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Abstract: In this work, we present the results of element content in river sediments and soil of the
Rangárvellir river in southern Iceland as well as in the volcano ash from the Eyjafjallajökull eruption
in 2010. Severe natural catastrophes have devastating impact on the environment. We selected the
Rangárvellir area located in the vicinity of Mt Hekla, Iceland’s most active volcano, for our study.
This study site is ideal to investigate wind and water erosion and sediment transport processes of
two main glaciers rivers: the Eystri-Rangá and the Ytri-Rangá and the Hroarslækur River. Sediments
of these rivers consist of volcano materials, ash and lava. In order to assess the sediment dynamics,
we collected sediment, soil and volcanic ash. The fractioning of the elements was carried out using
sequential extractions. The distribution of Si indicates that the sediments originate from the same
geochemical basis. Li and partly B exist in the first phase of volcanic ash and river sediments but not
in the mobile phases of soils. In the mobile phase of volcanic ash, P was found but it did not exist in
the first phase of soil and sediments. These results suggest the different chemical fingerprints in the
water sediments and surrounding soil.

Keywords: river sediment; soil; volcano ash; fractionation of elements; cluster analysis; principal
component analysis

1. Introduction

The origin of all Icelandic soils is volcanic with the largest area of Andosols in Europe,
and >5% on the global level. Icelandic soils consisting mostly of volcanic glass are a mixture
of tephra layers and eolian sediments. Because of the eolian deposition of andic materials
content of C is higher than 20%. The allophane contents are up to 30%, ferrihydrite 5–15% of
the soil and the contents of organic C are increasing due to both allophane and ferrihydrite
decrease, but the Vitrisols as a desert soil characterised by low organic content [1] while the
contents of Histosols is only 1% of Iceland [2]. Over 20,000 km2 of Iceland area is covered
by sandy deserts consisting of volcanic materials where basaltic volcanic glass dominates.
Severe wind erosion spread dust over wide areas of Iceland [3].

The chemical fingerprints of volcanic material show that TiO2, Al2O3 and Fe2O3 and
MnO are the least mobile species while the mobile base cations MgO, CaO and Na2O are a
result of chemical weathering during pedogenesis [4].

Knowledge of sediments dynamics process is still poor [5]. In recent years, some
models of sediment transport have developed [6,7] and researchers’ attention to this
problem has increased [8,9]. Dynamics of sediments transport helps to understand the
land degradation processes [10–12] as well as nutrient redistribution [13]. Rivers are the
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prime carrier of sedimentary materials from continents to the ocean [14]. Sediments are the
most important sink or source of heavy metals originating from natural or anthropogenic
sources [15].

Tracers are recognised as useful tools to obtain spatially distributed soil erosion
data and the relationships among soil detachment, transportation and deposition [16].
Many tracers are already used [5,17–21], however, each type of these tracers has its own
limitation [22–24]. Ideal tracers are expected to provide highly contrasting values and be
analysed efficiently and acquired cost-effectively [25].

The application of statistical methods on real data sets [26] can be suitable for the
investigation of migration roads in sediments dynamic process.

The objectives of this study are to utilise the chemical forms of the elements Al, As, B,
Ba, Be, Bi, C, Ca, Cd, Co, Cr, Cu, Fe, H, K, Li, Mg, Mn, N, Na, Ni, P, Pb, S, Sb, Si, Sr, V and
Zn in river sediments in the river basins of south Icelandic area. Chemical characterisations
of Icelandic soil has been described thoroughly [4,27], but fractioning of chemical elements
present therein has never been done before. For this purpose, we selected a study area
in southern Iceland named Rangárvellir. Rangárvellir is located in the vicinity of Mt
Hekla, Iceland’s most active volcano, periodically supplying the area with volcanic ash.
Accordingly, naturally occurring erosion processes are frequent and intense, making this
study site ideal for our objectives. This method is suitable for the investigated area taking
into account that anthropogenic contributions of the investigated elements are minimised
or even do not exist.

Olafur et al. investigated carbon accumulation during the early stages of ecological
restoration of a desertified area in Iceland and they found rapid carbon accumulation in
sandy deserts following the onset of restoration efforts. Low initial carbon levels, andic soil
properties and low temperatures are the most likely factors explaining the rapid carbon
accumulation [28].

Volcanic eruptions release unstable sediments. Icelandic desert surfaces are divided
into sand fields, sandy lavas and sandy lag gravel, each with separate Aeolian surface
characteristics [29].

2. Materials and Methods
2.1. Subsection

Iceland is a volcanic island in the North Atlantic Ocean. It covers 103,000 km2 with
approximately 12,000 km2 covered with glaciers [27]. The Rangárvellir area extends
from the highlands between the ice caps of Hofsjökull and Vatnajökull, to the southern
coast of Iceland. Almost the entirety of Rangárvellir is drained by two rivers, the Ytri
Rangá in the west and the Eystri Rangá in the east (Figure 1). Spring-fed creeks, like
the Hróarslækur located between the watersheds of Ytri- and Eystri Rangá, indicate that
much of the rainfall infiltrates into the lava fields and emerges downstream at various
water springs. The two main towns, Hella and Hvolsvöllur, accommodate a population
of approximately ~1600 inhabitants. Mt. Hekla, one of Iceland’s most active volcanos
which have erupted 23 times since the first settlements in 874 AD, lies near the geographic
centre of Rangárvellir. Most of the eruptions were spatially limited to the mountain area
itself; however, some fissure eruptions produced large-scale lava fields with significant
tephra outfall [30]. Consequently, numerous lava fields of various ages have been identified
around Mt Hekla, covering the entire northeastern part of the municipality [31]. In the
1950s over two-thirds of the area was almost completely barren, revealing only sandy and
unvegetated landscapes [32].



Water 2021, 13, 1928 3 of 16
Water 2021, 13, x FOR PEER REVIEW 3 of 16 
 

 

 
Figure 1. Rangárvellir study area. Black numbers indicate the location of collected sediment sam-
ples, white numbers indicate soil sampling location and the red number in the inlet map locates the 
ash sampling location (see Table 1 for further details). 

  

Figure 1. Rangárvellir study area. Black numbers indicate the location of collected sediment samples,
white numbers indicate soil sampling location and the red number in the inlet map locates the ash
sampling location (see Table 1 for further details).
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Table 1. Location of samples collected in the Rangárvellir area.

River No. of Sample Sample Location

River Sediments

Ytri Rangá

1 Source—sample 1
2 Source—sample 2
3 Source—sample 3

4 Middle1—sample 1
5 Middle1—sample 2

6 Middle2—sample 1
7 Middle2—sample2
8 Before the mouth of the Þvera

9 Mouth—sample 1
10 Mouth—sample 2
11 Mouth—sample 3

Hungurfit 12 A tributary to the Eystri Rangá—sample 1
13 A tributary to the Eystri Rangá—sample 2

Eystri Rangá

14 Before the Hungurfit

15 Middle—sample 1
16 Middle—sample 2
17 Middle—sample 3 (the bridge)

Hroarslækur

18 Source—sample 1
19 Source—sample 2

20 Before the mouth of the Ytri Rangá—sample 1
21 Before the mouth of the Ytri Rangá—sample 2

Þvera 22 Middle

Holsa 23 Near to the mouth in the Atlantic

Soil

Ytri Rangá

1 Source

2 Middle

3 Before the mouth of the Þvera

4 Mouth

Eystri Rangá 5 Middle

6 Middle—before the Hungurfit

Hroarslækur
7 Source

8 Before the mouth of the Ytri Rangá

Holsa 9 Near to the mouth in the Atlantic

Volcano ash

Eyjafjallajökul l Primary volcano ash

Regardless of the severe degradation, frequent volcanic eruptions and harsh climatic
conditions, the Rangárvellir area always remained inhabited. At the beginning of the 20th
century, restoration projects were established throughout the area. Since then, continuous
restoration efforts and numerous research projects have been carried out and today vege-
tation has been restored on large parts of the areas [32]. Striking examples of the drastic
changes between the 1940s and today are the pictures of the farmstead Gunnarsholt. While
most areas have been seeded and are dominated by grass, some areas represent the original
birch or willow woodland, e.g., the vicinity of the spring of the Hróarslækur which was
used as a drinking water source and has been protected from grazing.
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2.2. Sampling Sites

We focused our analysis of heavy metals in soil and river sediment on the Rangárvellir
area in southern Iceland. Sediment samples from the watershed of the three rivers, Ytri
Rangá, Eystri Rangá and the Hroarslækur River, have been collected along a total length of
60 km (Figure 1, Table 1).

Samples were collected so that the sources, the central parts of the stream and the
mouth of these rivers were included. Furthermore, samples of river sediments and soil
were taken from the Thvera (Þvera) River, the downstream river into which all three
upstream rivers enter. Moreover, for comparison, a sample of primary ash from the 2010
eruption of the volcano Eyjafjallajökull was taken for chemical analysis.

The soil sample was taken using a soil corer. The core sample is 10 cm in length. Each
soil sample was taken at a distance of 5 m from the riverbank, at the location where the
river sediment was taken. The samples of surface river sediments were collected by a
plastic scoop. A sample of volcanic ash was obtained from colleagues from Iceland. The
whole sediment and soil sample were used for analysis. Only pebbles were removed from
the samples. Sediment is collected and then homogenised by mixing the sample using a
plastic spoon.

A total of 23 individual samples of river sediments and 9 composite soil samples were
collected from the investigated area, and 1 sample of volcanic ash was obtained, as shown
in Table 1. In the collected samples the following elements were analysed: Al, As, B, Ba, Be,
Bi, C, Ca, Cd, Co, Cr, Cu, Fe, H, K, Li, Mg, Mn, N, Na, Ni, P, Pb, S, Sb, Si, Sr, V and Zn.

2.3. Determination of Element Concentrations and Quality Control

Sediments and soils were sequentially extracted according to the three-step sequential
extraction procedure proposed by the Community Bureau of Reference (BCR) [33–36]. A
description of this procedure is given below, and it is as follows:

Step 1 (Fraction soluble in acid—metals exchangeable or associated with carbonates):
About 1 g of each sample was added to 40 mL of a 0.11 mol L−1 acetic acid solution,
with agitation for 16 h at 22 ◦C. The extract was separated from the solid phase
by centrifugation at 3000 rpm for 20 min, and the supernatant was stored for later
analysis.

Step 2 (Reducible fraction—metals associated with oxides of Fe and Mn): Residue from
Stage 1 was added to 40 mL of a 0.5 mol L−1 acid hydroxyl ammonium chloride
solution (pH 1.5). The suspension was then agitated for 16 h at 22 ◦C. The extract
was separated from the solid phase by centrifugation, as described in Stage 1.

Step 3 (Oxidizable fraction—metals associated with organic matter and sulphides): Residue
from Stage 2 was added to 10 mL of 8.8 mol L−1 H2O2 solution (pH 2–3), and the
mixture was left at room temperature for 1 h. It was then heated to 85 ◦C for 1 h in
a water bath, until the volume was reduced to 2–3 mL. Another 10 mL portion of
8.8 mol L−1 H2O2 solution was added, and the mixture was heated to dryness at
85 ◦C for 1 h. After cooling, 50 mL of a 1.0 mol L−1 solution of ammonium acetate
(pH 2) was added to the residue, followed by agitation for 16 h at 22 ◦C. The extract
was separated from the solid phase by centrifugation, as above.

After the first three extraction steps, the extract was separated from solid residue by
centrifugation at 3000× g for 10 min, supernatant decanted, diluted to 50 mL with 1M
HNO3 and stored in a polyethylene bottle at 4 ◦C until metal analysis. The residue was
washed with 20 mL deionized water and shaken for 15 min, followed by centrifugation for
10 min at 3000× g. The supernatant was decanted and discarded, acting cautiously not to
discard any solid residues. In this way, the residue was prepared for the next BCR step [35].

Step 4 (Residual fraction—metals strongly associated with the crystalline structure of
minerals): The Stage 3 residue was digested using a mixture of the acids (8 mL aqua
regia, 3:1, v/v, HCl to HNO3) on water bath for 1 h at 85 ◦C, until the volume was
reduced to 2–3 mL. Another 8 mL portion of aqua regia was added, and the mixture
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was heated to dryness at 85 ◦C for 1 h. The final residue was dissolved in 1M HNO3
and diluted to 50 mL and stored in a polyethylene bottle at 4 ◦C until metal analysis.
Digestion of the residual material is not specified in the BCR protocol.

The inductively coupled plasma optical emission spectroscope (ICP/OES) iCAP-6500
Duo was used to determine the element concentrations. Certified reference material (BCR
701) was used for determination of the accuracy and precision of the obtained results.
During all steps of the sequential extraction the acceptable accuracy of 80% up to 120%
and sought precision of at most 20% for the metal concentrations is achieved. The total
amount of elements in this paper is defined as the amounts extracted during sequential
extraction [37]. The CHNS contents were estimated with the Vario EL III C, H, N, S/O
elemental analyser (Elementar, Langenselbold, Germany).

2.4. Statistical Analyses

The application of statistical methods on real data sets [26] can be suitable for the
investigation of migration roads in sediments dynamic process. Within the frames of the
research presented in this study the descriptive data analyses of mean, median, standard
deviation, maximum and minimum concentrations, PCA (principal component analysis)
and CA (cluster analysis) were performed. PCA and CA were used in order to obtain
information about the relationships and behaviour of the elements. PCA is used to explain
the variances observed in the data and to understand the relationship between the different
parameters. The rotation of the principal component was carried out by the Varimax
normalised method. The Varimax rotation was performed to secure increased principal
components of chemical/environmental significance.

Cluster analysis is defined as a general logical technique, procedure, which allows
clustering variable objects into groups-clusters on the basis of similarity or dissimilarity.
Cluster analysis involves computational procedures, whose purpose is to reduce a set of
data on several relatively homogenous groups-clusters, while the condition of reduction is
maximal and simultaneously minimal similarity of clusters. In this manuscript Hierarchical
cluster analysis is applied. This is a clustering method that explores the organisation of
samples in groups and among groups depicting a hierarchy.

The statistical analysis was done using IBM SPSS software, (IBM Corp., Armonk, NY,
USA), version 21.0.

3. Results and Discussion
3.1. Total Contents of Elements in River Sediments and in Soil Samples

Descriptive statistics including mean, G mean, H mean, median, min, max, 10th
percentile (10th P), 25th percentile (25th P), 75th percentile (75th P), 90th percentile (90th P)
and standard deviation (SD) for total element content were present in Table 2. In general,
the mean content of the examined elements in the soil is higher than in river sediments.
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Table 2. Descriptive statistics—river sediments and soils [mg kg−1].

Mean * G
Mean

H
Mean Median Min Max 10th P 25th P 75th P 90th P SD

Al # 28,923 28,267 27,655 28,289 18,642 47,271 22,244 24,281 31,887 38,557 6559
B 9.68 8.94 8.31 8.86 4.05 22.6 5.82 7.06 10.54 16.52 4.30

Ba 39.6 38.6 37.4 41.6 22.3 52.7 23.1 35.3 45.9 48.4 8.3
Be 0.85 0.84 0.83 0.88 0.55 1.07 0.70 0.76 0.91 1.01 0.13
Bi 1.77 1.75 1.73 1.70 1.31 2.48 1.53 1.57 1.91 2.20 0.28
Ca 23,404 22,779 22,229 21,942 16,702 40,676 18,085 18,534 27,516 30,246 5889
Cd 0.26 0.26 0.26 0.26 0.20 0.35 0.21 0.23 0.28 0.32 0.04
Co 25.2 24.8 24.4 25.9 16.2 34.2 17.5 22.8 27.2 32.2 4.6
Cr 15.5 13.8 12.4 13.7 6.3 42.4 6.8 10.6 18.2 25.5 8.2
Cu 58.4 56.8 55.1 56.8 34.0 88.1 36.0 50.8 66.9 79.6 13.8
Fe 51,361 50,993 50,627 50,825 39,012 66,387 44,099 47,206 56,265 58,685 6315
K 1226 1185 1144 1168 651 1943 814 1035 1334 1636 322
Li 2.9 2.8 2.8 2.9 1.9 3.4 2.3 2.56 3.2 3.31 0.4

Mg 14,111 13,798 13,500 13,692 9938 21,562 10,730 11,069 15,967 18,204 3116
Mn 708 698 688 715 498 954 526 614 799 835 116
Na 4810 4659 4523 4378 3319 8035 3486 3714 5744 6587 1296
Ni 22.4 21.3 20.2 21.8 11.1 41.4 13.1 17.85 27.1 31.44 7.3
P 1019 999 976 1057 607 1430 696 869 1112 1196 199

Pb 7.3 7.1 6.9 7.1 4.6 10.3 5.1 6.22 8.1 9.37 1.5
S 223 204 186 216 99.0 426 117 146 299 344 95.0
Si 7738 7581 7412 7865 4363 10,724 5965 6770 8407 10,161 1545
Sr 77.9 75.4 72.7 76.8 41.6 109.0 49.3 67.9 94.9 104 19.0
V 139 135 131 137 72.0 206 92.0 124 154 174 32.4

Zn 50.4 50.0 49.6 48.8 40.5 64.9 43.6 46.4 56.0 60.7 6.7
Al & 34,282 33,898 33,523 33,650 26,256 44,384 26,256 30,713 37,434 44,384 5500

B 13.1 12.3 11.7 12.0 7.5 23.9 7.5 9.82 13.0 23.9 5.2
Ba 52.20 51.08 49.83 50.61 31.33 66.6 31.33 46.2 58.25 66.6 10.87
Be 1.99 0.98 0.96 1.00 0.68 1.27 0.68 0.93 1.06 1.27 0.17
Bi 1.91 1.87 1.84 1.96 1.38 2.45 1.38 1.64 2.26 2.45 0.38
Ca 24,184 23,837 23,524 22,396 19,965 32,740 19,965 20,770 25,211 32,740 4550
Cd 0.30 0.29 0.28 0.27 0.21 0.60 0.21 0.24 0.30 0.60 0.12
Co 28.1 27.7 27.3 29.1 19.4 36.4 19.4 26.41 30.3 36.44 4.9
Cr 13.5 12.6 11.7 12.2 6.9 20.5 6.9 9.28 18.7 20.51 5.3
Cu 57.6 55.9 54.6 51.5 45.0 95.1 45.0 46.8 58.6 95.1 16.2
Fe 55,140 54,612 54,078 56,928 42,803 67,564 42,803 48,181 60,303 67,564 8037
K 1406 1351 1292 1394 734 2031 734 1127 1746 2031 401
Li 2.7 2.7 2.7 2.6 2.2 3.4 2.2 2.48 2.8 3.43 0.4

Mg 13,482 13,217 12,978 12,824 10,085 19,449 10,085 11,450 14,825 19,449 2968
Mn 699 689 679 719 523 852 523 594 792 852 123
Na 5145 5042 4944 5494 3837 7144 3837 4112 5569 7144 1105
Ni 20.3 19.3 18.5 17.3 13.7 37.2 13.7 15.5 24.7 37.1 7.5
P 1115 1102 1089 1147 869 1436 869 953 1204 1436 180

Pb 8.8 8.7 8.6 8.8 6.0 11.4 6.0 8.17 9.5 11.4 1.5
S 219 211 203 220 128 301 128 200 256 301 58.8
Si 7793 7708 7628 7670 6326 10,352 6326 6795 8343 10,352 1252
Sr 86.4 84.4 82.3 84.2 52.2 120 52.2 76.9 96.2 120 18.9
V 140 138 136 149 89.0 163 89.0 134 157 163 23.4

Zn 54.7 54.3 53.9 56.4 43.3 64.1 43.3 48.9 59.2 64.1 6.9

* Explanation: Mean—arithmetic mean; G Mean—geometric mean; H Mean—harmonic mean; Min—minimum; Max—maximum; 10th
P—10th percentile; 75th P—75th percentile; 25th P—25 percentile; 90th P—90 percentile; SD—standard deviation; #—river sediment;
&—soil.

The values of total element contents in the studied river sediments and soils are shown
in Figure 2. The investigated elements were divided into four groups depending on their
content in soil and river sediments (Figure 2). The most abundant elements, ranging from
about 0.5% to about 5% of the average content, are identified as major elements. These
major elements are: Al with 2.89% in river sediment and 3.43% in soil, Fe; 5.14% and 5.51%
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in river sediment and soil respectively; Ca, 2.34% and 2.42% in river sediment and soil
respectively; Mg, 1.41% and 1.35% in river sediment and soil respectively; Si, 0.77% and
0.78% in river sediment and soil respectively; and Na, 0.48% and 0.51% in river sediment
and soil respectively. The second group of elements are identified as macro elements, with
an average content ranging between 0.01% and 0.10%. The macro elements include K
(0.12% and 0.14% in river sediment and soil respectively), P (0.10% and 0.11% in river
sediment and soil respectively), Mn (with about 0.07% in river sediment and soil), S (0.02%
in river sediment and soil) and V (0.01% in river sediment and soil).
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The third group of elements are minor elements with an average content of only a few
ppm and include B, Ba, Co, Cr, Cu, Ni, Pb and Zn. The fourth group of elements consists of
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trace elements with only of few ppm (Li, Bi and Be) i.e., parts of ppm (As and Sb). Figure 2
also illustrates the results of the elemental analyses for C, H, N and S expressed in % values.
Values of S and N are lower than 1% and some samples of river sediments lack S and N
entirely, such as in the upper and middle parts of the Ytri and Eystri Rangá rivers and
along the whole stream of the River Hroarslækur while both S and N in all samples of soil
were present. Higher values of C and H are found in all investigated samples; H in the
range of 0.5–1.0% while the content of C in some samples of soil had values over 2%. Soils
release organic matter (OM) which is not significantly different from one soil to another [38].
About half of the eroded organic carbon oxidizes and releases to the atmosphere [39].

We calculated the Al/Fe ratios (elements with stable chemical forms) of river sedi-
ments and soil samples (Figure 3) [40,41]. The same ratios were calculated for the primary
volcanic ash. Similar ratios of river sediments, soil and volcanic ash for the other elements
(P/Al, Fe/Al, Mn/Al, Si/Al and Mg/Al) are illustrated in Figure 3. The results indicate
that in volcano ash the aforementioned ratios are significantly higher than those in river
sediments and soil while ratios K/Al and Ca/Fe found in volcano ash are lower than those
in river sediments and soil.
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In crustal material from Iceland the (Ca + Mg)/Fe ratio ranged from 0.5 to 1.0 with
one outlier of 1.5 in river sediment and in volcano ash was around 0.3 while 0.03 < K/Al <
0.06 and Na/Al < 0.2 respectively.

The Fe/Al ratios in our sediment and soil samples are between 1.0 and 3.0 and in
volcanic ash is around 7.0. The ratio Mn/Al in investigated samples is low and its value
is about 0.03 and in some samples of river sediments it was approximately 0.06 while in
volcano ash it was near 0.08. The ratio of P/Al does not exceed 0.1 [40,41] and our results
have shown the range of 0.06 in river sediments and soil and 0.09 in volcano ash.
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3.2. Statistical Analyses
3.2.1. Significant Correlations among Elements in the River Sediments and Soil

Correlations between elements in river sediments (Table S1) and in the soil (Table S2) are
significant as illustrated in Figure 4. In particular, B and P are strongly correlated with each
other but not with any other element in soil (Tables S1 and S2), indicating complex chemical
interactions among elements in water/sediment system forming stable associations (B with
Mn and Zn and P with Ba, Be, Li, V, C and H). Leaching of easily soluble fractions of metals
in soil and sediments and their re-adsorbtion processes in physico-chemical interaction
with sediment particles affect their redistribution in river sediments.
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On the other hand, C—N correlation in soil (r = 0.981 and p = 0.01) is the strongest
correlation taking into account all the existing correlations both in river sediments and soil
indicating organic matter of animal origin. In general, correlations among C, H and N are
better in soil compared to river sediments (Tables S1 and S2, Figure 4).

3.2.2. Principal Component Analyses of Heavy Metals and Trace Elements in River
Sediments and Soil

The element contents in river sediments and soil were analysed by principal com-
ponent analyses (PCA) using the SPSS software. Before applying the PCA model, the
suitability of the data for factor analysis was assessed but the model did not provide a
solution for any of the two investigated data sets, because of a large number of variables.
For this reason, we divided the total data set into sub-data sets representing major, macro,
minor and trace elements. The solutions for KMO (Kaiser–Meyer–Olkin) indicator which
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exceed the minimum recommended value of 0.6, and for Bartlett’s spherical test that
reached high statistical significance (p < 0.001), indicate the convenience of correlation
matrices for PCA analysis were taken into account. By analysing the main components, the
Varimax-rotated factors for Eigenvalues above 1 were considered (Table 3).

Table 3. Varimax-rotated factors for Eigenvalues (Ev) > 1.

PC1 % of σ2

(Ev)
PC2 % of σ2

(Ev)
PC3 % of σ2

(Ev)

Major

River
sediments

Al, Ca, Fe,
Mg, Na, Si

80.0
(4.80)

Soil Al, Ca, Fe,
Mg, Na, Si

75.9
(4.56)

Macro

River
sediments V, S, Mn, K 48.64

(2.57) P, K 22.81
(1.00)

Soil V, S, P, Mn, K 59.44
(2.97)

Minor

River
sediments

Ba, Co, Cr,
Cu, Ni, Pb

58.28
(4.74) B, Zn 21.82

(1.67)

Soil Ba, Co, Pb,
Zn

42.60
(4.20) B, Cu, Cr, Ni 38.86

(2.32)

Trace

River
sediments Be, Bi, Cd 37.04

(2.62) Li, Sb 24.98
(1.24) As, Li 21.12

(1.13)

Soil
There are fewer than two cases, at least one of the variables has zero variance, there is only one

variable in the analysis, or correlation coefficients could not be computed for all pairs of variables.
No further statistics computed.

Major elements in river sediments and in soil were grouped in only one factor (PCA1)
with the eigenvalues of Ev = 4.80 and 4.56 and variance σ2 = 80.0 and 75.9 as total contri-
bution to their contents in river sediments and soil respectively, indicating domination of
their origin that is volcanic material. Macroelements in the sub-data set of river sediments
were grouped in two factors; the first one (PCA1) with V, S, Mn and K (Ev = 2.57 and
σ2 = 48.64) and the second one (PCA2) with P and K (Ev = 1.00 and σ2 = 22.81) but in
sub-data set for soil these elements are still in one factor (Ev = 2.97 and σ2 = 59.44). The
occurrence of K and P in river sediments indicates their leaching from the soil (P in total
and K partial) and accumulation in sediments particles. More minor elements (B, Cu,
Cr, Ni) for sub-data set of soil are in the second factor than in river sediments (B, Zn)
indicating stronger geochemical structures of these elements, such as crystalline of Fe-Mn
substrates or alumosilicates, which do not allow their easy leaching and migrating in the
water/soil/sediment interaction. PCA analysis for sub-data sets of trace elements gave the
results for river sediments but not for soil. Trace elements in river sediments are grouped in
three factors where one predominantly contains Be, Bi and Cd, the second is characterised
by Li—Sb association and the third by As—Li association. One of the reasons why trace
elements are not grouped in the soil may be the fact that soil formation takes place after
volcanic activity during which complex geochemical processes occur. Elements in river
sediments are grouped in accordance with their similar behaviour.

3.2.3. Cluster Analyses in Q Mode of Heavy Metals and Trace Elements in River Sediments
and Soil

A cluster analysis (CA) in Q mode, which represents cases that are locations in our
research, was performed separately; for river sediments dataset and for soils dataset. The
results are reported in Figure 5. More significant associations show the lower value is on
the axis [42]. The clusters of strongest associations are grouped in the first stages.
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CA analyses (Figure 5) applied on the cumulative data set for river sediments shows
the dendrogram with several strong associations, among locations. The first agglomeration
with the strongest association forms in the locations of Ytri Rangá (sample 3 at its mouth)
and middle of the Þvera River (Figures 1 and 5 and Table 1) indicating their similarity in
the chemical pattern of elements. Both Ytri Rangá and Þvera River form Holsa River.

The second strong association is that of the Ytri Rangá at its mouth (sample 1) and the
middle of the Eystri Rangá (sample 3) (Figures 1 and 5 and Table 1). The Eystri Rangá is
the tributary of the Þvera River which flows into the mouth of the Ytri Rangá.

The third strong association is formed by the Ytri Rangá (before the mouth of the
Þvera River), the Eystri Rangá (middle sample 2) and both samples at the source of the
Hroarslækur River (Figures 1 and 5 and Table 1). The source of the Hroarslækur River is
in the volcano area and between the Ytri Rangá and the Eystri Rangá. It is not possible
to exchange sediments among these three rivers in this area, but spreading of volcanic
material from Hekla shows the similarity in the chemical pattern of elements at these
locations.

The fourth strong association is that of the Ytri Rangá (sample 2 from the middle and
sample 2 from the mouth) and the Eystri Rangá (sample 1 from the middle). As in the
previous case, the similarity in the chemical pattern of elements at these locations is caused
by volcanic material from Hekla.

The most significant result of CA in Q mode is the association of the Ytri Rangá
(samples 1 and 2 from the source) and the Holsa River near their mouth in the Atlantic
Ocean, pointing to a direct connection between the chemical pattern of elements in the
river sediments of theYtri Rangá at their source and the Holsa River near their mouth. The
distance of these two locations is more than 50 km, but in the sediments transport process,
the sediment material from the Ytri Rangá source has a significant influence on the Holsa
River near their mouth in the Atlantic Ocean.

A cluster analysis (CA) in Q mode applied on soil dataset has shown two associations
(Figure 5): The first is the Ytri Rangá (mouth), the Eystri Rangá (middle and middle before
Hungurfit) and the Holsa River near their mouth in the Atlantic Ocean; and the second
association consists of the Ytri Rangá (source and middle) and the Hroarslækur River (at
source and before the mouth of the Ytri Rangá) indicating the similarity in two chemical
patterns of the elements in the soil of the investigated region (Figures 1 and 5, Table 1).
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3.3. Fractionation of Elements in River Sediments Soils and Volcano Ash

The distributions of element contents by fractions are given in Figures S1–S4 and
Table S3 (results are presented in the form of mean, max and min). Sequential extraction
performed in this manuscript includes a three-step BCR procedure: the first step—acid
soluble fraction (extraction with acetic acid solution); the second step—reducible fraction
(extraction with hydroxyl ammonium chloride solution); the third step—oxidizable fraction
(extraction with hydrogen peroxide solution); and additional, the fourth step, digestion of
the residual material (extraction with aqua regia).

It is possible to notice that there are no significant differences in the distribution of
elements in the fractions among the studied sediment and soil from the investigated region
of Iceland. The elements in soils and sediments associated with the different fractions
and results indicated that Al, B, Ba, Be, Ca, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Na, Ni, P, Pb,
Sr, V and Zn are significantly extracted in the fourth as a dominant and second fractions;
for some of the elements, higher content was extracted in the third, and for some of the
elements, the first fraction was significant. Cd from soils and sediments was dominantly
extracted in the fourth fractions and lower content was extracted in the first and third.
Sulphur is dominantly extracted in the fourth and third fractions and Si in the second and
third. For most of the elements determined, the relevant bonding phase is a residual one,
comprised of crystal forms of iron oxides (e.g., magnetite, hematite) and aluminosilicates.
This observation indicates a dominant geochemical origin for most of the elements.

Fractionation of Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn and V showed that the major por-
tion of these elements was extracted in the residual fractions (>50% of extracted elements).
Elements bound to residual fraction are ‘unreactive’. Elements bound to reducible Mn
and amorphous/crystalline Fe oxides, extracted in the second fraction (mainly Co, Cr, Cu,
Ni, Pb and Zn ≈ 20% of extracted content) can eventually become available under redox
conditions. The results of fractionation suggest that only Mn extracted > 10% in the first
fraction from sediments (mean value 14%). There was a possibility that Mn2+ in sediments
precipitates as MnCO3.

Al, Fe, Mg, K, Si, Ca, Na, Sr, B, Ba and Be are dominantly lithogenous in origin.
Contents of these elements are mainly controlled by continental weathering. Sulphur
content is attributed to natural abundance, and also may be due to decomposition of
organic matter. Significant sulphur extraction in the oxidizable fraction indicated that
sulphur in studied soils and sediments is mainly present in the form of sulphides and
organic matter. A negligible percentage of Mg and Ca extracted in the labile fractions
indicates that these elements in the studied soil sediments do not originate from carbonates,
but they are mostly of the aluminosilicate origin. In general, given the low content of the
elements extracted in the first fraction, it can be assumed that studied soils and sediment
from Iceland do not contain a significant proportion of carbonates. In addition to the oxides
and aluminosilicates, which are important substrates of researched elements, organic
matter and sulphides bound some of B, Cu, Si, Zn, Pb and Ni (5–21%).

In addition to determining distribution of toxic and potentially toxic elements, be-
haviour of matrix components was also observed. Results of fractionated elements were
grouped according to the distributions and similarities of their chemical forms, so alkaline,
alkaline earth, heavy metals and trace elements have similar percentage distributions in
their chemical forms, respectively. Minor deviations come from smaller variations of their
percentage shares primarily in river sediments and soil, but some elements show significant
difference in percentage distributions of chemical forms of some elements in volcano ash.
For example, crystalline form of K in volcano ash is lower than in river sediments and
soil, but carbonate and organic-sulphides forms are higher. A similar distribution is also
found for Na. Li shows absence of organic or sulphides form in all investigated crustal
material. The percentage share of carbonate form for Ba is higher in volcanic ash than
in river sediments and soil and contrary for Be. All contents of Bi in all samples are in
crystalline form while almost all content of V is in crystalline form and a negligible part is
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associated to Fe-Mn stable oxide substrate. Mostly, the deviation from the main scheme is
in volcano ash.

Arsenic was found only in three samples. All three samples (Table 1) are river sedi-
ments from the Ytri Rangá–middle (samples 1 and 2) and mouth (sample 2). Quantity of
measured As is associated with organic or sulphides substrates. As and S may form very
insoluble compounds, such as arsenopyrite [43]. Further impact of As to their contents in
river sediments of other locations is not registered due to their extremely low contents in
the river sediment.

The chemical forms for B have various distributions depending on the location. A
higher percentage share of B in organic form is found in samples of river sediments and
soil in the middle both in Ytri Rangá and the Eystri Rangá (Table 1). Some samples from
Hungurfit and upper parts of the Eystri Rangá have only two chemical structures (Fe-
Mn substrates and crystalline forms) and some in the middle of the Ytri Rangá have a
significant share of carbonate form but in spring the carbonate form is missing.

All contents of B in volcano ash are in a strong crystalline structure. Interesting
distribution of chemical forms shows P. None of the samples of river sediment and soil
show carbonate form of P but almost 50% of P in volcano ash is in carbonate form. As
with arsenic, Sb is not found in all samples and in some samples total content of Sb is in
an organic substrate and in others it is in carbonate form. Total content of Sb was also
very low.

4. Conclusions

In this work, we proposed chemical fingerprints approach with elements that already
exist in soil and sediments when other approaches fail. We found that Al, Fe, Ca, Mg, Si and
Na in investigated area are dominating. Much better correlations among heavy metals and
trace elements were found in samples from river sediments indicating higher connectivity
and suggesting stronger associations in sediments substrate indicating sediments dynamics
and water/sediments physicochemical interactions as key processes. On the other hand,
correlations among C, N and H were much better in soil. PCA analyses show that major
elements originate only from one source, both in river sediments and soil while more factors
were found among macro, minor and trace elements in river sediments as a consequence of
the sediments dynamics and water/sediments interactions which connect them according
to their physico-chemical properties. Characteristic ratios K/Al, Ca/Fe, P/Al, Fe/Al,
Mn/Al, Si/Al and Mg/Al indicate that Fe/Al ratio is significantly higher than those found
in African regions. Si/Al and Ca/Al ratios are significantly lower, but Mg/Al and P/Al
are in the range found in African regions. The chemical patterns of investigated elements
combined with CA statistical method have shown the strong influence of sediments that
are transported from the source of the Ytri Rangá to the estuary in the Atlantic Ocean, more
than 50 km away. These results suggest that chemical forms of the elements As, B, Cd, P,
Sb etc., could be used as tracers for tracking sediment transport. Since each type of the
naturally abundant tracer elements analysed in this study reveals the specific characteristic
of sediments migration we conclude that our approach of chemical fingerprinting is a
suitable method to identify sediment transport patterns and sediment connectivity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13141928/s1. Figure S1: Distribution of elements (K, Li and Na) by fractions. Figure S2:
Distribution of elements (Al, Bi, Co, Fe, Ni, Si, V, Zn) by fractions. Figure S3: Distribution of elements
(As, B, Cd, Cr, Cu, Mn, P, Pb, S and Sb) by fractions. Figure S4: Distribution of elements (Ba, Be, Ca,
Mg and Sr) by fractions. Table S1: Interelement correlation coefficients for the river sediment samples.
Table S2: Interelement correlation coefficients for the soil samples. Table S3: Element contents in
sediments and soils extracted using the BCR protocol.
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