-QMS instrument by pneumatic nebulization. Each standard, blank and 
sample was aspirated for about 1.5 min to enable the nebulizer-spray chamber 
system to equilibrate before acquisition of data. The blank, standards and samples 
were analyzed (statistics from three runs were achieved from each measurement) 
in that order with a wash time of 4 min between each sample. A blank and full 
range control standard solution was analyzed after every 10th sample in order 
to check for instrumental drift. Recalibration is normally performed when these 
control standards deviate more than ± 10 % from the initial value. 
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Table 1. Minor and trace elements determined in suspended particulate matter with ICP-AES and ICP-
QMS after microwave dissolution and alkali fusion 

Monitored wavelengths and isotopes Dissolution method 

ICP-AES ICP-QMS  Microwave dissolution Lithium metaborate fusion 

Wavelengths  (nm)  Isotopes (amu) ICP-AES ICP-QMS ICP-AES ICP-QMS 

As 193.77 75 X X  
Ba  493.41 135,13 X X  
Be  9 X X 
Bi 209* 
Cd 226.50 111,114 X X  
Co  228.62 59 X X X  
Cr  267.72 52,53 X X X  
Cs  133 X X  
Cu  324.75 63,65 X X X  
Ga  69,71 X X 
Hf 178 X X 
In 115*  
Mo  202.03 98 X X X X  
Nb  93 X X 
Ni 231.60 60,62 X X X  
Pb  220.35 206,207,208 X X  
Rb  85,87 X X  
Sb  121 X X  
Sc  361.38 X 
Se 77,82° 
Sn 120 X X X  
Sr  421.55 X X  
Ta  181 X X  
Th  232 X X 
TI 205 X X 
U 238 X X 
V 290.40 X X 
W 182 X  
Zn  213.86 66,67,68 X X X  
Zr  X  

•Intemal standard. °isotopes used for spectral interference correction on As. 

ICP-SFMS measurements were carried out by means of a Finnigan MAT 
ELEMENT (Finnigan MAT, Bremen, Germany) instrument, equipped with an 
ASX 500 sample changer (CETAC Technologies, Omaha, NE, USA) and a Gilson  
Minipuls  3 peristaltic pump (Gilson Medical Electronics Inc.). This instrument 
has predefined nominal resolution settings (m/Am at 10% valley definition) of 300 
(low), 3000 (medium) and 7500 (high). These resolution values are approximate 
(or "minimum" by the manufacturers definition) and actual resolution depends on 
ion lens settings. A standard  Meinhard  nebulizer and Scott-type double pass air-
cooled spray chamber were employed in the measurements of the microwave acid 
digestion solutions. This borosilicate sample introduction system was replaced 
with a  HF-resistant introduction system consisting of a PFA spray chamber 

6 



Table 2. Instrument configuration and operating conditions of the ICP-QMS instrument (Plasma 
Quad PQ 2+) 

Plasma 
All-argon plasma 
Incident power at 27 MHz 	 1.35 kW 
Reflected power 	 <10 W 
Coolant gas flow rate 	 14 1 min-1 
Auxiliary gas flow rate 	 1.3 1 min-1* 
Nebulizer gas flow rate 	 0.860 1 min-1* 
Nebulizer type 	 Standard  Meinhard  (TR-30-C3) 
Sample uptake (pumped) 	 0.8  ml  min-1 
Spray-chamber cooled to 	 13-14  °C  
Washout time 	 240 s 
Interface 
Sampling depth 	 20 mm, on centre* ° 
Sampling cone 	 Nickel sampler (1.0 mm orifice) 
Skimmer cone 	 Nickel skimmer (0.75 mm orifice) 
Vacuum 
Expansion stage 	 2.3 mbar 
Intermediate stage 	 <10-4 mbar 
Analyser stage 	 2.1  x  10-6 mbar 
Mass analyser 
Quadrupole mass filter 	 SXP 300 
Peak width at 5% of peak height 	0.8 amu 
Data acquisition 
Detector type (Channeltron) 	 Galileo Model No. 4870V 
Detector mode 	 Pulse counting 
Acquisition mode 	 Peak jumping 
Dwell time per sample 	 320 /As 
No. of samples per isotope 	 5 
No. of scans 	 40 

°Defined as the distance between the front coil of the load coil and the tip of the sampling 
cone. *Typical values cited. These parameters were adjusted daily to optimize the ion signal. 

(Elemental Scientific Inc., Omaha, NE, USA) and a MCN 100 nebulizer (Cetac 
Technologies, Omaha, NE, USA) during analysis of  HF-containing solutions. 
Instrument tuning, optimization and mass calibration was carried out daily for the 
elements of interest in low and medium resolution according to Rodushkin and 
Ruth (1997). More details concerning standard operating conditions and typical 
instrument and method settings are discussed in Rodushkin et al. (2000). 

The fusion solutions were analyzed for major elements using calibrations 
based on a range of well-characterized international certified rock and sediment 
reference materials, chosen to match the range of compositions being studied. 
Rock reference materials are preferred for calibration for major elements because 
of difficulties in producing fully matrix-matched standards from commercially 
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available standard solutions (see Part I). Minor and trace elements are nevertheless 
calibrated using diluted synthetic standard solutions. An additional synthetic 
standard solution was analyzed as a quality control sample at regular intervals. 
The number of sequences analyzed without recalibration is determined from the 
results for this quality control sample. 

In contrast, synthetic  multi-element  standards were used for all element 
determinations in the microwave acid digestion samples. A quality control 
sample with appropriate concentration levels was prepared from standard 
stock solutions as described in the "Chemicals and reagents" section in Part I. 
Calibration, bias control etc. was done in the same way as for the fusion samples. 
The use of synthetic standards for the analysis of these solutions provides a 
check on accuracy for major elements and, more importantly, accurate trace-
element determinations. 

The element coverage for different combinations of sample preparation 
and instrumental analysis methods is shown in Table 1. 

4. Results and discussion 

According to the experiences and conclusions made in Part I of this study, 
elements present in reagents, preparation blanks and filters may contribute 
seriously to the total elemental content of SPM measured. Instrumental 
detectability is thus not equivalent to useability of analytical data for quantification. 
It is therefore important to determine blank concentrations. Along with each 
sample set, preparation blanks and random specimens of filters, taken from the 
same package as for the samples and for the certified reference materials, were 
included to determine the blank concentrations. 

The limit of detection  (LOD)  is most often expressed as the lowest 
concentration (or amount) of an element, which is statistically different from 
the analytical blank. It is often recommended that the detection limit should be 
based on at least 7-10 blank determinations and the  LOD  is then defined as 3 • 
SDB  (SDB  = standard deviation for the blank). Thus the LODs reported in this 
study are calculated as 3 times the standard deviation for 10 blank filter samples, 
and are called method limits of detection (MLOD). Because the absolute value 
of the standard deviation normally increases with the magnitude of the blank, 
it is desirable that the blank is low. In this investigation, blank filter levels are 
treated separately in order to study possibilities of blank filter corrections of 
the results. Consequently, DLOD (decomposition limits of detection) values are 
reported in comparison with the MLOD values. The relationship between the 
mean amount of an element in the sample and the MLOD for that element is 
presented as the "MLOD ratio". This ratio is used in evaluating the analytical 
quality for individual elements. 
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Results are presented as total amounts (in  ng  or  µg)  of the elements found 
in the samples. Further calculations in order to present elemental concentrations 
(e.g. on ash or dry weight basis) include additional parameters, which affect 
precision and accuracy of the results. 

4.1. Reagent blanks and blank filter levels compared to instrumental LODs 

A summary of the microwave acid digestion detection capabilities is given 
in Table 3. Results are presented for determinations based on ICP-QMS only, 
since this technique has superior detection capabilities compared to ICP-AES. 
Determinations of Sr and V are nevertheless reported from ICP-AES, due to 
unresolved spectral interferences in the ICP-QMS determinations. Detection limits 
are calculated for the instrumental analysis alone (ILODs), for the combination 
of digestion and instrumental analysis (DLODs), and for the method as a whole 
(MLODs). The MLODs result from the combined variation in the filter blank, in 
the reagent blank, and in the instrumental background. 

All elements show higher (2-200 times) DLODs compared to the ILODs. 
Reagent impurities and/or contamination introduced in the handling procedures 
are obviously major limiting factors for the detection capability of this method. 
Blank filter contributions further reduce the overall method detection capability 
(except for As,  Ga,  and V) in the form of higher (1.3-25 times) MLODs compared 
to the DLODs. 

Chromium displays detectable amounts in the filters compared to the 
DLOD. A non-parametric statistical method (T1-test, Miller & Miller, 1988) 
was employed for significance testing because blank filter elemental amounts 
generally appear to be non-normally distributed. A closer interpretation of the 
data for this element reveals two groups corresponding to two different batches 
of filters. A recalculation of the blank filter levels for these two batches results in 
mean values with lower standard deviations (0.969 ± 0.183 jig and 2.20 ± 0.18  
µg,  respectively), which can be subtracted from the corresponding samples. 

In Table 4, the lithium metaborate fusion detection capabilities are 
summarized. Barium, Be, Co, Cr, Cu,  Ni  and  Zn  were unfortunately not analyzed 
with ICP-QMS after lithium metaborate fusion (see Table 1). These elements 
are therefore, with few exceptions suffering from higher ILODs, DLODs and 
MLODs with this dissolution technique. Furthermore,  Sc,  W and Zr were only 
analyzed after dissolution by fusion, which precludes comparisons with the 
microwave acid digestion. A comparison of MLOD values for elements analyzed 
with the same detection technique after both digestions gives six elements  (Hf,  
Nb,  Sn,  Ta,  T1 and V) with higher MLOD for microwave acid digestion and eight 
elements (Cs,  Ga, Mo,  Rb,  Sb,  Th, U and Sr) with higher MLOD after fusion. 
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Table 3. Mean amounts of elements found in I O blank filter pairs after microwave acid digestion and detection with lCP-QMS (Sr and V was determined with ICP-

AES), together with limits of detection of the method (MLOD), decomposition method limits of detection (DLOD) and the instrumental limits of detection (lLOD). 

All mean values are subtracted with the mean from I O preparation blanks 

A, (ag) Ba(ng) Bo (ag) Cd (ng) Co(ng) Cr(ng) c, (ng) CU(ng) Oa(ng) Hf(ng) Mo (ng) Ni(ng) 

Mean ± I 5.28 ± 20.9 78.0 ± 16.1 -21.3 ± 4.15 3.79 ± 6.18 0.886 ± 9.56 1330 ± 680 -0.450 ± 0.612 -132 ± 873 2.94 ± 2.83 -3.85 ± 4.02 3.27 ± 3.60 -399 ± 51.7 

S.D. 

MLO D 1 
60 50 12 20 30 550 ° 260 12 10 160 

DLOD 1 85 15 6 6 4 70 0.5 60 35 2 120 

\LOD' 0.6 0.2 0.3 0.1 2 0.3 0.5 

Nb(ng) Pb (ng) Rb (ag) Sb(11g) S11(ng) Sr(11g) Ta(11g) Th (ng) Tl(og) U(og) V(l'g) Zo (ng) 

Mean ± I 4.75 ± 3.32 17.1 ± 6.5 2.51 ± 2.09 -3.05 ± 1.90 70.0 ± 35.4 90.0 ± 80.0 5.ll ± 3.42 -0.372 ± 1.20 2.41 ± 3.33 -0.210 ± 0.307 -0.32 ± 0.48 510 ± 300 

S.D. 

MLOD 1 
10 20 100 240 10 10 0.9 1.44 900 

DLOD 1 4 4 90 2 0.4 0.2 1.66 400 

ILOD
1 

0.3 0.5 0.5 0.6 0.5 20 0.2 0.2 0.2 0.05 0.09 2 

Uncertainties in elemental concentrntions for in<lividual samples represent I standard deviation obtained in the instrumental detection step, n = 3 (see text for discussion). fDetermined as three times the standard 
deviation of the preparalion blanks (see text for discussion). :t:Determined as lhree times the standard deviation of 1he filter blanks measurements (see text for discussion). '1De1ermined as three limes the stan<l,1rd 
deviation of synthetic blank measurements (see text for discussion). °C::1lcula1ed from the balch of filters with highest standard deviation (see text for <liscussion). 



Table 4. Mean amounts of elements found in 10 blank filter pairs after lithium metaborate fusion and detection with ICP-QMS or ICP-AES, together with limits 
of detection of the method (MLOD), decomposition method limits of detection (DLOD) and the instrumental limits of detection  (ILOD).  All mean values are sub-

tracted with the mean from 10 preparation blanks 

ICP -Q MS  

Ca  (ng) Ga(ng) øf(ng) Mo (ng) Nb (ng) Rb (ng)  Sb  (ng)  Sn  (ng) Ta (ng) Th (ng)  TI  (ng)  U  (ng) W(a8)  

Mean ± 1 -4.32 ±0.98 -170 ±27 -3.09 ±0.47 -16.4 ±6.93 -2.42 ±0.95 -3.30 ± 10.8 -1.49 ±5.00 -23.5 ±5.06 -0.580 ± 0.42 1.62 ±2.44 -1.19 ±0.24 -1.54 ±0.43 -3.83 ± 1.27 

S.D. 

MLO ID:  3 80 1.4 20 3 30 15 15 1.2 7 0.7 1.3 4 

DLOD  i  5 65 1.7 30 2 35 4 10 0.6 6 0.7 1.5 4  

ILOD  1.  0.1 2 0.3 0.5 0.3 0.5 0.6 0.5 0.2 0.2 0.2 0.05 0.5 

ICP-AES 

Ba(ng)  Be  (ng)  Co  (ng) Cr  (14)  Cu(ng) (  Sc  (ng)  Sr  (ng)  V  (ng)  Zn  (ng) Zr(jng)  

Mean ± 1 -26.6 ± 115 -9.30 ± 4.57 13.6 ± 34.0 300 ± 170 -210 ± 123 45.5 ± 158 -13.3 ± 45.9 116 ± 95 -8.50 ± 81.2 154 ± 222 0.195 ± 0.885 

S.D. 

MLO 13' 340 15 100 510 370 470 140 280 240 670 2.65 

DLOD 1  120 40 180 220 820 360 180 60 250 120 1.45  

ILOD  t  40 10 100 200 70 200 50 20 90 80 0.10 

Uncertainties in elemental concentrations for individual samples represent I standard deviation obtained in the instrumental detection step,  n  = 3 (see text for discussion). fDetermined as three times the standard deviation 

of the preparation blanks (see text for discussion). tDetermined as three times the standard deviation of the filter blanks measurements (see text for discussion). 
(Determined as three times the standard deviation of synthetic blank measurements (see text for discussion). 



4.2. Sampling of SPM from natural water systems - amounts of elements 
collected 

Ratios of the mean amounts of elements collected on the filters (after filter 
blank subtraction) to the corresponding MLOD values are presented in Table 5 
as MLOD ratios for both digestion techniques. Barium, Co,  Ga, Mo,  Pb, Rb,  Tb  
and U display high MLOD ratios (4-340) in all three water systems, following 
microwave acid digestion. After fusion, high MLOD ratios (6-300) were also 
found in all three water systems for  Ba,  Tb  and U. Barium, for instance, is 
collected at a level high enough to make ICP-AES detection preferable to ICP-
QMS. Uranium is collected at significantly lower levels but the combination of 
a sensitive detection technique and a relatively low level of contamination in the 
preparation scheme gives extremely high MLOD ratios (140-340), for two of 
three water systems investigated. Furthermore, determinations of rare elements 
like  Ta  and Ti are possible only in fused samples from  Kalix  River. Detectable 
amounts after fusion, but not after microwave acid digestion, are also found to 
some extent for  Hf,  Nb and V (reasons for these results will be discussed in later 
sections). The amounts of As, Be,  Cd,  Cr,  Ni,  Sc  and Zr are low in both types 
of digestions and all water systems (MLOD ratios <2), which classifies these 
elements to the troublesome or non-detectable group of elements. Common and 
important elements such as Cu and  Zn  displays low to medium high MLOD 
ratios (<1-4). Tin and  Sb  also shows low MLOD ratios in all water systems and 
digestions, except in Lake Ala Lombolo (microwave acid digestion). Strontium 
displays MLOD ratios between 2 and 8 in both types of digestions from all water 
systems. Finally, W is well determinable in  Kalix  River and Lake Ala Lombolo 
but close to the MLOD in Lake Vettasjärvi. 

4.3. Comparison of recovery of individual elements between microwave and 
fusion dissolutions 

Sample digestion is a critical step in  multi-element  analysis of solid 
materials. Very often no single method is suitable for all elements that are 
to be determined. The techniques for instrumental determination are also 
associated with certain requirements regarding the sample matrix resulting 
from the digestion. Common sources of error in digestion are  (i)  non-complete 
dissolution of refractory compounds and (ii) losses of elements by volatilization 
or by retention by vessel materials or by solids in the sample (Gorsuch, 1976). 
The use of two digestion procedures in this method is necessary because of 
such problems, which affect the elements in Table 1 differently. For instance, 
most mineral components are not completely dissolved by nitric acid digestion. 
Thus for elements bound in the crystal lattice of minerals, total determinations 
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Table 5. MLOD ratios for mean amount of element found in SPM samples (after filter blank subtraction) from Kalix River, Lake Ala Lombolo and Lake Vettasjärvi 
after microwave acid digestion or lithium metaborate fusion (see text for explanation) 

Microwave acid digestion 

As1 Ba Be Cd Co Cr Cs Cu Ga Hf Mo Nb Ni Pb Rb Sb Sn Sr Ta Th TI u yr Zn 

Kalix River I. I 54 < I o 

< 1
0 6 < 1

0 7 1.2 6 < 1
0 8 3 < 1

0 10 53 2 < 1
0 3 < 1

0 20 < I o 220 < I o 3
Lake Ala Lombolo 2 240 < 1

0 

< 1
0 15 < 1

0 

< 1
0 4 5 < 1

0 54 < 1
0 

< 1
0 

so 44 4 4 8 < 1
0 15 < 1

0 340 I. I 4
Lake Vettasjärvi 1.0 210 < 1

0 1.5 6 < 1
0 

< 1
0 

<l o 4 < 1
0 22 < 1

0 

< 1
0 5 20 1.3 < 1

0 2 < 1
0 57 < 1

0 13 < 1
0 

Lithium metaborate fusion 

Ba Be1 Co1 Cr Cs1 Cuf Ga Hft Mo1 Nb Ni Rb1 Sb Sc1 Sn Sr Ta Th TI ur yr w Zn Zr 

Kalix River 8 < 1
0 1.0 < I o 

< I o 

< 1
0 3 Il 3 1.5 < 1

0 4 < 1
0 

< 1
0 

< I o 5 4 12 1.2 140 5 8 < 1
0 

< 1
0 

Lake Ala Lombolo 38 < 1
0 I. 7 < 1

0 

< 1
0 

< 1
0 4 4 14 4 < 1

0 1.8 1.6 < 1
0 

< 1
0 7 < 1

0 14 < 1
0 200 7 48 < 1

0 

< 1
0 

Lake Vettasjärvi 32 < 1
0 

< I o 

< I o 

< 1
0 

< 1
0 

6 < 1
0 1.7 1.7 < 1

0 1.3 < 1
0 

< 1
0 

< 1
0 2 < 1

0 300 < 1
0 6 < 1

0 1.9 < 1
0 

< 1
0 

0Not detectable (see Table 3 and 4). fRatio to DLOD (see Table 3 and 4) 



are not possible following such digestion only. On the other hand, the fusion 
procedure, which is very effective for most mineral components, causes severe 
losses of some important elements (e.g. lead) (Totland et al., 1992). While 
different digestion techniques are expected to yield different results for certain 
elements, analytical determinations by different instrumental techniques should 
give the same results for a given digestion method, provided that interferences 
associated with each digestion procedure, if occurring, are kept under control. 
Naturally, concentrations must then be at determinable levels for the analytical 
techniques. 

For SPM, the fusion method is "total", i.e. there is virtually no undissolved 
material left after the dissolution, while the microwave acid digestion is not. 
On the other hand, since the acid digestion is carried out in a closed system, 
volatilization losses are avoided. For most elements, retention losses are also 
less likely in the acid digestion procedure used here. There are considerable risks 
for this kind of loss in the fusion procedure, where high temperatures are used 
and where there is a high degree of contact between sample and vessel. Such 
retention losses are known from dry ashing of organic samples (Gorsuch, 1976). 
Consequently, lower recovery in microwave acid digestion compared to fusion 
probably reflects incomplete dissolution in the former, while higher recovery in 
acid digestion can be attributed to losses in the fusion procedure. 

Some sources of error related to sample digestion for elemental analysis 
have already been mentioned in this paper and in Part I of this study. Such errors 
are all negative except for contamination and interferences. Since the latter can 
both be assumed to be under control, the higher result is likely to be more correct 
when the digestion methods show a systematic difference. 

According to Table 1, 21 elements were determined after both microwave 
acid digestion and fusion. This enables a comparison of recovery between the 
two digestion methods. For some elements, this comparison is supported by data 
from both analytical ICP techniques. In Table 6a, results for the two digestion 
techniques are shown for each water system expressed as mg kg-I of dry SPM. 
For several elements, marked differences in recovery between the digestion 
methods are seen (a paired t-test was used to test the statistical significance 
of differences). Gallium, for instance, shows significantly lower recoveries in 
microwave acid digestion compared to fusion in all three water systems. This 
element obviously occurs in refractory mineral phases that are not dissolved 
by the acid mixture in the microwave method. Hafnium, Nb,  Ta  and Ti may 
also be categorized in this group of elements, even if the level of significance is 
lower for these elements due to low or non-detectable elemental levels in most 
of the acid digestions. Barium and Sr shows identical recoveries in all digestions 
from both lakes but gives significantly lower recoveries in the microwave acid 
digestion from  Kalix  River. This difference may be explained by a larger fraction 
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V, 

Table 6a. Concentrations of trace and minor elements in suspended particulate matter, determined by ICP-QMS and expressed as mg kg-I of dry suspended matter. 

All results are calculated after filter blank subtraction. Uncertainties represent I standard deviation (n = 10). RSD in% is given in parentheses 

Kalix River Lake Ala Lomholo Lake Vettasjärvi:j: 

Element Microwave acid digestion Lithium mctaborate fusion Microwavc acid digcstion Lithium metaborate fusion Microwave acid digestion Lithium metaborate fusion 

As 10.5±1.6(15) 26.6 ± 4.4 (17) 11.5 ± 2.8 (24) 

Ba 327 ± 27 (8)? 561 ± 29 (5)? 1659 ± 249 (15)? 1644 ± 173 (11)? 1430± 187 (13)? 1379± 180(13)? 
Be <MLOD < MLOD? <MLOD < MLOD? <MLOD < MLOD? 

Cd <MLOD <MLOD 2.60 ± 1.29 (50)f 

Co 20.4 ± 2.6 (13) 22.0 ± 5.6 (25) ?J 37.5 ± 5.7 (15) 27.8 ± 8.4 (30) ?J 21.2±3.4(16) < MLOD? 
Cr <MLOD < MLOD? <MLOD < MLOD? <MLOD < MLOD? 
Cs 1.65 ± 0.15 (9) <MLOD <MLOD <MLOD <MLOD <MLOD 
Cu 35.8 ± 8.9 (25) < MLOD? 138 ± 30 (22) < MLOD? <MLOD < MLOD? 

Ga 5.95 ± 0.48 (8) 22.7±3.1 (14) 4.56 ± 0.86 ( 19) 36.2 ± 8.3 (23) 17.5 ± 2.4 (14) 58.6 ± 6.4 (11) 

Hf <MLOD 2.10±0.29(14) <MLOD 0.845 ± 0.149 ( 18) <MLOD <MLOD 
Mo 9.66 ± 0.77 (8) I I. I ± 2.2 (20) 67.5 ± 9.0 ( 13) 54.5 ± 6. I ( 11) 28.0 ± 3.3 ( 12) 21.1 ±5.2 (24) 
Ni <MLOD <MLOD? <MLOD < MLOD? <MLOD < MLOD? 
Nh 2.03 ± 0.44 (22)f 4.94 ± 0.59 ( 12) <MLOD 1.34 ± 0.18 ( 13) <MLOD 0.605 ± 0.085 ( 14) 
Ph 22.0 ± 2.5 ( 11 )J 125±18(14) 13.5 ± 2.6 (19)f 

Rh 36.9 ± 3.8 ( 10) 14.1 ± 3.9 (28) 33.3 ± 5.0 (15) 8.13 ± 2.93 (36) 16.0 ± 3.6 (23) 5.70 ± 1.44 (25) 
Sh 1.42 ± 0.40 (28) <MLOD 3.22 ± 0.67 (21) 1.97 ± 1.26 (64)f 0.985 ± 0.234 (24)f <MLOD 
Se < MLOD? < MLOD? < MLOD? 
Sn <MLOD <MLOD 48.1 ± 8.4 (17) <MLOD <MLOD <MLOD 
Sr 91.1 ± 10.5 (12)? 142 ± 6 (4)? 253 ± 30 (15)? 240 ± 20 (8)? 71.7 ± 17.2 (24)? 69.3 ± 8.8 ( 13)? 

Ta <MLOD 0.490 ± 0.055 ( 11) <MLOD <MLOD <MLOD <MLOD 
TI <MLOD 0.0915 ± 0.0240 (26)f <MLOD <MLOD <MLOD <MLOD 
Th 9.10 ± 0.79 (9) 9.40 ± 1.08 ( 11) 7 .50 ± 3. 72 (50) 9.44 ± 5.09 (54)f 17.2±7.1 (4l)f 254 ± 77 (30) 

u 22.8 ± 1.8 (8) 24.4 ± 2.3 (9) 38.8 ± 5.7 (15) 37.9 ± 3.4 (9) 1.30 ± 0. 11 (8)f 1.15 ± 0.17 ( 15) 
V <MLOD 134±14(10) 238 ± 65 (27)? 232 ± 33 ( 14)? <MLOD <MLOD 
w 3.69 ± 1.16 (31) 24.0 ± 3.0 ( 12) 0.967 ± 0.391 (40) 

Zn 292 ± 66 (23)?f < MLOD? 552 ± 103 (19)? < MLOD? 274 ± 100 (37) < MLOD? 
Zr <MLOD? < MLOD? <MLOD? 

j:n = 4. JCalculated after exclusion ot' outliers (95% probabilit y). ?Determined by ICP-AES. 



Table 6b. Concentrations of trace and minor elements in suspended particulate matter, determined by ICP-QMS and expressed as mg kg-1 of  ashed  suspended 

matter. All results are calculated after filter blank subtraction. Uncertainties represent 1 standard deviation  (n  = 10). RSD in % is given in parentheses  

Kalix  River  Lake Ala Lombolo Lake Vettasjärvit 

Element Microwave acid digestion Lithium metaborate fusion Microwave acid digestion Lithium metaborate fusion Microwave acid digestion Lithium metaborate fusion 

As 10.5  ±  1.6 (15) 26.6  ±  4.4 (17) 11.5  ±  2.8 (24)  

Ba  327  ±  27 (8)? 561  ±  29 (5)? 1659  ±  249 (15)? 1644  ±  173 (11)? 1430  ±  187 (13)? 1379  ±  180 (13)?  

Be  < MLOD < MLOD? < MLOD < MLOD? < MLOD < MLOD?  

Cd  < MLOD < MLOD  2.60± 1.29(50)f  

Co  20.4  ±  2.6 (13) 22.0  ±  5.6 (25) ?f 37.5  ±  5.7 (15) 27.8  ±  8.4 (30) ?f 21.2  ±  3.4 (16)  < MLOD? 

Cr < MLOD < MLOD? < MLOD < MLOD? < MLOD < MLOD?  

Cs  1.65  ±  0.15 (9)  < MLOD < MLOD < MLOD < MLOD < MLOD  

Cu  35.8  ±  8.9 (25)  < MLOD?  138  ±-  30 (22)  < MLOD? < MLOD < MLOD? 

Ga  5.95  ±  0.48 (8) 22.7  ±  3.1 (14) 4.56  ±  0.86 (19) 36.2  ±  8.3 (23) 17.5  ±  2.4 (14) 58.6  ±  6.4(11) 

Hf  < MLOD  2.10  ±-  0.29 (14)  < MLOD  0.845  ±  0.149 (18)  < MLOD < MLOD 

Mo  9.66 ±0.77 (8) 11.1  ±  2.2(20) 67.5  ±  9.0 (13) 54.5  ±  6.1 (11) 28.0  ±  3.3 (12) 21.1  ±  5.2(24) 

Ni  < MLOD < MLOD? < MLOD < MLOD? < MLOD < MLOD? 

Nb  2.03  ±  0.44 (22)1 4.94  ±  0.59 (12)  < MLOD  1.34 ±0.18 (13)  < MLOD  0.605 ±0.085 (14)  

Pb  22.0  ±  2.5 (11)f 125  ±  18 (14) 13.5  ±  2.6 (19)f 

Kb 36.9  ±  3.8 (10) 14.1  ±  3.9 (28) 33.3  ±  5.0 (15) 8.13  ±  2.93 (36) 16.0  ±  3.6 (23) 5.70  ±  1.44 (25)  

Sb  1.42  ±  0.40 (28)  < MLOD  3.22  ±  0.67 (21) 1.97  ±  1.26 (64)1 0.985  ±  0.234 (24)1  < MLOD 

Sc < MLOD? < MLOD? < MLOD?  

Sn  < MLOD < MLOD  48.1  ±-  8.4 (17)  < MLOD < MLOD < MLOD  

Sr  91.1  ±  10.5 (12)? 142  ±-  6(4)? 253  ±  30(15)? 240  ±  20(8)? 71.7  ±  17.2 (24)? 69.3  ±  8.8 (13)?  

Ta  < MLOD  0.490  ±  0.055 (11)  < MLOD < MLOD < MLOD < MLOD  

TI  < MLOD  0.0915  ±  0.0240 (26)1  < MLOD < MLOD < MLOD < MLOD 

Th  9.10 3.  .-  0.79 (9) 9.40  ±  1.08 (11) 7.50  ±  3.72 (50) 9.44  ±  5.09 (54)f 17.2  ±  7.1 (41)f 254  ±  77(30) 

U 22.8  ±  1.8 (8) 24.4  ±  2.3 (9) 38.8  ±  5.7 (15) 37.9  ±  3.4 (9) 1.30  ±  0.11 (8)f 1.15  ±  0.17 (15) 

V  < MLOD  134  ±  14(10) 238  ±  65 (27)? 232  ±  33(14)?  < MLOD < MLOD  

W  -  3.69± 1.16 (31) 24.0  ±  3.0 (12) 0.967  ±  0.391 (40)  

Zn  292  ±  66  (23)?f < MLOD?  552  ±  103  (I  9)?  < MLOD?  274± 100(37)  < MLOD? 

Zr - < MLOD? < MLOD? - < MLOD? 

tn = 4. fCalculated after exclusion of outliers (95% probability). ?Determined by ICP-AES. 



of minerogenic (detrital) matter in the SPM from  Kalix  River, in which these 
elements are tightly bound. This theory also applies to V, despite non-detectable 
levels in Lake Vettasjärvi. Elements known to appear in resistant accessory 
minerals, such as Be, Zr and  Sc,  are unfortunately below MLOD in all water 
systems. Since normal rock fusion analysis of these elements gives recoveries 
close to certified values, unsatisfactory ICP-AES detection capabilities is more 
likely than incomplete mineral dissolution. 

Retention losses in the fusion procedure may be caused by diffusion of 
elements into vessel materials. According to Johnson and Maxwell (1981), Fe, 
Cu, Pb and other metals can be reduced and extracted into platinum crucibles 
used in metaborate fusion, if oxidizing conditions are not maintained. This 
tendency can be expected to be more pronounced for more noble elements (like 
Cu). Copper has been listed as a problematic element in this respect also when 
using platinum vessels in dry ashing (Gorsuch, 1976). Possibly,  Ni  can also be 
lost in this way since this metal has a higher potential in the electrochemical 
series (i.e. is more easily reduced) than Fe and Co. Ruth and Rodushkin (1996) 
report losses of  Zn,  and particularly Cu, in metaborate fusions during certain 
conditions. These losses have been correlated with high concentrations of S. A 
similar correlation is likely to be found even in this set of data. The results of Rb 
are significantly lower in all metaborate fusions compared to the corresponding 
acid digestions. Retention losses and/or volatilization effects related to the SPM 
matrix apparently affect this element, which normally is very well recovered in 
normal rock fusion analysis. 

Common and important elements in geochemical exploration such as As,  
Cd,  Cr,  Ni,  and Pb were either found at non-detectable levels in all digestions 
or analyzed after only one dissolution procedure in this study. Thus it is not 
possible to compare recoveries between fusion and microwave acid digestion of 
these elements. 

4.4. Bias 

No appropriate certified reference material for SPM is commercially 
available. The bias of the method is, therefore, measured by the recovery of 
small amounts (8-9 mg) of Certified River Sediment Reference Materials GSD-
1 and GSD 10 (approximately equal to the amount of inorganic SPM collected in 
the natural freshwaters). 6 subsamples of each reference material were prepared. 
Each subsample was prepared and analyzed together with two filters in the same 
way as a SPM sample. The results are presented in Table 7. According to Part I 
in this study, the difference in composition of the reference materials (<3% LOI) 
compared to the SPM samples (41-68% LOT) is a limiting factor in the validity 
of the results. Moreover, due to small amounts of reference materials analyzed, 
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Table 7. Concentrations (mg kg-1 DW) of trace and minor elements found in the certified reference materials GSD-1 and GSD-10 after digestion and analysis 
with ICP-QMS, similar to suspended particulate matter. All results are filter blank subtracted. Uncertainties in found concentrations represent 1 standard deviation  

(n  = 6). RSD in % is given in parentheses 

GSD 1 
	

GSD 10 

Element 	Certified 
	

Microwave acid digestion Lithium metaborate fusion 
	Certified 	Microwave acid digestion Lithium metaborate fusion 

As 	1.96  ±  0.16  
Ba 	950  ±  36  
Be 	3.0  ±  0.2 
Cd 	0.088  ±  0.010  
Co 	20.4  ±  0.9  
Cr 	194  ±  4  
Cs 	5.1 ±0.4  
Cu 	21.8  ±  0.5  
Ga 	23  ±  1 
Hf  
Mo 	0.74  ±  0.07  
Nb 	35  ±  2 
Ni 	76  ±  3  
Pb 	24.4  ±  1.3  
Rb 	116  ±  4  
Sb 	0.22  ±  0.04  
Sc 	15.6± 1.0 
Sn 	3.1 ±0.4  
Sr 	525  ±  22  
Ta 	3.7 ±0.2  
Th 	28  ±  1 
TI 	0.61  ±  0.07 

4.4  ±  0.2 
V 	121  ±  3 

1.04  ±  0.13  
Zn 	79  ±  3  
Zr 	310  ±  12  

< MLOD 
196 ± 29(15)? 

< MLOD 
12.1 ± 1.0 (8) 
59.7 ± 15.0 (25) 
3.02 ± 0.17 (6) 
30.9 ± 2.0 (6) 
7.87 ± 0.41 (5) 
< MLOD 
< MLOD 
25.3 ± 2.2 (9) 
43.1 ± 3.4(8) 
13.1 ± 0.6 (5) 
41.2± 1.8(4) 
< MLOD 

< MLOD 
93.7 ± 13 (14)? 
1.27 ± 0.70 (55)f 
25.5 ± 1.3 (5)f 
< MLOD 
2.84 ± 0.22 (8) 
< MLOD? 

< MLOD  

998 ± 97(10)? 
< MLOD? 

213 ± 39 (18)?f 
2.50 ± 0.70 (28)f 

< MLOD 
7.34 ± 1.62 (22) 
< MLOD 
28.1 ± 4.4 (16) 

103 ± 6(6)f 
< MLOD 
< MLOD? 
7.17 ± 5.08 (71) 
550 ± 49 (9)? 
3.11 ±0.41 (13)f 
28.1 ±2.1 (7)f 
< MLOD 
4.52 ± 0.47 (10)f 
139± 16(12)? 
0.959 ± 0.236 (25) 

< MLOD?  

25 ± 1 
42± 3 
0.9 ± 0.1 
1.12 ±0.05 
15.3 ± 0.4 
136 ± 4 
2.3 ± 0.3 
22.6 ± 0.6 
6.4 ± 0.5 
1.8 ± 0.2 
1.2 ± 0.05 
6.8 ±0.6 
30.2 ± 0.6 
27 ± 1 
9.2 ± 0.8 
6.3 ±0.3 
4.1 ±0.2 
1.4 ± 0.2 
25.3 ± 1.2 
(0.52)° 
5.0 ± 0.2 
0.21 ± 0.03 
2.1 ±0.1 
107 ± 2 
1.63 ±0.13 
46 ± 2 
70 ± 3  

19.9 ± 0.8 (4)f 
25.0 ± 2.3 (9) 

< MLOD 
12.8 ±0.5 (4)f 
< MLOD 
1.58 ± 0.18 (11) 
< MLOD 
4.30 ± 0.34 (8) 
< MLOD 
< MLOD 
1.50 ± 0.24 (16)f 
19.1 ± 1.0 (5)f 
21.2 ±2.1 (10) 
6.22 ± 0.33 (5) 
6.04 ± 0.79 (13) 

< MLOD 
< MLOD? 
< MLOD 
3.96 ± 0.39 (10) 
< MLOD 
0.897 ± 0.084 (9) 
< MLOD 

< MLOD  

31.2 ± 10.8 (34)? 
< MLOD? 

146 ± 19 ( I3)? 
< MLOD 

< MLOD 
1.39 ±0.11 (8) 
< MLOD 
4.14 ± 0.17 (4)f 

8.80 ± 1.55 (18)f 
< MLOD 
< MLOD? 
< MLOD 
24.8 ± 4.2 (17)? 
0.256 ± 0.041 (16) 
3.77 ± 0.39 (10) 
< MLOD 
1.68 ±0.11 (7) 
106± 11 (10)? 
0.890 ± 0.370 (42)f 

< MLOD? 

fCalculated after exclusion of outliers (95% probability). ?Determined with ICP-AES. °Recommended value (i.e., not certified). 



the amount of some elements was at the  ng  level (close to or below the detection 
limit), and this also limits the accuracy in the results. Nevertheless, this test 
demonstrates that it is possible, using common geochemical analytical methods, 
to handle and analyse much smaller samples than is normally done. Furthermore, 
the poor recoveries of  Ba,  V and Sr after microwave acid digestion supports the 
assumption regarding a larger fraction of minerogenic (detrital) matter in the 
SPM from  Kalix  River, compared to the lakes. Rubidium displays, as might have 
been expected and in contrast to the SPM samples, expected higher recoveries 
from fusion compared to the microwave digestion. 

4.5. Uncertainty introduced in normalization of SPM data 

Detrital particles are derived from the mechanical breakdown of rock by 
weathering and erosion. The surface areas of detrital particles are probably not 
very large and not very specific for adsorption of metals in comparison with 
other particles in natural waters (Sigg, 1987). Hence, detrital particles represent 
a more or less inert fraction and variations in the amount of detrital particles 
obscure element correlations in the suspended phase. Therefore, normalization 
of data is necessary to detect occurrence of elements in the nondetrital SPM 
fraction. Aluminium is a major element in most rock forming minerals but only 
small quantities are taken up by biota. Suspended Al is, therefore, usually a good 
measure of the concentration of detrital particles in natural waters. Element/A1 
ratios thus can be used as a measure of the non-detrital fraction of an element 
(Price and Calvert, 1973; Ingri et al., 1991, 1993, 1994). Dilution of a sample with 
non-alumino-silicate phases lacking the element  (e. g.  organic matter) will not 
alter the element/A1 ratio. Thus, Al-normalized data are suitable for comparing 
element concentrations in samples with varying proportions of detrital material 
and organic matter. In addition, by using Al-normalized data, concentrations 
reported on  ashed  weight and dry weight basis can be compared directly. 

Several handling procedures capable of introducing errors are included in 
the field and laboratory work of this method. A direct correlation between the 
number of measured parameters involved in the determination of a calculated 
variable and the RSD for this variable was found in Part I of this investigation. 
Normalized data, which are calculated variables, are likely to show higher RSD 
compared to the original elemental determinations that are used in the calculation. 
Table 8 shows a comparison of Al-normalization statistics for a number of 
elements from  Kalix  River (which is the only water system in this investigation 
with detectable Al levels in the SPM). Not surprisingly, most element show 
higher RSD in the ratio with Al compared to its single element determination 
RSD. A closer interpretation of the ratios on a subsample level shows co-
variation for many elements, irrespective of MLOD ratio, RSD in individual 
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Table 8. Statistics for individual elemental determinations in suspended matter from  Kalix  River in comparison with calculated corresponding statistics after nor-

malization with Al. All element determinations are expressed as mg kg-1 of  ashed  suspended matter, determined after lithium metaborate fusion and detection with 

ICP-QMS. All results are filter blank subtracted. Uncertainties represent l standard deviation 
 (n  = 10)  

Baß 	Cu° 	Mo 	Na  ßt 	P1131 	Si ßt 	Srß 	Tißt 	U Vß W 	Ztef 

MLOD-ratic4 8 	1.2 	8 	1.2 	10 	20 5 	7 

Mean ± 1 
	561 ± 29 35.8 ± 8.9 9.66±0.77 6600 ± 699 22.0 ± 2.5 201000 	

142±6 	1900* 117 24.4 ± 2.3 134 ± 14 	3.69± 1.16 292± 66 

± 8580 

	
140 	5 	8 	3 

S.D. 

o 	% RSD 	5 	25 	8 	11 	11 	4 	4 	6 	9 	10 	31 	23 

Ba/A1 	Cu/A1 	Mo/A1 	Na/A1 	Pb/AI 	Si/A1 	Sr/A1 	Ti/A1 	ti/Al 	V/A1 	W/A1 	Zn/A1 

Mean ± 1 	0.0359 	0,00229 	0.000617 	0.424 	0.00138 	12.8 	0.00911 	0.121 	0.00157 	0.00862 	0.000232 	0.0192 

S.D. 	 ±0.0044 ± 0.00067 ± 0.000067 ± 0.078 	±0,00017 ± 1.48 	± 0.00120 ± 0.013 	± 0.00027 ± 0.00159 ± 0.000065 ± 0.0054 

% RSD 	12 	29 	11 	18 	12 	12 	13 	11 	17 	18 	28 	28 

Aluminium was determined at 33200 ± 1600 mg kg-I, 5 % RSD (see Part 1 in this investigation). °Determined after microwave digestion. ßDetermined with ICP-AES. 

$See Table 3, 4 and 5. fCalculated after exclusion of outliers (95% probability).tSee  Parti  in this investigation. 



element determination, and decomposition method (Fig. 1). It may be concluded 
that precision in element determinations is mainly affected by general handling 
procedures affecting most elements on an equal basis. Sodium, for example, with 
hardly detectable levels (MLOD ratio 1.2), displays almost the same relation 
between subsamples as Si with 20 in MLOD ratio, after normalization with 
Al. Nevertheless, elements with non-systematic error distribution in nominated 
values between subsamples are also found (Fig. 2). Common contamination-
prone elements like Cu and  Zn  are included in this group. Low MLOD ratios, 
together with high RSD values, are not surprisingly common characteristics for 
this group of elements. 

t.., 	 •r3 

	

ilk 	i 	 i  
/ • 	i 	̀•....  /i i 	\ \ 	/ 	 •sizt• 	...A.• 

	

0.14 - 	Jlf 	\ 	i 

. 

-
/ V/ 

•
'
•••: 	, 

	

/   . 

.

P-•

.   

-

s 

 

-

\. 

-

.

40. . .  

 

,*

Y 

 -

/
. 

-   

„

; , 

"

:

1"

•- • .

•--.

_

.` 

- 
 

* 

	

// 	‘  /.•*....• 
	/ ./•" 

, d ,,N. . , 

	

0.12 - 	/.4 	 / 	
-
SK.. • 

  
	, 	- m - 

	

I N 	./   

'

y  

	

0.10 - 	 N/ 	
.

,I

)

- 

, 
,../ 	••• ... 	'.. 	 '‘ • r 	Ir.  -- • 

	

0.08 - 	

..A 

	
. 	

is 
sxa' 	 .A. 	A. 

	

w- • .- 	 ....... 	
. • . 

	

A.......... A- 	 ..• 	... A. ......... . ..• 	 -A 

•_--e--0_______....-----.  

	

0.021 	21 	31 	4 	5 	6 	7 	8 	9 	101  
Subsample  number 

Fig. I. Elemental concentrations in subsamples after normalization to Al in SPM from  Kalix  
River. 
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Fig. 2. Elemental concentrations in subsamples after normalization to Al in SPM from  Kalix  
River. 

4.6. Analytical merits of ICP-SFMS in comparison with ICP-QMS and ICP-
AES 

To examine the practicability of the combination of ICP-QMS and 
ICP-AES as analytical techniques with the proposed dissolution methods, an 
ICP-SFMS instrument was employed in a comparative exercise. A modified 
microwave acid digestion procedure was also tested in order to replace the alkali 
fusion procedure. Comparative figures for elements analyzed after microwave 
acid digestion with ICP-SFMS or ICP-QMS detection are presented in Table 9. 
It is evident that ICP-SFMS analyses yield superior detection limits compared 
to the ICP-QMS measurements. ILODs are 5-600 times lower, DLODs are 2-
700 times lower and MLODs are 2-170 times lower than the corresponding 
ICP-QMS figures. The sequential decrease of detection capabilities in the order 
ILOD<DLOD<MLOD is also confirmed in the ICP-SFMS measurements. 
Reagent impurities, blank filter contribution and contamination introduced in 
the laboratory handling procedures obviously limit detection capabilities for 
several elements in this method. ICP-SFMS instruments thus offer possibilities 
of sampling suspended matter in reduced sample volumes (and consequently 
smaller filter size and reagent volumes), without loosing detection capabilities. 
Reduced volume of filtrated water minimizes the contact time between sample 
and the sampling apparatus (e.g. silicone tubing and peristaltic pump tubing), 
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Table 9. Comparison of instrumental capabilities in ICP-SFMS and ICP-QMS (values in parenthesis) determinations of suspended particulate matter after micro-

wave acid digestion. Investigated parameters include limits of detection of the whole method (MLOD), decomposition method limits of detection (DLOD) and 

the instrumental limits of detection (ILOD) 

As Ila Be Cd Co Cr Cs Cu Ga Hf Mo Nb Ni Pb Rb Sb Sn Sr Ta Th TI u V Zn 

(ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) (ng) 

N 
MLOD:j: 30 20 0.17 0.5 I 130 0.03 30 0.08 O.D7 0.4 0.1 30 10 2 2 30 10 0.4 0.15 0.9 0.05 0.5 120 

vJ (60) (50) (12) (20) (30) (550)0 

(2) \260) (8) (12) (10) (10) (160) (20) (6) (6) (1{)0) (240)* (10) (4) (10) (0.9) (1.4)+ (900) 

DLODf 15 0.8 0.15 0.1 0.6 2 0.02 3 0.05 0.02 0.4 0.05 4 0.2 I 0.08 0.8 I (l.01 0.08 0.02 0.3 30 

(85) (15) (6) (6) \4) (70) (0.5) \60) (35) (8) (2) \2) (120) (9) (2) (4) (4) \90)* (2) (2) (0.4) (0.2) (1.7)+ \400) 

fLODt 0.2 ().()1 0.01 0.003 0.02 0.04 0.003 0.2 0.008 0.001 O.D3 0.01 0.09 0.01 0.1 0.001 0.01 0.06 0.005 0.001 (J.008 0.002 O.D2 0.3 

(1) (ll.6) (I) (0.2) (0.3) (I) (0.1) (I) (2) (0.3) (0.5) (0.3) (I) (0.5) (0.5) (0.6) (0.5) (20)* (0.2) (0.2) (0.2) (0.05) (0.1)+ (2) 

JDetermined as three times the standard deviation of the preparation blanks (see 1,,ble 3 and lex I for di.1cussion). +Delermined as lhree limes the standard deviation of the filter blanks measuremenls 
(see Table 3 and text for discussion). tDelennined as three times the standard deviation of synthetic blank measurements (see Table 3 and text for discussion). °Calculated from the batch of filters 
(0.969 ± 0.183) with highest standard deviation (see lext for discussion). *Delermined by ICP-AES. + Determined in 11g by ICP-AES. 



thus minimizing some of the contamination introduced in the field sampling part 
of the preparation scheme. Increased MLOD-ratios and more accurate suspended 
matter analysis are therefore possible with ICP-SFMS determination even on a 
smaller filtered volume of water. Evidence for this conclusion is reported by 
Cullen et al. (2001). They investigated ICP-SFMS analysis of marine suspended 
matter, filtered from 0.2 litre of seawater containing about 60 jig dry weight 
suspended matter in comparison with filtrated freshwater volumes of 10-60 litre 
containing 13-26 mg dry weight suspended matter (see Part I), collected in this 
ICP-AES/ICP-QMS study. 

Unfortunately, no freshwater samples were included in our comparative 
studies with the ICP-SFMS instrument. Hence, analytical precision and bias of 
the two different ICP-MS techniques were evaluated only by the recovery of small 
amounts (8-9 mg) of Certified River Sediment Reference Material (GSD-1). Table 
10 gives a comparison of elements analyzed after microwave acid digestion and 
detection with either ICP-SFMS instrumentation or ICP-QMS. It can be seen 
that As,  Cd,  Mo,  Sn,  Ti, V and  Zn  are detectable and closer to the certified values 
after ICP-SFMS determination. Incomplete digestion of  Sn,  Tl and V is the most 
likely explanation of poor recoveries for these three elements. Incomplete mineral 
digestion may also explain why  Sb  displays non-detectable concentrations even 
after ICP-SFMS determination. Several elements display similar recoveries with 
both detection techniques. Minor elements such as  Ba,  Sr and Rb are included 
in this group of elements together with trace elements such as Co, Cs, Cu,  
Ga,  Ni,  Nb, Pb, Th and U. The precision of the ICP-QMS instrumentation is 
obviously comparable with ICP-SFMS for these relatively elevated levels or less 
contamination prone elements. 

4.7. Analytical capabilities of a modified microwave digestion procedure 
including  HF  addition in order to obtain complete dissolution of all mineral 
components 

The complete dissolution of geological and environmental samples 
generally requires the use of stronger acid combinations (e.g., HNO3-HF-HC104) 
than is used in this investigation or fusions with alkali fluxes (Jarvis, 1991). Loss 
of analytes to insoluble phases, formed during sample dissolution (e.g., CaF2, 
AlF3), is a concern for  HF-containing digests. Furthermore, residual chloride 
ions from remnant HC104  may cause interference problems in the determination 
of a number of elements (e.g. As). Formation of volatile compounds is also 
possible if the digestion takes place under atmospheric pressure (Suleck and 
Povondra, 1989). Freshwater suspended matter contains a significant amount of 
silicates and for complete dissolution, an acid digestion procedure requires  HF  
as digestion agent. It is thus necessary to carefully investigate if it is possible to 
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Table 10. 
Concentrations (mg kg-1 DW) of trace and minor elements found in the certified reference material GSD-1 after microwave acid digestion and analysis similar to suspended particulate matter  (n  = 6). All results are filter blank subtracted 

As  Ba  Cd  Co Cr Cs Cu  Ga Mo  NJ)  Ni  Pb 

1•.) 
LA 

Certified * 1 S.D. 

ICP-QMS 

1.96 ± 0.16 

<MLOD 

950 ± 36 0.088 ± 0.010 20.4 ± 0.9 194 ± 4 5.1 ±- 0.4 21.8 ± 0.5 23.0± 1.0 0.74 -± 0.07 35.0 ± 2.0 76.0 ± 3.0 24.4± 1.3 

1CP-SFMS 1.93 ±0.23 

196 ± 29 

184 ± 9 

<MLOD 12.1 ± 1.0 59.7± 15.0 3.02 -± 0.17 30.9 ± 2.0 7.87 ± 0.41 <MLOD 25.3 ± 2.2 43.1 ±3.4 13.1 ±0.6 
0.0548 ± 0.0228 15.0 ± 0.4 112 ± 6 2.82 ± 0.08 25.3 ±. 4.0 8.38 ±0.37 0.631 -1-0.059 19.4 ±0.9 47.8 ± 1.3 14.8 ± 0.9 

Rb Sb  Sn  Sr  Th  TI U V  Zn  
Certified  ±  1  S.D.  

ICP-QMS 

116  ±  4 0.22  ±  0.04 3.1  ±  0.4 525  ±  22 28  ±  1 0.61 ±0.07 4.4  ±  0.2 121  ±  3 79.0  ±  3.0  

1CP-SFMS 

41.2 ± 1.8 <MLOD <MLOD 93,7± 13.0t 25.5± 1.3 <MLOD 2.84 -± 0.22 <MLODI-  <MLOD 
41.8 ± 0.9 <MLOD 1.46 -± 0.46 91.3 ± 3.7 27.4 ± 0.9 0,251 ±0.011 3.57 ± 0.59 72.9 ± 2.7 77.0± 12.6 

Uncertainties in elemental concentrations 
for individual samples represent 1 standard deviation obtained in the instrumental detection step, 

 n  = 3. t Determined by ICP-AES (see Table 7), 



dissolve all silica containing minerals and at the same time keep trace and minor 
elements in solution. This is only possible using small quantities of particulate 
material per acid volume, so that the solution remains below the solubility 
product for such solids. The aim of the tests was to find the minimum proportion 
of  HF  (with no addition of HC104), which would be effective for the quantitative 
dissolution of silicon-containing compounds while causing negligible losses of 
other elements in insoluble compounds. The ICP-SFMS instrument was operated 
with the detector in 'both' mode (i.e. the detector automatically chooses whether 
it will operate in counting or analog mode) in order to accurately determine 
major elements with high concentrations as well as minor and trace elements in 
one single determination from one single dissolution solution. 

Results from the tests with addition of  HF  (10, 20, 30, 40, 50, 80, 120, 200 
and 300 µ1) to acid digests of a Certified River Sediment Reference Material 
(GSD-1) and determination with ICP-SFMS are presented in Figure 3-6. 
Relevant amounts (8-9 mg) of GSD-1 were prepared together with two filters, 
spiked with  HF  and analyzed in the same way as a SPM sample (the  HF-spike 
should be added to the gelatinous solution which is formed from the dissolved 
filters after addition of concentrated HNO3  and H202  at room temperature, see 
also section 4.3 and Part I in this investigation). All results are normalized to the 
highest concentration of each element. Major and minor elements presented in 
Figure 3 display (not surprisingly) significantly lower recoveries for all elements 
(except  P)  in the analyses without  HF  addition. Most elements show the highest 
recovery after addition of 80 µ1 of  HF.  Significant formation of insoluble Mg 
and Al fluoride phases occurs if the amount of  HF  addition exceeds 120 µ1. 
Calcium, on the other hand, seems to remain in solution to a much higher degree 
even with  HF  additions up to 300 µ1. Solubility products can not explain why 
Ca (log Ks  = -10.41) remains in solution whilst Mg (log Ks  = -8.18) precipitates 
with increased addition of  HF.  Also Sr and  Ba,  with similar solubility products 
as Mg (log Ks  = -8.54 and —5.76, respectively), are kept in solution. A sequential 
breakdown of different mineral components can been seen in this test. Silica 
and Al display similar behaviour between 30 and 50 µ1  HF  addition, indicating 
breakdown of Al-bearing silicates in this interval. Maximum recovery of Si is 
achieved in the interval 80-300 µ1. A group of common and important trace 
elements is presented in Figure 4. All these elements need  HF  addition to achieve 
maximum recovery. With several contamination prone elements or elements 
detected at trace levels, there is naturally greater uncertainty in the results for 
this group. Figure 5 displays elements that are less common in environmental 
studies of natural waters. Thorium and  Sc  displays significant losses following 
addition of more than 50 and 80 µI of  HF,  respectively. Solubility products for 
fluorides cannot explain the behaviour of these elements in this sample matrix. 
Furthermore, Zr (which is known to appear in highly insoluble zircons) is the only 
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element in this test showing maximum recovery for the largest amount of  HF.  
Rare Earth Elements (REE) and  Y  are presented in Figure 6. Almost all elements 
in this figure achieve highest recovery at 40  ju  of  HF  addition. Furthermore, all 
elements seem to form insoluble phases above 200 ill of  HF (Y  already at 120 
µ1). Heavier REE (Ho, Er, Tm, Yb and Lu) are more affected than lighter REE 
(La, Ce, Pr, Nd,  Sm, Eu,  Gd and  Dy).  Once again, solubility products do not 
explain the losses with increasing  HF  addition. 

50 	100 	150 	200 
HF addition (p1) 

Fig. 3. Relative elemental recovery in microwave acid digests of the Certified Reference 
Material GSD-1 after addition of varying amounts of hydrofluoric acid  (HF).  

0 	50 	100 	150 	200 	250 	300  
HF  addition (pi) 

Fig. 4. Relative elemental recovery in microwave acid digests of the Certified Reference 
Material GSD-1 after addition of varying amounts of hydrofluoric acid  (HF).  
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Fig. 5. Relative elemental recovery in microwave acid digests of the Certified Reference 
Material GSD-1 after addition of varying amounts of hydrofluoric acid  (HF).  

250 
	

300 

1 .0 

0.9 

0.5 

0.4 

  

0 	50 	100 	150 	200 
HF addition (y1) 

Fig. 6. Relative elemental recovery in microwave acid digests of the Certified Reference 
Material GSD-1 after addition of varying amounts of hydrofluoric acid  (HF).  

According to the results presented in Figure 3-6, the addition of 80 1_11 of  
HF  is a compromise enabling maximum recovery for most of the elements in 
this study. In Table 11, results from the  HF  addition tests are presented together 
with results from the ordinary microwave acid digestion and lithium metaborate 
fusion procedures. Major elements (Al, Ca, Fe,  K,  Mg,  Mn, Na,  P,  Si and Ti) show 
recoveries between 90 and 113 %, with  HF  addition, while corresponding figures 
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Table 11. Concentrations (mg kg-1 DW) of major, minor and trace elements found 
in the certified reference material GSD-1 after different types of digestion and anal-
ysis similar to suspended particulate matter  (n  = 6). Determinations were outlined 
with ICP-SFMS (microwave acid dissolutions) and ICP-AES (fusions). All results 
are filter blank subtracted. Values in parenthesis are not certified 

Element Certified 

Microwave acid digestion Fusion3  

HNO2:H202:Hr HNO3:11202  LiB02  

As 1.96  ±  0.16 4.20  ±  0.43 1.93  ±  0.23  ND4  
Al (7.85)* 7.92  ±  0.28* 1.98  ±  0.09* 7.65  ±  0.70*  
Ba  950  ±  36 966  ±  48 184± 9 998 ±97  
Be  3.0  -±  0.2 3.58  ±  0.14 0.994  ±.-  0.053  < MLOD  
Bi (0.66) 0.763  ±  0.014 0.666  ±  0.101  ND4 
Ca  (3.29)* 3.57  ±  0.08* 1.31 ±0.05* 3.42  ±  0.36* 
Cd 0.088  ±  0.010 0.123  ±  0.025 0.0807  ±  0.033  ND4 
Ce  (81) 79.1  ±  1.4 61.9± 1.1  ND4 
Co  20.4  ±  0.9 23.7  ±  0.6 15.0  ±  0.4  < MLOD 
Cr  194  ±  4 203  ±  11 112  ±  6 213  ±  39'  
Cs  5.1 ±0.4 3.95  ±  0.02 2.82  ±  0.08 2.50  -±  0.702  
Cu  21.8  ±  0.5 17.5  ±  1.8 25.3  ±  4.0  < MLOD  
Dy (4.4) 4.67  ±  0.11 2.82  ±  0.12  ND4  
Er (2.3) 2.26  ±  0.08 1.43  ±  0.08  ND4 
Eu  (1.8) 1.99  ±  0.03 1.05  ±  0.02  ND4  
Fe (5.14)* 5.05  ±  0.11* 3.11 ±0.13* 5.29  ±  0.49*  
Ga  23.0 -1- 1.0 27.9  ±  0.4 8.38  ±  0.37  < MLOD2  
Gd  (6.1) 6.57  ±  0.20 3.99  ±  0.12  ND4  
Hf  ND  2.42  ±  0.09 0.496  ±  0.008 7.34  ±  1.622  
Ho (0.91) 0.828  ±  0.011 0.511 ±0.022  ND4  
K (2.30)* 2.53 ±0.03* 0.231  ±  0157* 1.85  ±  0.55* 
La (43) 34.3  ±  0.6 28.8  ±  0.9  ND4  
Li  (29.6) 28.7  ±  1.9 25.3  ±  1.0  ND4 
Lu  ((0.45))0  0.340  ±  0.008 0.198  ±  0.012  ND4  
Mg (2.50)* 2.70  ±  0.16* 1.35  ±  0.02* 2.59  ±  0.31*  
Mn  920± 16 1000  ±  31 495± 10 975  ±  205  
Mo  0.74  ±  0.07 0.930  ±  0.050 0.631  -±  0.059  < MLOD2  
Na  (2.60)* 2.90  ±  0.08* 1.77  ±  0.01* 2.46  ±  0.23* 
Ni 76.0  ±  3.0 83.0  ±  8.0 47.8  ±  1.3  ND4 
Nb  35.0  ±  2.0 29.4  ±  0.5 19.4  ±  0.9 28.1 ±442  
Nd  (39) 38.9± 1.2 25.9 ±0.3  ND4  
P (1490) 1690± 128 1650  ±  50  < MLOD 
Pb  24.4 1-. 1.3 29.2  ±  1.5 14.8  ±  0.9  ND4  
Pr (10) 9.31 ±0.42 6.92 ±0.20  ND4 
Rb  116  ±  4 119  ±  1 41.8  ±  0.9 103  ±  61,2  
Sb  0.22 ±0.04 0.211 ±0.028  < MLOD < MLOD2  
Sc  15.6± 1.0 14.7  ±  0.9 5.06  ±  0.35  < MLOD 
Sm  (7.2) 6.92  ±  0.22 4.82  ±  0.08  ND4  
Sn 3.1 ±0.4 3.46  ±  0.03 1.49  ±  0.40 7.17 ±5.082 
Si (27.3)* 24.5  ±  1.33* 0.187  ±  0.012* 27.2  ±  2.4*  
Sr  525  ±  22 537  -±  7 91.3  ±  3.7 550  ±  49 
Tb (0.86) 0.888  ±  0.021 0.545  ±  0.022  ND4 
Th  28  ±.  1 26.3 ±0.3 27.4 -±0.9 28.1 ±2.11 ,2  
Ti 5870  ±  90 5601  ±  200 3350  ±  97 6060  ±  601* 
TI 0.61 ±0.07 0.632  ±  0.018 0.251  -±  0.011  < MLOD2  
Tm  ((0.42))° 0.338  ±  0.014 0.208  -±  0.013  ND4  
Y (22.5) 19.5  ±  1.2 14.0  ±  0.7  ND4 
Yb  (2.36) 2.37  ±  0.02 1.37  ±  0.07  ND4  
U 4.4  ±  0.2 4.47  ±  0.19 3.57  ±  0.59 4.52  ±  0.47,  
V 121  -±  3 128  -±  8 72.9  ±  2.7 139  ±  16 
W (1.04) 0.868  ±  0.021 0.446  ±  0.047 0.959  ±  0.2362  
Zn  79.0  ±  3.0 42.0 ±21.0 77.0± 12.6  ND4 
Zr  310  ±  12 36.3  ±  1.1 9.11  ±  0.28  < MLOD  

Uncertainties represent 1 standard deviation. °Recommended value. *Concentrations in % DW.  n  = 1. 
'Calculated after exclusion of outliers (95% probability, see Table 7). 2Determined with ICP-QMS. 
'See also Part Tin this investigation for more information. 4NID, not determined. 
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for fusion are 80-106 %  (P  is not included since it was not detectable after fusion). 
Exclusion of  K,  which is close to the MLOD results in major element recoveries 
between 95-106 % for this dissolution technique. Minor elements  (Ba,  Rb, Sr, 
and V) show quantitative recoveries for both microwave acid dissolution (with  
HF  addition) and fusion (102-106 % and 89-115 %, respectively). Zirconium 
increases its recovery from 3 to 12 % with  HF  addition to the microwave acid 
digest but this is still too low to be analytically useful. Quantitative recovery 
for Zr might be expected in the fusion procedure but unsatisfactory ICP-AES 
detection capabilities result in <MLOD-results (see also section 4.3). Trace 
elements naturally show a wider range of recoveries compared to major and 
minor elements, which are determined at significantly higher levels. Since the 
results from microwave acid dissolution with  HF  addition are based on only 
one determination, outliers cannot be excluded. This may apply to As,  Cd,  Cu, 
and  Zn  for which recoveries are worse compared to the normal microwave acid 
digestion (mean of six determinations). Nevertheless it is quite obvious that  
HF  addition leads to significantly improved recoveries for almost all elements 
investigated. It is also interesting to note that common and important elements in 
geochemical exploration such as Co,  Ni,  Cr, and Pb definitely need  HF  addition 
for quantitative recoveries. Uncommon and rare elements in exploration of SPM 
in natural waters like the REE, Be,  Bi,  Cs,  Ga,  Nb,  Sb, Sc,  Th, Tl,  Y,  U, and W are 
also possible to detect using in this modified microwave acid digestion method. 
REE show 91-111 % recovery, with three exceptions (La, Lu and Tm). The 
evaluation for Lu and Tm with 76 and 81 % recovery, respectively, is uncertain 
since the results are compared with recommended (i.e., not certified) reference 
values. The poor recovery for La (80 %) is more difficult to explain. Traditional 
analyses with ICP-QMS within this laboratory of this certified reference material 
confirm the results for La, Lu and Tm (personal communication). Similar low 
recoveries are reported by Tang et al. (1992). On the other hand, contradictory 
results in the form of quantitative recoveries were reported by  Sen  Gupta and 
Bertrand (1995). Correction for oxide interferences on m/z 151 ([135Ba'60], 
interfering with '51Eu+), and m/z 156 ([140Ce16ô]+, interfering with 156Gd+), would 
improve the accuracy of the REE results. 

Despite the improvements in accuracy and recovery in the ICP-SFMS 
analysis of GSD-1 after  HF  addition to the previously used microwave acid 
digestion (Table 11), a warning concerning the general applicability of this 
method to real world freshwater SPM analysis is in place. Elements subjected to 
formation of insoluble fluoride phases (e.g., Mg, Al, Th,  Sc,  Y,  REE) need careful 
optimization of the  HF  amount, which may be difficult to obtain at the same 
time as quantitative recovery for elements associated with refractory minerals 
(e.g., Si, Ti). The difference in composition of the GSD-1 (<3% LOT) compared 
to the SPM samples (41-68% LOI, see Part I) may also limit the validity of 
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these results. Addition of 80 µI of  HF  to 8-9 mg of GSD-1 fulfilled the above 
criteria but addition of the same amount to 8-9 mg (ash weight) of a natural SPM 
sample may result in poor recoveries due to different main inorganic constituents 
and/or higher LOI-content. Nevertheless, most common trace and ultra trace 
elements in geochemical exploration are not subjected to formation of insoluble 
fluoride phases but needs  HF  addition for maximum recovery (Table 11). A 
combination of microwave acid digestion (with 50-300 µ1 of  HF  added) and 
lithium metaborate fusion would give sufficient recovery for most elements from 
real world freshwater SPM, collected using this sampling method. All major 
elements including elements known to form insoluble fluoride phases or bound 
in resistant minerals (Al, Ca, Mg, Ti and Si) are then to be determined using the 
results from the lithium metaborate fusion. 
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5. Conclusions 

A  multi-element  method for the determination of a suite of minor, trace 
and ultra trace elements (As,  Ba,  Be,  Cd,  Co, Cr, Cs, Cu,  Ga,  Hf,  Mo,  Nb,  Ni,  
Pb, Rb,  Sb, Sc,  Sn,  Sr,  Ta,  Th, Tl, U, V, W,  Zn  and Zr) in suspended particulate 
matter from freshwaters, including water systems where total particulate 
concentrations are very low (<2 mg/1) is presented and critically evaluated. The 
study emphasizes the importance of validation in all steps involved, from field 
filtration to instrumental analysis. In accordance with Part I in this investigation, 
the precision in the instrumental analysis of blank filters is much higher compared 
to that of the whole procedure including digestion which suggests that the main 
issue in order to improve overall method accuracy and precision is to reduce blank 
filter levels and contamination introduced in the handling procedures. Filter and/ 
or preparation blanks may otherwise contribute seriously to the amounts found 
in natural waters with low levels of suspended solids. Thus for most elements 
precision is limited by blank variation. 

A combination of a modified microwave digestion procedure and the use of ICP-
SFMS may replace the analytical techniques and dissolution methods previously 
reported (Ödman et al., 1999). This approach needs careful optimization in the 
form of  HF  addition to obtain acceptable recoveries over the whole range of 
elements investigated. Furthermore, a number of important trace elements in 
geochemical exploration need this modified microwave digestion if acceptable 
recoveries are to be achieved. The introduction of the sensitive and accurate ICP-
SFMS technique opens up new possibilities for background studies of suspended 
matter in natural unpolluted freshwater systems. Further method development 
in order to reduce blank filter levels and contamination introduced in sampling 
and handling procedures, together with the new capabilities of the ICP-SFMS 
technique, would certainly result in new accurate information for a number of 
elements. 
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