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ABSTRACT 

In the present study we aimed to show on selected sedi-
ments from Kupa drainage basin, the advantages of using 
combined multi-instrumental approach in physico-chemical 
assessment of sediment quality, with respect to inorganic 
pollutants. Mössbauer spectroscopy and solid-state magic 
angel spin nuclear magnetic resonance (27Al and 29Si MAS 
NMR) methods are recommended in addition to commonly 
applied techniques: X-ray diffraction (XRD), inductively 
coupled plasma mass spectroscopy (ICP-MS), X-ray fluo-
rescence(XRF) and grain size analysis, to characterize in 
details stream sediments. It is suggested that the applica-
tion of physico-chemical methods, together with a detailed 
characterization of Fe and Al minerals, is useful in geo-
chemical approach, which is complementary to biological 
and toxicological tests in TRIAD approach.  

From the difference in concentrations of pollutants de-
termined by non destructive XRF and destructive ICP-MS 
(in aqua regia extract), it is possible to distinguish firmly 
bound elements: Cr (46-95%), As (84-97%), Pb (29-92%) 
from loosely bound element Mn (0-8%), which were in 
some cases above the level causing significant toxicity. The 
difference is given in percentage as relative scale. 

XRD method is useful to determine mineralogical 
composition of sediment samples. Mössbauer spectroscopy 
and solid state NMR methods can be used for poorly crys-
talline and amorphous phases. Quantitative information 
about the relative population of the iron species together 
with specific properties of the individual iron sites as oxida-
tion states, and possible iron minerals were obtained by 
Mössbauer spectroscopy. In the studied samples, the pres-
ence and the ratio of tetrahedral and octahedral Al were 
determined by solid state 27Al MAS NMR. From chemi-
cal shifts in comparison with reference spectra of minerals 
some aluminosilicates (muscovite and kaolinite) were con-
firmed by solid state 29Si and 27Al MAS NMR methods. 

It is recommended that whenever possible it is better 
to use the two methods (Mössbauer spectroscopy and NMR) 
in sediment analysis. These methods can be used to follow 
changes in Fe3+/Fe2+ ratio and changes in Al coordination, 
which are significant in evaluation of precipitation and 
dissolution processes, which effect pollutant distribution. 

Multi-methodical approach on sediments is recom-
mended in the initial phase aimed at identifying minerals 
which can be useful sinks for pollutants that may pose risks 
for ecosystems. 
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INTRODUCTION 

Stream sediments are formed from the weathering and 
transport of rocks and erosion of soils. Besides mineral 
components, organic matter from soils and organic matter 
formed in the river can be of great importance for their 
association with pollutants. A geochemical survey usually 
involves the collection and analysis of numerous samples, 
with the aim to reveal geochemical signatures and to detect 
pollution hazards [1, 2]. Although the role of environmental 
mineralogy was emphasized in the literature [3, 4] it is not 
widely applied in sediment monitoring. As reported by 
Förstner and Heise [5], sediments either function as sinks 
for pollutants or represent a secondary source of pollu-
tion, when contaminated particles are mobilized and con-
taminants released in the water phase. These authors em-
phasized that an assessment of sediment quality is still 
prone to several uncertainties and insufficient information. 
An overview of the sediment quality guidelines (SQGs) in 
Europe has been given [6]. In the chemical monitoring activ-
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ity under the WFD sediments are clearly mentioned with 
respect to monitoring of priority substances [7]. There is still 
no decision about which sediment-monitoring approaches 
will be used in the course of the WFD implementation 
process, although a Triad approach is used in some of EU 
countries [8]. In the Triad approach [9], physico-chemical, 
biological and ecotoxicological assessment methodologies 
are used. An identical weight is assigned to each of the 
three assessments. Such complex Triad sediment monitor-
ing program is up to now used in the Netherlands and Bel-
gium, while in some of other highly industrialized countries 
it is in progress. Triad approach is not yet used in less pol-
luted environments. An example is Kupa transboundary 
drainage basin (Croatia, Slovenia, Bosnia and Herzegovina), 
which is in focus of our recent studies [10-15]. Major trends 
in trace elements and baseline values have been determined 
[13]. Toxic substances, including organic pollutants were 
highlighted [10] using the existing criteria of SMSP and 
Falconbridge NC, SAS [16]. Quality of sediments of the 
Kupa drainage basin was not yet assessed with respect to 
ecosystem and human health. Only in preliminary work 
on barium contamination in Lokve, Croatia, risks on hu-
man health were discussed [17]. As a combination of geo-
chemical, mineralogical and biological approaches is the 
optimal approach nowadays, first attempts are performed 
on Sava River, within SARIB project, part of FP6. Sava 
River is a recipient of Kupa River. Fish (Leuciscus, cepha-
lus, L.) was studied as bioindicator of Sava River water 
quality [18]. There was also attempt to determine the chronic 
toxicity of river water, organic sediment extracts and sedi-
ment pore water from the Sava River to the algae Pseu-
dokirchneriella subcapitata [19]. Only a crude risk assess-
ment identified that some of the locations in Sava River 
may represent a risk to algae. The authors have concluded 
that multiple bioassays and exposure phases are required 
to conduct a thorough risk assessment of Sava River sedi-
ments and surface water.    

 
The aim of the present work 

The aim of the present study was to continue our pre-
liminary work [20] and use combined multi-instrumental 
approach for detailed sediment characterization in the first 
part of TRIAD approach. It is hypothesized that in addi-
tion to chemical characterization, environmental mineral-
ogy can provide valuable information on binding phases 
and as such on pollution sinks or sources in any river sys-
tem. Biological and ecotoxicological tests could be inde-
pendently performed when necessary for thorough risk 
assessment. The results could help to establish monitoring 
network and water management in accord with the Euro-
pean Framework Directive [21].   

 
 
MATERIALS AND METHODS     

Sampling of the sediments 

In order to illustrate the application of complementary 
multi-instrumental approach, four selected stream-sediment 

samples were chosen from the large dataset of the trans-
boundary Kupa River drainage basin of Frančišković-
Bilinski [11, 13], where location map is presented. From the 
chosen samples, three show various anomalies, determined 
from the geochemical dataset by the box plot method [22]: 
sample 23 (Nb, V, Mn, Zr); sample 24 (Sc, V, Zr, Na, Fe, 
Cu, Ga, Y); sample 14R (Mn, Pb, Zn). Comparison of 
anomalous concentrations of elements with lithological 
back-ground values [13] shows that they are 5 – 6 times 
higher for Mn, 3 times higher for Pb and Cu, 2.5 times 
higher for Zn and 2.2 times higher for Fe. Sample 41 be-
longs to the cluster of samples without any anomaly. The 
samples were air-dried in the shade for several days, after 
which the material was dry sieved using standard sieves 
(Fritsch, Germany). The fraction of silt + clay (<63 µm) 
was subsequently analyzed using a complementary multi-
instrumental approach.  

 
Measurements and analysis 

The mineralogical composition was determined using 
a Philips X-Pert MPD x-ray diffractometer. The crystal-
line phases obtained using a computer program (X’Pert 
High score 2002, Philips) were selected by comparing d-
values from the JCPDF cards listed in the Powder diffrac-
tion file [23]. Semi-quantitative mineralogical compositions 
were determined by comparing the strongest intensities of 
detected minerals, as described in Boldrin et al. [24].  

The elements were determined in aqua regia extract at 
the ACTLABS commercial laboratory, Ontario, Canada in 
the fraction <63 µm, using ICP-MS (inductively coupled 
plasma mass spectroscopy) and the program “Ultratrace 
2”. The solution was diluted and analyzed using a Perkin 
Elmer SCIEX ELAN 6100 ICP-MS instrument. For the 
analyses the following reference materials were used: USGS 
GXR-1, GXR-2, GXR-4 and GXR-6. Units given in ppm 
represent mg/kg. Reported detection limits range at the 
ngkg-1 level, or lower for most elements. Although this 
digestion is not total, its use is justified because the inter-
national standard methods for determining action limits 
are based on aqua regia leach [25].   

The experimental set up for XRF analysis, calibration 
and quantitative analysis were described by Kump et al. [26]. 
The x-ray fluorescence analysis system consisted of an x-ray 
spectrometer, a set of annular radioisotopic excitation 
sources, and spectrum analysis and quantification software. 
An x-ray spectrometer with a Si (Li) detector, an integrated 
signal processor (M1510, Canberra), and a PC-based MCA 
card (S-100, Canberra) was utilized. A spectrometer reso-
lution of about 175 eV at 5.9 keV was achieved. For the 
excitation, the annular radioisotopic sources, Cd-109 (8 
mCi), Fe-55 (10 mCi) and Am-241 (25 mCi) (Isotopes Prod-
ucts Laboratories, U.S.A.) were utilized. The spectrum-
acquisition time was 10,000 s (Cd-109), and 5,000 s (Am-
241 and Fe-55). The measurements of samples using Cd-
109 and Am-241 were performed in air. The samples ana-
lyzed with the radioisotopic source Fe-55 were in vacuum. 
The pulverized and homogenized samples were prepared 
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by pressing them into a pellet using a pellet die and a hy-
draulic press. The x-ray spectra were analyzed by the AXIL 
spectrum analysis program, according to the method of Van 
Espen and Janssens [27]. The error evaluated from the 
AXIL program included the statistical errors of the meas-
ured x-ray intensities, as well as the errors in the mathe-
matical procedure utilized when fitting the experimental 
spectral data. The overall uncertainty was, in most cases, 
less than 1%. The quantification and estimation of the 
combined standard uncertainty (u) was done utilizing the 
QAES (quantitative analysis of environmental samples) 
software developed by Kump et al. [26]. The sensitivities 
were determined from measurements on standard NIST-
SRM-2704 River Sediment. The average values of the con-
centrations for the major and minor constituents were, in 
most cases, within 5% of the reference data. However, the 
accuracy of the trace-element determinations was worse 
(10% and more). The details about NIST-SRM-2704 are 
given in Certificate of analysis of National Bureau of 
Standards [28].  

The particle size distribution was determined in the 
<63 µm fraction using an “Analysette 22” laser particle 
sizer (Fritsch Gmbh) and a Mini Cell for particle sizes 
<100 µm. A helium-neon laser with a wavelength of 
0.6328 µm was used. According to the operating princi-
ple, when a spherical particle is illuminated, a “Frauen-
hofer diffraction pattern” is produced. The diameter of the 
particle can be calculated. The surface area automatically 
recorded represents geometric surface area.  

Poorly crystalline iron minerals were studied using 
Mössbauer spectroscopy at 300 and 70 K. For all the ex-
periments a 57Co source was used with an activity of ~10 
mCi in a Rh matrix. The velocity scale was calibrated with 
metallic Fe, which was also used as a reference for the iso-
mer shift parameters. The speciations were computer fitted 
by assuming Lorentzian or Voigt shapes for the resonance 
lines. The best least-squares fit parameters were used for 
the characterization of the Fe-containing phases. For each 
sample Fit Summary contains number of data points, num-
ber of doublets in model, number of parameters in model, 
number of refined parameters and reduced χ2. Uncertain-
ties are calculated using the covariance matrix.  

The solid-state NMR experiments on sediment sam-
ples were performed on a Varian UNITY 300 NMR spec-
trometer equipped with a room-temperature double-bearing 
Doty XC5 probe. At 7.04 Tesla the 29Si resonance fre-
quency, ωo/2π was -59.585 MHz. The 27Al resonance 
frequency, ωo/2π was -78.172 MHz. The spectra were re-
corded with high-power (~100-120 W) proton decoupling. 
The sample spinning speeds were typically varied between 
4000 and 8500 Hz. Samples with masses of 90-120 mg 
were used in 5-mm o.d. zirconium or Si3N4 rotors. The 
number of scans was about 800-1800 for the 29Si spectra 
(pw90

o 4.6 µs) and about 512 for the 27Al spectra (pw90
o 

2.6 µs, only the central (+/- ½) transitions were exited). 
The 29Si and 27Al MAS spectra were recorded with recy-

cling delays of 20-120 and 2-4 s, respectively. The 29Si 90o 
pulse width was about 3.6 µs. In the case of silicon, for refer-
encing purposes, kaolinite was used (δ = - 92 ppm relative 
to the TMS) with the substitution method. The 27Al chemi-
cal shifts were given relative to the external Al(H2O)6

3+. 

The MQMAS experiments and the 9.39 T 27Al spectra 
were recorded on a Bruker AV400SB Instrument (pulse 
sequence mp3qzfq.av) operating at 400 MHz (27Al ωo/2π  -
104.261 MHz). Zirconia rotors of 4 mm were used in these 
cases and the rotation speed varied between 10,000 and 
14,000 Hz. 

 
 
RESULTS 

X-ray diffraction (XRD) 

A semi-quantitative mineralogical analysis was perfor-
med as described in Boldrin et al. [24]. The most predomi-
nant mineral (>30%) in all the samples is quartz (JCPDF 46-
1045). This is followed (10-30%) by the mica group from 
the phyllosilicate class (muscovite) in samples 23 (JCPDF 
07-0032) and 14R (JCPDF 01-1098). The feldspar, plagio-
clase group from the tectosilicate class (albite, JCPDF 09-
0466) is present in sample 24. Calcite (JCPDF 05-0586) is 
present in samples 23, 24 and 41 in amounts of 5 to 10%. 
Of the other minerals, baileychlore (JCPDF 42-1335), from 
the chlorite group, phyllosilicate class was found in sample 
24.  Anorthite (JCPDF 20-0528) from the feldspar plagio-
clase group was found in sample 14R. Various trace miner-
als (<5%), suggested from XRD patterns, could not be iden-
tified with certainty. These were: dolomite, clinochlore, 
anorthoclase and biotite ferrian in sample 23; muscovite, 
kaolinite, microcline and dolomite ferroan in sample 24; 
anorthite, illite and dolomite in sample 41; clinochlore fer-
roan in sample 14R.  

 
Elemental analysis 

To illustrate the advantages or disadvantages of two 
techniques used for elemental analysis, the data are pre-
sented. The results obtained by the ICP-MS method are 
presented in Table 1, and those from the XRF method are in 
Table 2. The two multi-elemental techniques are often used 
in sedimentary research as complementary methods. Salo-
mon et al. [29] have described the practical aspects of rou-
tine trace-element analysis with the ICP-MS method. The 
details of the XRF method can be found in literature [26, 
27]. They provide full details on the precision and accuracy 
of the analysis, which will not be repeated in the present 
paper. Results of elemental analyses obtained by the two 
methods will be discussed in details in the Discussion part. 

 
Grain size analysis 

The particle size distribution was measured in fraction <63 
µm to obtain the amount of clay-size material. According 
to Wentworth [30] the silt-clay boundary is <4 µm. Corre-
sponding geometric surface area was automatically re-
corded. Sample 23 contains 12.64% of clay-size material, 
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with a geometric surface area of 0.9290 m2/g. Sample 24 
contains 8.31% of clay-size material, with a geometric sur-
face area of 0.7015 m2/g. Sample 41 contains 7.41% of clay- 
size material, with a geometric surface area of 0.6080 m2/g. 
Sample 14R contains 8.00% of clay-size material, with a 
geometric surface area of 0.7121 m2/g. The results are pre-
sented in Figure 1 (a-d).  

 

Mössbauer spectroscopy 

Poorly crystalline and amorphous Fe compounds can 
be characterized using Mössbauer spectroscopy. The Möss-
bauer spectra of the studied sediment samples (f <63 µm) 
were first recorded at 300 K. The deconvolution shows that 
they exhibit four paramagnetic doublets in samples 23, 41 
and 14R, and five paramagnetic doublets in sample 24. The 
hyperfine parameters of the Mössbauer spectra are pre-
sented in Table 3; they indicate the presence of Fe2+ and 
Fe3+ environments in different proportions for each sample. 

 

TABLE 1 - Concentrations of 51 element in selected stream sediments determined by ICP-MS method. 

Element / sample 23 24 41 14R 
Ca (%)               2.73               4.17               3.62              1.01 
Al (%)               2.00               1.94               0.66              1.65 
Fe (%)               2.80               3.87               1.42              3.01 
Mg (%)               0.99               1.73               0.70              0.58 
K (%)               0.19               0.19               0.04              0.13 
S (%)               0.042               0.045               0.080              0.063 
P (%)               0.051               0.062               0.034              0.076 
Na (%)               0.012               0.046               0.007              0.014 
Li (ppm)             20.8             23.6               8.0            23.7 
Be (ppm)               0.8               0.8               0.4              0.8 
Sc (ppm)               4.9               9.9               1.8              2.1 
V (ppm)             45           125.             14            20 
Cr (ppm)             40.5             44.1             19.3            23.3 
Mn (ppm)         2260         1470           291        2640 
Co (ppm)             16.5             19.3               7.0            13.3 
Ni (ppm)             47.6             39.8             20.9            25.3 
Cu (ppm)             29.9             50.0               8.9            17.6 
Zn (ppm)             77.2             72.5             42.2          133.9 
Ga (ppm)               5.61               7.85               2.12              4.38 
As (ppm)               5.4               1.0               2.0              9.4 
Se (ppm)               0.3               0.7               0.3              0.4 
Rb (ppm)             14.6             11.5               5.3            15.9 
Sr (ppm)             26.0             37.6             29.6            17.4 
Y (ppm)               9.77             14.32               5.59              6.18 
Zr (ppm)               3.0               7.6               0.6              1.4 
Nb (ppm)               2.1               0.9               0.3              0.6 
Mo (ppm)               0.60               0.47               0.32              0.54 
Cd (ppm)               0.3             -0.5               0.2              0.4 
Sn (ppm)               0.38             -0.25               0.14              0.58 
Sb (ppm)               0.22               0.26               0.09              0.27 
Cs (ppm)               1.1               1.7               0.5              1.7 
Ba (ppm)           111           271             54          158 
La (ppm)             17.7             11.4               7.7            15.9 
Ce (ppm)             37.3             28.9             15.9            34.7 
Pr (ppm)               4.3               3.3               1.9              3.8 
Nd (ppm)             16.7             14.3               7.5            14.0 
Sm (ppm)               3.4               3.6               1.7              2.9 
Eu (ppm)               0.7               0.9               0.3              0.5 
Gd (ppm)               3.2               3.7               1.7              2.6 
Tb (ppm)               0.4               0.6               0.2              0.3 
Dy (ppm)               2.2               3.3               1.2              1.5 
Ho (ppm)               0.4               0.6               0.2              0.3 
Er (ppm)               1.0               1.5               0.5              0.6 
Yb (ppm)               0.9               1.2               0.4              0.6 
Au (ppm)               0.009              -0.001               0.005              0.015 
Tl (ppm)               0.17               0.12               0.10              0.17 
Pb (ppm)             18.6             15.3               9.1            51.5 
Bi (ppm)               0.21               0.43               0.07              0.25 
Th (ppm)               3.3               2.9               2.3              3.6 
U (ppm)               0.6               0.5               0.5              0.8 
Hg (ppm)               0.058               0.021               0.067              0.120  
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TABLE 2 - Concentrations of 23 elements in selected stream sediments determined by XRF method and three sources (Fe, Cd and Am) 

2 3 2 4  4 1 1 4 R Element/ 
sample source Fe Source 

Cd 
Source 
Am 

Source 
Fe 

Source 
Cd 

Source 
Am 

Source 
Fe 

Source 
Cd 

Source 
Am 

Source 
Fe 

Source 
Cd 

Source 
Am 

Al (%)   8.58 - -   9.64 - -   6.75 - - 11.1 - - 
Si (%) 27.8 - - 27.6 - - 33.9 - - 29.7 - - 
K (%)   1.91   1.97 -   1.24   1.01 -   1.09   1.01 -   2.23   2.19 - 
Ca (%)   3.67   3.65 -   5.39   5.41 -   4.82   5.07 -   1.25   1.31 - 
Ti (%)   0.515   0.594 -   0.620   0.875 -   0.384   0.651 -   0.468   0.595 - 
V (ppm) - 206 - - 281 - - 217 - - 220 - 
Fe (%) -   3.22 - -   4.33 - -   1.78 - -   3.64 - 
Cr (ppm) - 75.6 - - 118 - - 380 - - 99.7 - 
Mn (ppm) - 2040 - - 1330 - - 279 - - 2870 - 
Ni (ppm) - 31.4 - - 52.2 - - 27.0 - - 19.1 - 
Cu (ppm) - 17.7 - - 49.3 - - 25.3 - - 31.4 - 
Zn (ppm) - 74.5 - - 83.2 - - 60.8 - - 169 - 
Br (ppm) -   7.50 - -   2.28 - -   2.60 - -   6.61 - 
Pb (ppm) - 100 - - 87.1 - - 115 - - 72.9 - 
As (ppm) - 34.1 - - 38.8 - - 33.2 - - - - 
Rb (ppm) - 69.4 - - 47.1 - - 44.9 - - 97.2 - 
Sr (ppm) - 95.3 - - 109 - - 79.0 - - 71.9 - 
Y (ppm) - 24.1 - - 28.6 - - 24.3 - - 21.2 - 
Zr (ppm) - 296 - - 418 - - 103 - - 493 - 
Nb (ppm) - 14.9 - -   9.06 - - 13.9 - - 12.5 - 
Ba (ppm) - - 334 - - 437 - - 227 - - 558 
La (ppm) - -   27.8 - -   19.6 - -   39.4 - - 37.7 
Ce (ppm) - -   58.6 - -   47.9 - -   76.4 - - 80.5  

 
 
 
 
 

 
 
 
 

 
 

FIGURE 1 - Grain size analysis in <63 µm fraction of sediment samples: a (sample 23), b (sample 24), 
c (sample 41), d (sample 14R), performed by “Analysette 22” laser particle sizer and Minicell. 
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TABLE 3 - Hyperfine parameters of the Mössbauer spectra of selected stream sediments (f <63 µm) from Kupa River drainage basin at 300 K 

Sample Sub-
spectra 

IS 
mm s-1 

QS 
mm s-1 

Site A 
% 

Fe3+  
% 

Fe2+ 

% 
Fe2+ oct. 
% 

Fe2+ tetr. 
% 

Fe3+ /  
Fe2+ 

 
23 

du 1 
du 2 
du 3 
du 4 

0.376 (22) 
0.95 (95) 
1.109 (32) 
0.607 (28) 

0.656 (13) 
0.8(19) 
2.639 (24) 
0.925 (60) 

Fe3+ 

Fe2+ 

Fe2+ 

Fe2+ 

64.5 (29) 
2.6 (13) 
28.6 (24) 
4.3 (10) 

 
64.5 

 
35.5 

 
28.6 

 
6.90 

 
1.82 

 
 
24 

du 1 
du 2 
du 3 
du 4 
du 5 

0.393 (13) 
0.41 (11) 
1.118 (13) 
0.986 (24) 
1.02 (14) 

0.554 (44) 
0.94 (31) 
2.638 (27) 
0.879 (46) 
2.14 (27) 

Fe3+ 

Fe3+ 

Fe2+ 

Fe2+ 

Fe2+ 

35.3 (59) 
  21.1 (60) 
31.7 (18) 
4.7 (9) 
7.2 (16) 

 
56.4 

 
43.6 

 
38.9 

 
4.7 

 
1.29 

 
41 
 

du 1 
du 2 
du 3 
du 4 

0.370 (16) 
0.903 (49) 
0.349 (31) 
1.076 (30) 

0.557 (54) 
1.020 (95) 
1.032 (68) 
2.576 (60) 

Fe3+ 

Fe2+ 

Fe3+ 

Fe2+ 

42.8 (10) 
6.5 (50) 
8.3 (34) 
42.4(58) 

 
51.1 

 
48.9 

 
42.4 

 
6.5 

 
1.04 

 
14R 

du 1 
du 2 
du 3 
du 4 

0.3696 (52) 
1.1198 (92) 
0.360 (11) 
0.48 (16) 

0.478 (37) 
2.649 (18) 
0.767 (99) 
1.14 (27) 

Fe3+ 

Fe2+ 

Fe3+ 

Fe3+ 

25.5 (52) 
23.5 (87) 
 40.6  
 10.4 (92) 

 
76.5 

 
23.5 

 
23.5 

 
- 

 
3.26 

 
a IS/mms-1, isomer shift relative to metallic iron;  QS/mms-1, electric quadrupole splitting;  A/%, relative resonance area in percent of total iron 

 
 
 

TABLE 4 - Hyperfine parameters of the Mössbauer spectra of selected stream sediments (f<63 µm) from Kupa River drainage basin at 70K 

Sample Subspectra IS mms-1 QS mms-1 Heff (kOe) Site A% 
23 du1 

du2 
se1 
se2 

0.465(11) 
1.270(15) 
0.493(26) 
0.502(47) 

0.770(16) 
2.886(26) 
-0.098(21) 
-0.220(47) 

- 
- 
529.9(14) 
468.2(39) 

Fe3+ 
Fe2+ 
Fe3+ 
Fe3+ 

46.1(10) 
22.8(14) 
13.0(15) 
18.1(23) 

24 du1 
du2 
du3 
se1 

1.236(66) 
0.477(13) 
0.858(71) 
0.500(58) 

2.863(13) 
0.716(22) 
1.760(12) 
-0.210(56) 

- 
- 
- 
462.6(38) 

Fe2+ 
Fe3+ 
Fe2+ 
Fe3+ 

35.4(13) 
38.0(17) 
5.5(19) 
21.1(26) 

41 du1 
du2 
se1 

1.384(12) 
0.294(12) 
0.537(52) 

2.462(23) 
0.945(23) 
-0.135(52) 

- 
- 
470.1(35) 

Fe2+ 
Fe3+ 
Fe3+ 

36.4(22) 
41.7(18) 
21.9(36) 

14R du1 
du2 
du3 
du4 
se1 

0.464(14) 
1.225(15) 
0.446(29) 
0.862(41) 
0.446(36) 

0.863(88) 
2.966(30) 
0.352(93) 
1.811(80) 
-0.151(35) 

- 
- 
- 
- 
475.5(26) 

Fe3+ 
Fe2+ 
Fe3+ 
Fe2+ 
Fe3+ 

34.0(87) 
21.2(16) 
6.9(72) 
2.8(14) 
35.1(34)  

 
 
 
In sample 23 there is an indication of the presence of 

two Fe3+ and two Fe2+ environments. Phyllosilicates contain 
Fe2+ and Fe3+ ions at different crystallographic sites and in 
different valence states. The values of the hyperfine parame-
ters of the doublet sub-spectra (labeled) du1 and du3 sug-
gest Fe3+ and Fe2+ in phyllosilicates, where du3 is pre-
sumably a single ferrous doublet of chlorites [31]. Similar 
values were obtained for Pinal Creek samples [32]. 

Sample 24 appears to contain two Fe3+ and three Fe2+ 
environments. Here the doublets (labeled) du3 and du5 are 
presumably two ferrous doublets of a 2:1 layer mineral of 
the mica group. 

Sample 41 appears to contain two Fe3+ and two Fe2+ 
environments. The doublet (labeled) du1 is interpreted as 
representing Fe3+ in the octahedral sites of amorphous Fe 
oxides. The doublet (labeled) du4 could represent Fe2+ in 
illite.  

In sample 14R there appears to be three Fe3+ and one 
Fe2+ environment. The doublet (labeled) du2 is interpreted 
as representing Fe2+ in chlorite (clinochlore ferroan). 

Mössbauer spectra were also taken at 70 K. We can 
offer only a tentative explanation. They show, in addition 
to paramagnetic doublets, one magnetically split sextet 
pattern in samples 24, 41 and 14R and two sextet patterns 
in sample 23. The hyperfine parameters of the Mössbauer 
spectra taken at 70 K are presented in Table 4. The two 
sextets in sample 23 could be interpreted as non-stoichio-
metric Fe oxides present in the form of small particles, be-
cause the room-temperature spectra of the same sample 
do not show any magnetic contribution. The relaxation of 
the direction of magnetization in small particles slows down 
with decreasing temperature. When the jump times are com-
parable or longer than the time window of Mössbauer spec-
troscopy (100ns) the averaging effect of a fluctuating mag-
netic field is no longer present and magnetically resolved 
spectra appear. The sextet pattern (labeled se1), with an 
effective magnetic field of 530 kOe, in sample 23, could be 
identified as hematite, α-Fe2O3, and the sextet pattern (la-
beled as se2), with an effective magnetic field of 468 kOe, 
could be identified as goethite, α-FeO(OH). In sample 24, 
the sextet pattern (labeled as se1) with an effective mag-
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netic field of 463 kOe could be identified as goethite, α-
FeO(OH). The sextet patterns (labeled as se1) in samples 
41 and in 14R, which probably suggest the presence of 
goethite, could not be explained with certainty.  

 
Solid-state NMR 

Solid-state NMR spectroscopy, like Mössbauer spec-
troscopy, can be used for characterization of amorphous 
and crystalline compounds. In the present work, using 29Si 
MAS NMR and 27Al MAS NMR, additional information 
could be obtained about Al and Si containing minerals, 
which were suggested by the XRD method.  

The proper reference spectra of the minerals were 
taken and the chemical shifts compared. Results will be 
described for each sediment sample. As an illustration the 
spectra will only be presented for selected samples (41 
and 14R) in Figure 2 (a, b) and Figure 3 (a, b).  

Sample 23: 29Si MAS NMR: from the observed chemi-
cal shifts the presence of muscovite Q3(mAl) is likely, 
what is in support to the result obtained by XRD. There are 
unresolved signals at about -81, -85 and -89 ppm, but there 
are additional signals at -93.5, -97.6 and -101.6 ppm, which 
correspond to the literature values of microcline.  

 

 
FIGURE 2 - 27Al NMR (a) and 29Si NMR (b) MAS spectra of sample 
41 recorded at rotation speeds of 8300 and 4320 Hz, respectively. 
(SSB = spinning side bands) 

 
FIGURE 3 - 27Al NMR (a) and 29Si NMR (b) MAS spectra of sample 
14R. 

 
However, the low signal-to-noise ratio of the spectrum 
prevents an unambiguous assignment [33]. The signal at 
-107 ppm can be assigned to the α-quartz (Q4(0Al)) con-
tent of the sample. The weaker signals between -91.5 and 
-98.5 ppm are evidence for the presence of phyllosilicates 
(e.g., clinochlore, biotite ferrian), what is also in agreement 
with XRD result.  

The 27Al MAS spectrum also suggests a substantial 
amount of muscovite and/or other species, which contain 
both tetrahedrally and octahedrally coordinated Al atoms. 
The tetrahedrally coordinated Al atoms (most likely in 
AltOAlo and AltOSi environments) are clearly seen at 
about 71.8 and 61.2 ppm. The reported chemical shifts are 
uncorrected for the second-order quadrupole effect [34]. 

The somewhat stronger signal at 7.8 ppm can be as-
signed to octahedrally coordinated aluminium (most likely 
AloOAl or AloOSi). The estimate of the ratio for four-co-
ordinate and six-coordinate Al atoms is about 55:45. 

Sample 24: 29Si MAS NMR: this sample produced the 
weakest spectrum. The relatively narrow signal at –109.4 
ppm can be assigned to the quartz. The broad signal be-
tween -85 and -100 ppm allows the presence of kaolinite, 
what is in accord with XRD. The presence of a substantial 
amount of albite cannot be confirmed, what does not sup-
port the finding by XRD. 
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27Al MAS spectrum: The tetrahedrally coordinated Al 
atoms are clearly seen at 54.1 ppm. The signal at 0.0 ppm 
can be assigned to octahedrally coordinated aluminium. 
The estimate of the ratio for the four-coordinate and six-
coordinate Al atoms is about 55:45. 

Sample 41: 29Si MAS NMR: the spectrum is similar 
to that of sample 23. However, the relative ratio of the 
Q4(0Al) species (– 109.4 ppm silica gel) is about twice as 
large.  

27Al MAS spectra: the spectrum recorded at 7 T is 
also similar to that of sample 23, the estimate of the ratio 
for the four-coordinate and six-coordinate Al atoms is about 
1:1. In this case, there are two chemically different tetra-
hedral sites for the Al atoms or, alternatively, strong sec-
ond-order quadrupole effects are present since the signal 
at about 70.0-58.1 ppm is split. To get rid of the latter the 
MQMAS spectrum [35, 36] of the sample was also re-
corded at 9.38 T. This clearly proved the presence of two 
different environments for the tetrahedral Al atoms. 

Sample 14R: 29Si MAS NMR: there is a signal at -
61.7 ppm, a broad unresolved multiplet between – 80 and 
- 98 ppm, and another singlet at -108 ppm. The high- and 
low-frequency resonances can be assigned to the Q0 and 
Q4(0Al) species, respectively. The broad multiplet in 
between seems to be a mixture of the muscovite (with a 
disordered Si and Al distribution) and microcline signals. 
The finding of muscovite supports XRD results.  

27Al MAS spectrum: there are two resonances, a 
smaller one at 69.6 ppm, which can be assigned to the 
four-coordinate atoms and a larger one at about 0.6 ppm, 
which can be assigned to the octahedrally coordinated 
aluminium atoms. The ratio of the four-coordinate and 
six-coordinate Al atoms is near to 30:70. The ratio of the 
six-coordinated to four-coordinated Al atoms approxi-
mately corresponds to 2, which has been reported for 
natural muscovite [37].  

 
 
DISCUSSION 

X-ray diffraction (XRD) 

Trace minerals (<5%) belong to carbonate class 
(dolomite, dolomite ferroan), to tectosilicate class (anor-
thoclase and anorthite) and all others to phyllosilicate 
class. This phyllosilicate class is significant for any dis-
cussion of weathering of the studied region. According to 
Wang and Valentine [38], weathering of phyllosilicates in 
an acidic environment yields clay minerals like kaolinite, 
while in an alkaline environment it yields montmorillo-
nite. It is very possible, referring to [38] that a low-
temperature hydrothermal alteration produced the chlo-
rites and micaceous minerals in samples 23, 24 and 14R. 
In this region, which is a part of Supradinaric belt, sedi-
mentation was under the influence of penetration of mafic 
and ultramafic lavas and also of younger neutral and acid 
volcanism, as described in Frančišković-Bilinski [13]. 

From the fact that kaolinite is present in sample 24 and 
that montmorillonite was not found, as was observed in 
different environment of the boreal region [39], it is prob-
able that in the present study area the weathering occurred 
in an acidic environment. The biotite ferrian in sample 23 
can form as a result of the hydrothermal alteration of bio-
tite, according to the weathering study of Wang and Val-
entine [38]. Presented XRD results provide insights to the 
bulk mineralogy of sediments, what is important in under-
standing adsorption affinity to organic matter and to trace 
elements, as reviewed by Brown and Parks [40]. Thus XRD 
method, together with the knowledge about the adsorption 
processes, can be indirectly related to sediment quality 
evaluation. 

 
Elemental analysis 

According to Skoog et al. [41], a particular advantage 
of XRF is that it is in contrast to most other elemental 
analysis techniques, non destructive of the sample. It is 
very suitable for the easy determination of major ele-
ments. The concentrations of Si and Al can be determined 
with the Fe source. The concentrations of K and Ca, de-
termined with the Fe and Cd sources are in relatively 
good agreement. However, the major elements Mg and 
Na could not be detected, and the concentrations of Ti, de-
termined with the Fe and Cd sources are in poor agree-
ment (see Table 2).  

The ICP-MS method is suitable for determining ma-
jor elements (Mg and Na included), however Si cannot be 
measured. It is not, however, suitable for determining the 
Ti concentration, which is near or below the detection 
limit. For this reason it was omitted from Table 2. When 
the results obtained using the two methods are compared, 
the values for the major elements obtained with XRF are 
higher than those obtained with ICP-MS. The reason is 
that the ICP-MS method requires chemical decomposi-
tion, and the dissolution in aqua regia was incomplete.  

The number of trace elements determined with avail-
able XRF equipment was limited to 17; this is small in 
comparison with 43, determined with the ICP-MS. An addi-
tional standard, NIST SRM 2710 (Montana Soil), was used 
to check the XRF results for minor elements. The details 
about this standard are given in Certificate of analysis of 
National Bureau of Standards (2002). For trace and ultra-
trace element analyses the ICP-MS is more suitable than 
the XRF. If one compares differences in percentage as rela-
tive scale of pollutants determined by ICP-MS and XRF, 
one can conclude that 95% of Cr is bound in sediment 41, 
which has its highest concentration. Therefore extensive 
biological and toxicological studies for Cr at this location 
can be avoided. Other pollutants, like Pb and As, are almost 
totally (80-90%) bound to sediments 41, 23 and 24, pre-
sumably to muscovite and biotite mica. These speculations 
can be supported with literature results [42]. Only Mn in 
samples 23, 24 and 14R, which is easily soluble in aqua 
regia (92-100%) can be important for further biological 
and toxicological studies. 
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Grain size analysis 

In a separate geomorphological study [43] cumulative 
curves of fluvial deposits were studied in the main flow of 
Kupa River. There is a general fining of grain size down-
stream. In the present work, only silt + clay fraction was 
studied, the same one on which elemental concentrations 
were determined. Because of low clay content, it can be 
suggested that silt fraction contains most of trace elements. 
The particle size measurements on the clay-to-sand-size 
sediment are an important source of information about their 
provenance, transport and depositional conditions. The sur-
face-area determination can be used in combination with 
solution data, when available, to reach a conclusion about 
the trace-element adsorption capacity of the studied sedi-
ments. In the present work we used the laser-diffraction 
method to study the particle size and the geometric surface 
area, which is a relatively fast and simple method in com-
parison with classical methods. It should be noted, how-
ever, that there are various classic and more modern tech-
niques in use, to determine the particle size [44-49]. Each 
technique defines the size of a particle in a different way, 
and thus measures different properties of the same material 
[50]. For a particle size determination of stream sediments 
any one of these methods would be satisfactory. For more 
detailed research on adsorption capacity of contaminated 
sediments, instead of geometric surface area, specific sur-
face area can be determined by the BET technique [51].   

 
Mössbauer spectroscopy 

The Mössbauer spectroscopy was used to evaluate po-
tential iron-containing sinks for heavy-metal adsorption, 
like Meaz et al. [52] in their investigation of sediments in 
the Great Nile. The determined sediment ratio of Fe3+/Fe2+ 
is consistent with a predominantly ferric rather than fer-
rous phase in samples 14R and 23. Oxidative precipita-
tion, influenced by Mn oxides, is a possible explanation, 
because in these two samples Mn extreme and Mn outlier 
were reported by Frančišković-Bilinski [13], out of a large 
data set from the Kupa River drainage basin. This finding 
supports the work of Van Der Zee et al. [53], who studied 
the iron redox transition of Fe2+ by Mn oxides in marine 
sediments. Iron redox reactions need to be studied because 
they have the potential to support a substantial microbial 
population in soil and sedimentary environments [54]. 
Iron hydrous oxides and oxides, identified at 70 K are im-
portant adsorbents for trace elements [55] and for natural 
organic matter [56]. Therefore identification of iron hydrous 
oxides and oxides obtained by Mössbauer spectroscopy can 
be indirectly related to sediment quality evaluation. 

 
Solid-state NMR 

The 29Si MAS NMR and 27Al MAS NMR techniques 
are rather complicated and are not practical for being 
adopted for a wide scale use during monitoring in all loca-
tions studied. However, their application and sedimentary 
research on selected samples can be useful in comparison 
with XRD results. One has to be aware that the presence 
of Fe and other paramagnetic impurities seriously reduces 

the quality of 29Si NMR spectra in complex mixture of sedi-
ments. The weakest 29Si NMR spectrum was obtained in 
sample 24, where Fe anomaly is present [13]. However, this 
method was very successfully applied when pure minerals 
[57] and synthetic samples [58] were studied. 27Al MAS 
NMR is more promising in sediment studies. The finding 
of muscovite is significant, because of its adsorption prop-
erties for arsenite and arsenate [42]. In the chapter of ele-
mental analysis of this paper was described that As was 
totally bound to sediments. Aluminum coordination changes, 
which can be studied by solid state NMR are known to be 
related to aluminosilicate dissolution [59], which can be 
possible secondary source of pollution with adsorbed trace 
elements. 

 
 
CONCLUSIONS 

The described complementary multi-instrumental meth-
ods were applied on selected stream sediments out of the 
large dataset to illustrate the advantages and disadvantages 
of particular methods in physico-chemical assessment (first 
part of TRIAD approach): 

The mineralogical analysis, performed with the XRD 
powder method, detected major, minor and trace minerals, 
mostly from tectosilicate, phyllosilicate and carbonate class. 
The composition of clay minerals, present in <5%, is less 
certain and other complementary methods should be ap-
plied for amorphous and poorly crystalline phases.   

The difference in concentrations of elements performed 
with XRF in total sample and ICP-MS in aqua regia ex-
tract can be used to identify trace elements firmly bound to 
the mineral structure. They should not be necessarily fur-
ther studied by biological and toxicological studies (in this 
work Cr, As, Pb). Toxic elements loosely bound in this 
work (Mn) should be further studied, if the concentration 
is above the level causing significant toxicity, like in 
samples 23, 24 and 14R.  

The grain-size analysis gives information about the 
amount of clay size particles in silt+clay fraction, which 
can be easily transported in downstream direction, carrying 
pollutants. 

The Mössbauer spectroscopy gives information about 
Fe compounds, like hematite and goethite, which are known 
significant sinks for trace elements. Determination of ferric 
and ferrous phases is important for microbial population 
[54]. 

The NMR spectroscopy was applied to study alumi-
num and silicate minerals, both crystalline and amorphous. 
Important pollutant sinks like muscovite and kaolinite, 
suggested from XRD results, could be confirmed by NMR. 
Changes of aluminium coordinations could be related to 
possible alumino silicate dissolution, according to Criscenti 
et al. [59] and thus be of significance for secondary sources 
of pollutants. During this process pollutants incorporated 
in the structure or adsorbed on alumino silicates are re-
leased and secondary sources of pollutants can occur. 
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The application of the presented complementary multi-
instrumental methods can be recommended in initial stage 
of stream sediment investigation. It gives information about 
mixture of crystalline, poorly crystalline and almost amor-
phous minerals, some of which are very good adsorbents 
for trace elements. Possible sinks and secondary sources 
can be identified. It can be suggested that after the phys-
ico-chemical assessment is decided if and in which region 
the other two steps in TRIAD monitoring are to be ap-
plied. It is aimed in the future that monitoring network and 
water management can be precisely established.  
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