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The Rio Sella in northern Spain drains a catchment area of around 1200 km?. It originates in the Picos
de Europa and erodes a variety of outcropping lithologies, mainly of Palacozoic and minor Mesozoic
to Cenozoic age. These rocks include siliciclastics, their metamorphic equivalents, carbonates and
mixed sedimentary lithologies but almost no (meta-)igneous rocks. Some of the mentioned rock types
are only found in specific areas within the study area, and most of them are identified by specific heavy
mineral associations. It is therefore possible to make preliminary estimates of the potential detrital
heavy mineral contribution of each region in the Rio Sella catchment. Further sampling of modern,
i.e. currently deposited, river and beach sediments allows for sediment routing during transport and
recycling processes. This also includes the impact of grain size effects and signal dilution due to
different heavy mineral fertilities of the eroded strata. The influence of anthropogenic activities is
reflected by the abundance of heavy anthropogenic particles, and the potential of this for sediment
research or environmental impact is yet to be determined. The initial results indicate the potential
and necessity of detailed heavy mineral characterisation of both fluvial sediments and outcropping
lithologies within a catchment. This is particularly important when aiming to reconstruct sedimentary
and particle fluxes at a high spatial resolution.

Der Rio Sella im Norden Spaniens entwissert ein Einzugsgebiet von rund 1200 km?. Er entspringt
in den Picos de Europa und erodiert eine Vielzahl von aufgeschlossenen, hauptséchlich paldozois-
chen sowie in geringerem Mafle meso- und kénozoischen Lithologien. Zu diesen Gesteinen gehdren
Siliziklastika, ihre metamorphen Entsprechungen, Karbonate und gemischte sedimentire Lithologien,
jedoch fast keine (meta-) magmatischen Gesteine. Einige der genannten Gesteinsarten kommen nur
in bestimmten Bereichen des Untersuchungsgebiets vor. Die meisten von ihnen lassen sich anhand
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spezifischer Schwermineralassoziationen identifizieren. Daher ist es moglich, vorldufige Schitzun-
gen zum potenziellen Beitrag der detritischen Schwerminerale jeder Region im Einzugsgebiet des
Rio Sella vorzunehmen. Weitere Probenahmen von modernen, d.h. derzeit abgelagerten Fluss- und
Strandsedimenten ermdglichen eine Verfolgung der Sedimente wihrend des Transports und der Re-
cyclingprozesse. Dazu gehoren auch die Auswirkungen der Korngrofle und die Signalverdiinnung auf-
grund unterschiedlicher Schwermineralgehalte der erodierten Schichten. Der Einfluss anthropogener
Aktivititen spiegelt sich in der Haufigkeit schwerer anthropogener Partikel wider, deren Potenzial fiir
die Sedimentologie oder die Umweltvertriglichkeit noch zu bestimmen ist.

1 Introduction

2 The Rio Sella catchment

The steepest ca. 10 % of terrestrial mountainous areas may
contribute more than 50 % of the total denudation (Larsen
et al., 2014). In particular in such settings, rivers transport
most of the eroded material to the oceans (Pitlik et al., 2021),
being ideal for detailed studies on fluvial particle transport.
Various factors, like lithology, grain size, climate and mor-
phology (Neely and DiBiase, 2023), control the amount of
transported sediments in specific mountainous catchments.
However, some mechanisms of sediment transport from the
headwaters of mountainous rivers to the ocean, including
temporal sediment storage, are not known in detail (Mis-
set et al., 2019; Pitlik et al., 2021), nor is the subsequent
alongshore transport of their sediments (Milliman and Syvit-
ski, 1992; Syvitski and Milliman, 2007). The comparatively
small drainage of the Rio Sella of northern Spain is one such
steep river and was therefore chosen for detailed studies on
single particle transport.

Traditionally, heavy minerals, i.e. minerals with a density
of >2.80 gcm™3, either in large mineral spectra (van Andel,
1950; Yang et al., 2009) or with focus on a specific mineral
group (Gértner et al., 2014; Oberthiir et al., 2016), play an
important role when reconstructing sediment transport and
provenance. To achieve information on sediment transport
in the Rio Sella catchment of northern Spain, 37 samples of
outcropping sedimentary rock and modern, i.e. currently de-
posited, sediments were analysed (Fig. 1).

Aside from natural sediment transport, anthropogenic ac-
tivities may change the mechanisms of sediment transport
in rivers (Jing et al., 2022; Korup, 2012) and along shore-
lines (Stevens et al., 2024). Finally, human activity releases
enormous amounts of anthropogenic materials, which go far
beyond microplastics and also contain heavy anthropogenic
particles (HAPs), like metal spheres, fragments of alloys,
heavy glasses (Scholz and Girtner, 2024) and other mate-
rials, whose behaviour in sediments remains unstudied. The
accidental finding of these particles led to an initial charac-
terisation of this material within the Rio Sella catchment.
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Located in the eastern Asturias and northernmost Castilla y
Léon provinces, the perennial Rio Sella has a catchment area
of ca. 1284km?2, while its source is at about 1100 ma.s.l.
in the region of the Picos de Europa. Having a main chan-
nel length of about 66 km, the resulting mean gradient is ca.
20 %o. The main tributaries of the Rio Sella are the Rios Pi-
lofia, Ponga, Dobra and Giiefia.

2.1 Quaternary terrace levels and inferred maximum
incision rates

Along the river, up to 12 terrace levels are developed (Ruiz
Fernandez and Poblete Piedrabuena, 2011), of which the 8 m
terrace has an apparent minimum age of 11.3 to 14.3 ka (Fer-
nandez Irigoyen et al., 2006). The highest terrace level at
110 m above the river is known for Acheulean tool finds (Fer-
nandez Irigoyen et al., 2006), which results in a likely mini-
mum age of ca. 130ka (Key et al., 2021) for these deposits.
Thus, maximum incision rates are around 0.8 to 0.6 mma~!,
which is in line with findings from adjacent catchments
(Ruiz Ferndndez and Poblete Piedrabuena, 2011). Further-
more, larger landslides have been dated at ca. 2.65 ka based
on '*C (Fernandez Irigoyen and Ruiz Ferndndez, 2008).

2.2 Geology of pre-Quaternary rocks

The Rio Sella catchment is covered by eight sheets of the
1:50000 geological map of Spain (Alvarez-Marrén et al.,
1990; Caride et al., 1975; Gervilla et al., 1973a, b; Hereida
and Rodriguez Fernandez, 1989; Hereida et al., 1990; Juliv-
ert and Navarro, 1984; Navarro and Leyva, 1986). While
Early Permian igneous rocks of rhyolitic, granodioritic and
gabbrodioritic composition of the Infiesto Plutonic Complex
(Loépez-Gomez et al., 2019; Sudrez et al., 1993) to the west
are limited to only ca. 0.1 % of the investigated area, the
general lithology of the Rio Sella catchment comprises a
wide range of siliciclastic (ca. 26.7 area %), carbonate (ca.
46.7 area %) and mixed siliciclastic and carbonate (ca. 24.7
area %) sedimentary rocks (e.g. Gervilla et al., 1973c). The
remaining ca. 2.0 % of the catchment are covered by scree
and landslides made from various lithologies (Fig. 2). There-
fore, siliciclastic and carbonate rock occurrences are almost
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Figure 1. The drainage system of the river Sella and the sampling localities of this study. The inset illustrates the hypsometric profile of the

river.

equally covering the study area, while the occurrence of ig-
neous rocks is negligible.

With regard to the objective of the study, the description
of geological units and stratigraphy is succinctly outlined in
the following paragraphs. The oldest rocks in the Rio Sella
catchment are represented by the dolostones, limestones and
occasional shales of the Early Cambrian Lancara Formation
(Perejon et al., 2012; Zamarrefio and Julivert, 1967). These
are overlain by mainly siliciclastic Mid- to Late Cambrian
Oville and Ordovician Barrios formations (Aramburu and
Garcia-Ramos, 1993; Gutiérrez-Alonso et al., 2007; Pala-
cios, 2015). Discordantly overlying Devonian-aged (Famen-
nian) rocks are limited to the comparatively thin outcrops of
the siliciclastic Ermita Formation (Colmenero, 1976; Sanz-
Lopez and Blanco-Ferrera, 2023; van Loevezijn and Raven,
2021).

Large parts of the Rio Sella catchment are covered by Car-
boniferous carbonate rocks but also shale and other pelitic
to psammitic siliciclastics (Fig. 3). Several formations are
distinguished in certain areas of the catchment area, starting
with the black shales of the Tournaisian Vegamidn Forma-
tion (Borrego et al., 2018). Up-section follows the Visean—
Serpukhovian Alba and the Serpukhovian—-Bashkirian Bar-
caliente formations (Blanco-Ferrera et al., 2021). When deal-
ing with post-Serpukhovian Carboniferous strata, the area is
separated into the western Ponga Nappe Unit, the southern
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Pisuerga—Carrion Unit and the eastern Picos de Europa Unit,
with each of them containing differently termed formations
spanning to the Moscovian (for details, see Bahamonde et al.,
1997; Blanco-Ferrera et al., 2021). Kasimovian and Ghzelian
(Late Carboniferous) strata are represented by the rocks of
the Pando and Marafia-Braiias groups (Motis et al., 2001).

Permian strata including carbonate and siliciclastic rocks
discordantly overlie the Carboniferous series in the western
parts of the catchment area (Sotres and Cabranes formations;
Weil et al., 2010), while an isolated occurrence of undefined
Permo—-Triassic age is located to the east.

The earliest Mesozoic rocks in the catchment are repre-
sented by Triassic siliciclastic strata (Lugas Unit), overlain
by evaporite rocks (Fuentes Unit; Sudrez Rodriguez, 1988).
Triassic rocks are limited to the western and northwestern
margins of the Rio Sella catchment.

Early (Hettangian) to Late Jurassic (Kimmeridgian-
Tithonian) rocks are mainly located in the northern parts of
the Rio Sella catchment. They form a sequence of about
600 m thickness. These rocks are subdivided from base to
top into the Gijon, Rodiles, Vega, Terefies and Lastres for-
mations. The Jurassic strata represent intercalations of dolo-
stone, limestone, marl, red shale, conglomerate and sand-
stone (Avanzini et al., 2007; Navarro and Leyva, 1986;
Valenzuela Fernandez, 1989).

E&G Quaternary Sci. J., 74, 281-299, 2025
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Figure 2. Lithological overview of the Rio Sella catchment (derived from Alvarez-Marrén et al., 1990; Caride et al., 1975; Gervilla et al.,
1973a, b; Hereida and Rodriguez Ferndndez, 1989; Hereida et al., 1990; Julivert and Navarro, 1984; Navarro and Leyva, 1986).

A narrow band of Cretaceous, Barremian to Santonian
(Gervilla et al., 1973c, Hereida and Rodriguez Fernandez,
1989), consisting of minor siliciclastic and mainly carbonate
sedimentary rocks, stretches out from east to west through
the entire catchment area and rests unconformably above the
older rocks (Fig. 3; Gonzdlez-Fernindez et al., 2014).

Finally, parts of the Cretaceous deposits are covered by
Palaeocene to Oligocene (Gervilla et al., 1973a, b) to possi-
bly Neogene carbonate rocks.

2.3 Anthropogenic influences

Anthropogenic influences in the Rio Sella catchment are con-
centrated along the middle and lower reaches of larger rivers
and the coast. This is particularly mirrored by the distribution
and density of highways, roads and paths and railways, and
the population density (Fig. 4). Aside from the coast and ar-
chaeological sites, the Picos de Europa National Park attracts
around 2 million additional tourists per year, of which up
to 1 million visit the lakes of Cavadonga (Ldépez and Pardo,
2018), which are mainly reached via the Sella valley. The
ascending trend of visitors was only shortly interrupted by
COVID-19 during 2019 to 2021 (Molteni, 2022). Therefore,
even the least-inhabited regions of the Rio Sella catchment

E&G Quaternary Sci. J., 74, 281-299, 2025

are disproportionately highly frequented by persons and traf-
fic.

3 Material and methods

Twenty-two samples were taken from the main outcrop-
ping lithologies that occur in the Rio Sella catchment (“pre-
Quaternary rocks”), while eight stream sediment samples are
used to characterise the modern river heavy-mineral signal
of the Rio Sella. A further sample was taken from the lower
reaches of the adjacent ca. 23 km long Rio de las Cabras o
Bedon. Six additional samples of beach sediment between
Gijon and Cébreces were analysed (Table 1). These beach
sediments were collected close to the current swash zone,
with obvious heavy mineral bands and placers being avoided.

For heavy mineral analyses at the Senckenberg Naturhis-
torische Sammlungen Dresden, approximately 10 to 20g
of each sample was used for the heavy mineral separa-
tion procedure. Each hard rock sample was crushed by
hand, as this is less destructive than using a mill or jaw
crusher. While some broken grains were inevitable, micro-
scopic and scanning electron microscope images suggest
that many grains remained unaffected. All samples were
sieved for the fraction < 630 um and weighed (Sartorius Se-
cura 224 — 18, accuracy = 0.1 mg, reproducibility = 0.1 mg,

https://doi.org/10.5194/egqsj-74-281-2025
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Figure 3. Geological overview of the Rio Sella catchment (derived from Alvarez-Marrén et al., 1990; Caride et al., 1975; Gervilla et al.,
1973a, b; Hereida and Rodriguez Fernandez, 1989; Hereida et al., 1990; Julivert and Navarro, 1984; Navarro and Leyva, 1986).

linearity = 0.2 mg). Subsequently, heavy mineral separation
utilising LST (sodium heteropolytungstate) was employed at
a density of 2.80-2.82 gcm™3 to include all minerals of the
tourmaline and amphibole groups with densities starting at
around 2.82 gcm™3. Finally, the heavy mineral concentrates
were re-weighed. Representative aliquots of all samples were
mounted onto a stub object holder with adhered double-sided
carbon tape (both from Plano). Special care was taken to
avoid any mineral contacts. No further treatment was applied
in order to retrieve the entire information on grain morphol-
ogy. Prior to scanning electron microscope analyses, each
sample was coated with a 5 nm thick carbon layer. Through-
out the entirety of the preparation process, non-magnetic in-
struments were employed in order to preclude any potential
bias in the magnetic heavy mineral fraction.

Images, morphology and elemental analyses were per-
formed using an Apreo 2s (Thermo Fisher) scanning elec-
tron microscope (SEM) equipped with an ULTIM MAX 100
energy-dispersive X-ray spectrometer (EDS; Oxford Instru-
ments). Data were acquired utilising the Oxford AZtec ver-
sion 6.0 software, which enabled the quantification of grains,
their elemental spectra and the measurement of morphomet-
ric characteristics, including length, width, shape and equiv-
alent area circular diameter (ECD). The analysis was con-
ducted at high vacuum (ca. 1 x 10~*Pa), with an acceler-

E&G Quaternary Sci. J., 74, 281-299, 2025

ation voltage of 25kV and a lower cut-off particle size of
5 um. In order to ensure a minimum of at least 20 000 counts
per analysis, the data acquisition time was set at 0.15s per
grain. Peak calibration was performed on elemental Ti and
Mo. Stored element profiles for corresponding line series
were employed for peak deconvolution. Each heavy mineral
grain was individually identified and classified based on its
elemental composition using an Excel-based in-house pro-
cessing routine that was calibrated against 134 different ref-
erence materials of the most common minerals. The iden-
tified minerals were subsequently grouped as mica, garnet,
amphibole, pyroxene, epidote, rutile, zircon, tourmaline and
other transparent heavy minerals, in order to provide bet-
ter comparability. The “other” group often makes up less
than 10 % of the total transparent heavy minerals by area
(see below) but contains a large number of different miner-
als, the most abundant of which are indicated. As the de-
tection limit of EDS analyses is approximately 0.1 to 0.5
mass per cent, very small elemental quantities in the grain
size fractions are interpreted with caution. Tungsten and car-
bon were analysed and deconvoluted but were excluded from
interpretation because they were used in the preparation pro-
cesses (polytungstate and carbon tape). Dunkl et al. (2020)
demonstrated that electron beam-based methods yield over-
all good identification results, especially if the heavy min-

https://doi.org/10.5194/egqsj-74-281-2025
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Figure 4. Characteristics of anthropogenic activity in the Rio Sella catchment (data from Instituto Geografico Nacional, 2024; Ministerio

para la Transicién Ecoldgica y el Reto Demogrifico, 2023).

eral assemblage does not contain high proportions of poly-
morphs (which are not resolvable with electron beam meth-
ods, e.g. rutile/anatase/brookite, andalusite/kyanite/silliman-
ite) and chain silicates (which are difficult to discriminate
with electron beam methods).

Heavy mineral grain mounts were additionally optically
checked for polymorphs (TiO; and Al,SiOs).

Final results are presented as area per cent (area %) and
grain counts (grain %) for equivalent circle diameter (ECD)
of different size fractions (630-6.3, 630-200, 200-63, 63—
20, 20-6.3 um). The first mentioned method (area %) is
deemed to be a more accurate representation of the actual
heavy mineral proportions and is therefore recommended for
future studies. It is calculated as a ratio of a specific min-
eral phase’s area over the total area of all transparent heavy
minerals. However, the latter method (grain %) was chosen
in order to ensure comparability with previously published
data. In general, those (sub)samples with less than 300 anal-
ysed grains (Table S1 in the Supplement) are interpreted with
caution.

Although mica and dolomite are not a part of traditional
heavy mineral studies, they are reported here because of
their densities that match the criteria of heavy minerals
(annite=3.33 g cm™3, “biotite” = 2.81 to 3.12 g cm™3, mus-
covite=2.76 to 3.10gcm™3, dolomite=2.85gcm™> and

https://doi.org/10.5194/egqsj-74-281-2025

often higher; Gaines et al., 1997; Rosler, 1988). Plots of prin-
cipal component analysis (PCA) and multidimensional scal-
ing (MDS) were performed using the provenance package of
Vermeesch et al. (2016) for R (version 4.2.2).

The identification of heavy anthropogenic particles
(HAPs; here, all particles with a density of more than 2.80-
2.82gcm™3, i.e. those anthropogenic particles in the heavy
mineral fraction) focussed on those particles that show a dis-
tinctly different chemical composition from minerals, like
typical metal alloys, e.g. bronze, brass, ferrocerium and dif-
ferent types of steel, as well as native metals like aluminium,
lead, tin, zinc and copper. Particles with high amounts of
rare earth elements (REEs) in non-natural concentrations
and combinations are also regarded as being of anthro-
pogenic origin. Furthermore, heavy glasses like bariumti-
tanate, whose natural equivalent is often close to the com-
position of the rare mineral benitoite, are among the identi-
fied HAPs. A further group of particles is characterised by
very high quantities of iron (3> 75 %). That may correspond
to different alloys of steel, which are characterised by very
high amounts of Fe and additional metals but a very low
abundance of O (Bradai et al., 2008; Nguyen et al., 2017; Ra-
machandra et al., 2005). Therefore, a separately listed class
of particles with > 75 % Fe, here termed Fe++, could rep-
resent (partly oxidised) remnants of various steel alloys. As
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an analysis of oxygen from topographically different mineral
particles can result in slightly shifted O values (e.g. edge ef-
fect on very small grains), particularly the smaller of the lat-
ter particles have to be interpreted with care. Following ex-
tensive analysis, it was determined that the presence of cer-
tain spherules indicated a likely anthropogenic origin. Due
to their propensity for future automated identification, they
have also been placed in a separate class.

Overall, the identification of HAPs in modern sediments
(Fig. S1) is likely an estimate of minimum abundance, be-
cause maybe not all classes of HAPs are yet identified or
known. First estimates of HAP concentrations in sediments
are derived from the total number of HAPs in a weighed
aliquot of the total heavy mineral fraction (whose amount
of the total sediment was logged for each sample).

HAP — HMo [g]
HMajiquot [g] sampley, [g]

HAP per [g] sample = 1)
The calculation of relative uncertainties of the number of the
total HAPs per gram sample is based on the reproducibility
of the used balance at every weighing step and yields a mean
of +13.2 %/—18.8 % and a median of +12.0 %/—16.0 %.

4 Results

In this study, a total of 363547 heavy mineral grains
(opaques + transparent + dolomite) from 37 samples (15
modern sediments, 22 pre-Quaternary (meta)-sedimentites)
were analysed, with special emphasis on the transparent
heavy minerals. A general description of the samples is based
on the entire grain size range with some remarks on signif-
icant grain-size-dependent changes in heavy mineral distri-
bution in Sect. 4.1 and displayed in the respective figures.
As the TiO; polymorphs rutile, anatase and brookite cannot
be distinguished by EDS analysis, “traditional” microscopy
revealed a very clear predominance of rutile. Therefore, the
TiO; group minerals are termed “rutile” in the following text.
Besides the transparent heavy mineral groups mica, garnet,
amphibole, pyroxene, epidote, rutile, zircon and tourmaline,
there are additional “other” heavy minerals. They mostly ac-
count for less than 10 area % of the transparent heavy miner-
als per sample and were mainly identified as andalusite/kyan-
ite/sillimanite, apatite and staurolite, as well as occasionally
topaz, monazite and titanite. At some localities, fluorite and
barite occur abundantly but are not reported as single groups.
Further details on the heavy mineral distribution of each sam-
ple are given in Table S1. HAPs are characterised further on.

4.1 Heavy mineral characteristics of the samples

The total heavy mineral content differs significantly be-
tween the rock (0.45wt.% with outlier sample ES-22-
32, 0.26 wt. % without) and the modern sediment samples
(1.38 wt. %). Looking at the opaque grains, the entire Cam-
brian and Ordovician samples are depleted in such miner-
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als (2.85 area % of the entire heavy mineral fraction), while
all other samples, except for Carboniferous limestone ES-
22-26 and shale ES-22-19, show marked abundances, often
reaching values around or even above 40 area % (average of
all =40.88 area %, Fig. S2). Dolomite, however, is abundant
in just a few samples (ES-22-32, ES-22-26) and reaches sig-
nificant values of about 15 area % or more of the entire heavy
mineral concentrate in only five additional samples (ES-22-
13, ES-22-30, ES-22-31, ES-22-35, Gijon bridge). In most of
the analysed samples, the transparent heavy mineral fraction
makes up the main heavy mineral group (Fig. S2).

4.1.1 Grain size distribution of selected heavy mineral
groups

The grain-size-dependent distribution of certain transparent
heavy minerals in sediments and sedimentary rocks is well
known but not yet fully understood (Rittenhouse, 1943; Feil
et al., 2024) and has also been documented in the Rio Sella
catchment (Fig. 5). Although the length, width, area and
ECD are logged for each single analysis and may be used
in further studies, the grain size analyses presented here are
focussed on mica, garnet, amphibole, pyroxene, epidote, ru-
tile, zircon and tourmaline in the grain size fractions of 630-
200, 200-63, 63-20 and 20-6.3 um. Of these, results from
the 630-200 um fraction should be interpreted with caution
due to low heavy mineral counts.

It becomes evident that mica grains show a clear trend in
becoming more abundant in smaller grain size fractions. The
same seems to be valid for garnet, except for some very large
grains that are provided in modern sediments (Fig. 5). Sim-
ilar patterns were found for amphibole and pyroxene, which
are also abundant in the 630-200 pm fraction, decreasing in
abundance in the 200—63 pum fraction and then increasing to-
wards smaller grain sizes. At least in the studied samples,
epidote seems to be absent in the 630-200 um fraction and
has a pronounced maximum of 63—20 um. The grain size dis-
tribution of rutile is somehow different from all other mineral
groups in this study. While the overall distribution seems to
be nearly constant for 200—6.3 pum, the trends in modern sed-
iments and the pre-Quaternary sedimentary rocks differ sig-
nificantly. While rutile grains in modern sediments seem to
decrease from 200-63 pm towards smaller grain sizes, the
grain size distribution of rutile grains from pre-Quaternary
sedimentary rocks resembles that of mica. Grain sizes of zir-
con are quite consistent throughout the sample set, showing
an unequal distribution with a pronounced peak in the 200-
63 um fraction. Finally, tourmaline shows a trend to mostly
occur between 200 and 6.3 pm, with a less prominent peak at
63-20 um.

4.1.2 Distribution of transparent heavy minerals

Except for abundant dolomite, the oldest rock of this study,
an Early to Middle Cambrian dolostone (ES-22-32), con-
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Figure 5. Relative grain size distribution (fractions 630-200, 200—
63, 63-20 and 20-6.3um) of mica, garnet, amphibole, pyrox-
ene, epidote, rutile, zircon and tourmaline for all samples (upper
diagram), the modern sediments (middle diagram) and the pre-
Quaternary samples (lower diagram).

tains only few heavy minerals, mainly concentrated in the
<200 um fraction. These are mica, garnet, amphibole, ru-
tile and, as a main constituent of the “other” group, ap-
atite. All other heavy minerals occur only in small propor-
tions. Stratigraphically overlying, the Middle to Late Cam-
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brian siliciclastic sample ES-22-33 is characterised by abun-
dant mica and apatite, as well as some amphibole, while
the other transparent heavy minerals combine to less than
10area% on average. The Ordovician samples ES-22-09,
ES-22-10, ES-22-15, ES-22-18 and ES-22-34 are very sim-
ilar to each other. Except for relatively high amounts of
mica in ES-22-09 and ES-22-10, all these samples are com-
posed mainly of rutile, zircon and tourmaline, making them
a characteristic group in the studied catchment (Fig. 6).
Late Devonian and Early Carboniferous (Visean) carbonate
rocks (ES-22-11, ES-22-12, ES-22-14, ES-22-27, ES-22-28)
also constitute a quite similar group of rocks concerning
their heavy mineral composition. These strata contain high
amounts of apatite and occasionally (ES-22-28) calcium-
silicate that resemble the chemical composition of calico-
olivine with only very little variance. Stratigraphically up-
section (Navarro and Leyva, 1986), the amount of mica, gar-
net and rutile increases slightly. Additionally, sample ES-22-
11 contains comparatively high amounts of pyroxene. ES-22-
13 appears to be unique among the samples examined, con-
taining mainly zircon and being the only “basement” sample
with significant Al,SiO5 minerals (andalusite, kyanite, silli-
manite). Its smallest grain size fraction also contains garnet,
amphibole, pyroxene and rutile but is devoid of zircon. Sam-
ples ES-22-25 and ES-22-26 contain too few heavy minerals
for further interpretation other than that they do not provide
such material to the modern drainage system. Late Carbonif-
erous conglomerate and shale samples ES-22-19, ES-22-20,
ES-22-21 and ES-22-22 are again quite similar concerning
their heavy mineral spectra. These rocks contain abundant
mica and garnet, while all other transparent heavy minerals
barely add up to much more than 20 area % independent of
their grain size fraction. The Late Carboniferous calcareous
pelite ES-22-17 is a small isolated type of deposit outside
the Rio Sella catchment but within the adjacent Rio de las
Cabras o Bedén drainage area. Its heavy mineral content dif-
fers a lot from those of the aforementioned Late Carbonif-
erous rocks as it includes plenty of apatite and baryte as
main constituents, while the other transparent heavy mineral
groups rarely account for more than 20 area % of each grain
size fraction (Fig. 6). Jurassic rocks that are present in the
lower reaches of Rio Sella are exemplarily studied by sample
ES-22-35. Containing significant mica and garnet, this rock
resembles the Late Carboniferous group, except for slightly
higher amphibole and epidote. Finally, sample ES-22-37 is
from a Cretaceous siliciclastic rock but sampled about 70 km
east of Ribadesella. Therefore, it is likely not entirely rep-
resentative for the Cretaceous of the Rio Sella catchment;
however, given the homogeneity of Cretaceous transgressive
sandstones in other parts of Europe (e.g. Gértner et al., 2025),
it may provide an idea about the potential heavy mineral sig-
nal. This sample contains abundant mica, rutile and tourma-
line, whereas all other transparent heavy minerals add up to
less than ca. 8 area %, independent of their grain size frac-
tion.
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Figure 6. Summary of the heavy mineral spectra of each sample for the entire grain size spectrum (630—6.3 um) as well as for 200-63, 63-20
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The modern sediments of the Rio Sella catchment (ES-
22-03, ES-22-04, ES-22-05, ES-22-06, ES-22-24, ES-22-29,
ES-22-30, ES-22-31) are relatively similar in total heavy
mineral content. They contain some mica, abundant garnet,
sparse but consistent pyroxene and, except for samples ES-
22-05, ES-22-06 and ES-22-30, significant zircon, tourma-
line and rutile. All other heavy minerals are either occasional
(amphibole, staurolite) or present at very low levels if not ab-
sent. The samples are also very similar in the 200-63, 63-20
and 20-6.3 ym fractions (Fig. 6). The one additional sample
from the Rio Cabras o Bed6n (ES-22-16) has a quite similar
heavy mineral distribution to the other fluvial samples, which
is likely because of similar lithology proportions.

Finally, the modern beach sediments (Gijon bridge, ES-
22-01, ES-22-02, ES-22-07, ES-22-08 and ES-22-36) are all
depleted in mica. ES-22-08 is different from all other beach
samples, because its heavy minerals are mainly composed
of fluorite and barite. Except for the Gijon bridge sample,
which yields the highest amounts of andalusite, kyanite and
sillimanite (as well as staurolite), amphibole, pyroxene and
epidote are also scarce. In contrast, garnet is abundant, while
rutile, zircon and tourmaline occur in variable values.

4.2 Heavy anthropogenic particles (HAPs)

Heavy anthropogenic particles are abundant in the fluvial
sediments ranging between 58 and 4170 HAP g~! per sam-
ple including the Fe++ group that represents the most com-
mon particle group. The resulting average value is ca.
1220 HAP g~ 1. If ignoring the Fe++ group, the values range
from 0 to 92 particles HAP g~ including 0 to 10 spherules
per gram. In comparison, the beach samples contain far
fewer HAPs in a range from 4 to 277 HAP g~! (average = ca.
63 HAP g~!). Almost all potential HAPs of the beach sam-
ples belong to the Fe++ group, with very minor numbers of
other HAPs in the Gijon bridge and ES-22-08 samples. Only
the Gijén bridge sample contained a few glassy spherules ac-
counting for about one spherule per gram of sediment.

5 Discussion

Given the limited sample set examined, which may not be
representative of the entire catchment, the following hy-
potheses are merely preliminary and require further data
support to substantiate them. Despite the fact that samples
ES-22-09 to ES-22-15 and ES-22-17, as well as ES-22-18,
were obtained from the catchment of the adjacent Rio de las
Cabras o Bedon, they are regarded as being also representa-
tive of the equivalent rocks within the Rio Sella catchment.
However, the quantity of samples and heavy mineral grains
analysed appears to be unparalleled in such small catchments
and is therefore intended as a basis for future investigations.

Previous studies have shown that different rocks contain
different groups and amounts of heavy minerals (Cascalho
and Fradique, 2007; Garzanti and Ando, 2019; Morton and

https://doi.org/10.5194/egqsj-74-281-2025

Hallsworth, 1994), although the often-cited statement that
carbonate rocks do not supply heavy minerals is obviously
not valid (e.g. Ceplak et al., 2023; Girtner et al., 2017, this
study). It is also well known that certain heavy minerals
are less stable against chemical weathering (Garzanti et al.,
2013; Pettijohn, 1941) and diagenetic dissolution (Garzanti
et al., 2018; Morton and Hallsworth, 2007) than others.
Garzanti and Ando (2007) consequentially state that heavy
mineral signatures of detrital materials mirror at least the
combined effects of the geology of the source region(s), sed-
imentary processes and digenesis. Furthermore, heavy min-
erals tend to occur in different grain size fractions (Frihy et
al., 1995; Jin et al., 2021). However, this is not necessarily an
effect of pure hydrodynamic sorting but could be a matter of
specific parameters obviously controlling crystal (re-)growth
parameters (e.g. Krippner et al., 2015; Poldervaart, 1956) in
the source rocks and grain size inheritance (Feil et al., 2024),
which is corroborated by the present study. Despite all varia-
tions and uncertainty for some processes, there is consensus
that heavy minerals are a powerful tool for provenance stud-
ies and sediment routing (Garzanti and Ando, 2007; Morton,
1985).

5.1 Heavy mineral provenance of modern fluvial
samples

Irrespective of their position in the catchment, the modern
fluvial sediment samples have similar detrital heavy mineral
signatures (Fig. 6). This is further supported by the PCA and
MDS plots (Fig. 7) and suggests a proper mixing and sort
of homogenisation of the studied detrital components. Com-
pared to most of the siliciclastic rocks, the modern sediments
show low amounts of mica. This characteristic is likely at-
tributed to hydrodynamic fractionation (Komar et al., 1984;
Sun et al., 2020) as mica of all grain sizes is present in sev-
eral of the studied pre-Quaternary rocks and should thus not
be overinterpreted in terms of potential host rocks within the
catchment area. Furthermore, the fluvial samples contain dis-
tinct amounts of garnet, which is a principal constituent of
the post-Middle Carboniferous rocks, i.e. sample ES-22-21
and younger. Concurrently, the ultra-stable heavy minerals
zircon, tourmaline and rutile are present in abundance in the
Ordovician siliciclastic rocks (Fig. 7). All fluvial samples
show low, yet consistent, levels of pyroxene, a rare occur-
rence in all of the studied rocks within the Rio Sella catch-
ment. At the current state of knowledge, the provenance of
pyroxene continues to elude definitive identification, yet its
ubiquity is a salient phenomenon. Finally, the modern fluvial
samples are depleted in apatite, which is the prevailing acces-
sory mineral in the majority of local carbonate rocks (Fig. 6).
This observation merits a comprehensive discussion.
Notwithstanding the potential for bias in the apparent
heavy mineral weights resulting from the local presence of
dolomite (Fig. S2), aragonite (Alderton, 2021) and, on occa-
sion, calcite, which has been observed to attain a maximum
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the Rio Sella). For the legend, see Fig. 6.

density of approximately 2.8 gcm™> (Résler, 1988), the car-
bonate rocks exhibit a similar average percentage of heavy
minerals by weight but lower mineral diversity compared to
the studied siliciclastic rocks. The latter is in line with ob-
servations reported by Ceplak et al. (2023). Consequently,
at least some of the carbonate rocks under consideration
are theoretically capable of contributing significant quantities
of heavy minerals to modern fluvial sediments. Others, like
samples ES-22-25 and ES-22-26, as well as ES-22-11 and
ES-22-28, yielded insufficient quantities of heavy minerals to
be considered as detectable heavy mineral sources. Despite
the spatial distribution of carbonate rocks, siliciclastic rocks
and mixed lithologies approximating 2:1:1 (see above),
a major signal of those carbonate rocks yielding sufficient
numbers of heavy minerals is not reflected in the heavy min-
eral content of the modern fluvial sediments. This finding is
deduced from the analysis of one of the most abundant heavy
minerals in these carbonaceous lithologies, namely apatite,
which is found in negligible quantities in fluvial sediments.
An exception is sample ES-22-06, which was collected in
a subcatchment dominated by calcareous rocks (Fig. 2). It is
evident that, in this particular locale, the apatite is transferred
to fluvial sediments. However, the question of its disappear-
ance in the main stream(s) remains unresolved. Despite its
relatively low resistance to chemical weathering, particularly
in lower pH environments, the mineral exhibits notable sta-
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bility during “physical” transport (Mange and Maurer, 1991)
and can be transported over considerable distances in rivers
(Zoleikhaei et al., 2016). It can be concluded that dissolution
by low-pH stream water is also not a contributing factor, as
the carbonate rocks have been shown to buffer the pH (Lin et
al., 2023) at approximately 8. This is also valid in the lower
reaches of the Rio Sella (Ovin Vega, 2014). Features visible
in SEM images of single apatite grains resemble intense sur-
ficial pitting due to collisions (Fig. S3), which might result in
the rapid fragmentation of larger grains and may explain the
rapid decrease of this mineral group. The comparatively low
specific density of apatite (ca. 3.1 to 3.2 gcm™3) may addi-
tionally result in hydrodynamic sorting, although this feature
should then also be observable in mineral groups of similar
density like tourmaline or many of the minerals in the am-
phibole group (Gaines et al., 1997; Rosler, 1988).

In conclusion, heavy minerals of the carbonate rocks may
only be present in the adjacent fluvial sediments but are
not transferred from tributaries to the river’s main stream
or mouth in a grain size between 630 and 6.3 pm. The vast
majority of transparent heavy minerals apparently originates
from Cambro—Ordovician (zircon, rutile, tourmaline, some
mica) and post-Middle Carboniferous (garnet, mica) silici-
clastic rocks. Pre-Quaternary siliciclastic rocks account for
approximately one-quarter of the Rio Sella catchment, while
siliciclastic parts in areas with mixed strata may account for
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another ca. 12 %. Therefore, only a bit more than one-third of
the outcropping rocks significantly contributes to the heavy
mineral spectrum of the river.

5.2 Heavy mineral provenance of modern beach
sediments

It seems to be consensus that the oceanic currents are the
main factor of sediment transport along coastlines (Liu et
al., 2008). However, even in small catchment areas it would
be expected that the heavy mineral characteristics of beach
sediments immediately at the river’s mouth (ES-22-01) show
some similarities with those of the lower course of the river
itself (ES-22-31). Both of the samples show little similar-
ity concerning their heavy mineral spectra throughout all
grain size fractions (Fig. 7a, b, c). Thus, the amount of sed-
iments transported by longshore currents directed to the east
(Martinez et al., 2024) seems to overprint most of the river’s
input at this location.

Interestingly, the modern beach sediments along the north-
ern coast of Spain show less similarity among each other than
the modern fluvial sediments (Fig. 7a, b, c). This is in line
with the previously published data of Flor (1978). Here, no
large littoral cells, like those exemplary cells described by
Garzanti et al. (2014), seem to exist, as the heavy mineral
signal changes constantly with a large variance (Fig. 6; Flor,
1978). On the other hand, the heavy mineral signal does not
seem to be immediately affected by the input of the rivers, as
found for other systems (Gértner et al., 2022).

In the case of the northern Spanish coast, the rocks that
crop out at the shoreline seem to be the main entity for
the heavy mineral signal of beach sediments. Despite in-
dividual characteristics, the three western samples — Gijon
bridge, ES-22-08 and ES-22-01 — form one group in the
MDS-plot (Fig. 7b), suggesting a comparably similar over-
all heavy mineral composition of the source rocks. The three
eastern samples — ES-22-02, ES-22-07 and ES-22-36 — can
also be loosely grouped. Looking at a geological overview
map (Fig. 8), it becomes obvious that the general lithology
changes immediately to the east of sampling locality ES-22-
01. Accepting a very rapid effect of changing coastal litholo-
gies would explain the observed phenomenon and would also
explain the findings of Flor (1978). The immediacy of the
input of local “marker minerals” is exemplarily illustrated
by the high fluorite content of sample ES-22-08, sampled at
the beach northeast of Bebes. Here, fluorite deposits are well
known and were also mined to a certain extent, e.g. near the
sampled beach (Pérez-Cejuela, 2009; Symons et al., 2017).
Therefore, the comparatively high amount of detrital fluo-
rite in beach sample ES-22-08, and maybe even in ES-22-01,
can be explained by past mining activities and/or erosion in
the close vicinity. Further examples are ES-22-02 and ES-
22-07. Both of them are dominated by ultra-stable zircon, ru-
tile and tourmaline, with little garnet and traces of apatite. In
particular, the ultra-stable heavy minerals zircon, rutile and
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tourmaline characterise the Ordovician rocks (Fig. 6). The
latter become abundant in the sampled area east of Ribade-
sella (ES-22-01). The sources of garnet may lie in the coastal
hinterland and may represent the fluvial component. Never-
theless, this has to be proven by further sampling of strata
cropping out along the coast. In any case, most of the Car-
boniferous rocks along this part of the coast are biogenic
limestones (Martinez Garcia, 1981), which are expected to
be significantly depleted in non-calcitic/aragonitic minerals.
This line of argument is challenged by the sample pair ES-
22-37, a Cretaceous sandstone; and ES-22-36, which is the
corresponding beach sand. They differ not only in their mica
content, which is possibly depleted in the beach sand due
to high affinity to hydrodynamic fractionation, but there are
also further striking differences like very little zircon, am-
phibole and pyroxene in ES-22-37 compared to ES-22-36.
At the current state, a mixing between sediments transported
parallel to the coast and local material can be hypothesised
for this particular locality.

5.3 Occurrence and transport of heavy anthropogenic
particles (HAPs)

The investigation of anthropogenic particles and heavy metal
concentrations in urban road dust or airborne material has
been a subject of study for a considerable period (see
Chrysakopoulou et al., 2023; Yang et al., 2010; Zhang et al.,
2012). Furthermore, analogous particles have been identified
in modern marine sediments (Hrong et al., 2009), thereby
substantiating the hypothesis of their potential pervasive ex-
istence.

HAPs have been detected in all studied modern fluvial and
beach samples (Table S1). Of the samples analysed, ES-22-
03 and ES-22-24 exhibited the highest concentrations of total
HAPs (if accepting Fe++ as anthropogenic in origin), with
levels of 4170 and 3838 HAP g~ ! of the untreated sample, as
illustrated in Fig. 9. It is noteworthy that both samples were
collected in close proximity to main roads; however, this is a
common occurrence for most samples obtained from the Rio
Sella catchment and thus does not provide a definitive expla-
nation for the elevated figures observed. For sample ES-22-
03, no plausible explanation can be proffered for such ele-
vated HAP numbers at this time, on account of the absence
of either particle-emitting hotspots, such as junctions (Li et
al., 2004), curves, industrial complexes or larger settlements.
In close proximity to the sampling site is a farmstead and a
railway crossing situated beneath the road. The railway runs
parallel to the road until Ribadesella, along which samples
ES-22-04, ES-22-05 and ES-22-31 were taken at compara-
ble sites but yield significantly fewer HAPs. Consequently,
the railway cannot be identified as the primary source for the
local increase in HAP concentration.

In contrast, ES-22-24 is located at the headwaters of the
Rio Sella but contains abundant HAPs even apart from Fe++.
As the particles were collected upstream of a small bridge on
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Figure 9. Distribution of HAPs in the studied modern sediment samples.

a little-used single-lane road, it is interpreted that they were
added to the sediments elsewhere. However, a mere few hun-
dred metres above this point, the busy main road that also
traverses the creek leads over the pass to the south. The pres-
ence of numerous hairpin bends (Fig. 4) in the area may ne-
cessitate increased braking by vehicles, thereby potentially
leading to elevated levels of HAP emissions (Adamiec et al.,
2016). This phenomenon, occurring in a relatively unpopu-
lated region, warrants further investigation to understand its
impact on the environment. This observation is further cor-
roborated by the findings of sample ES-22-30, which was
collected from Rio Sella in a less-populated area. With the
exception of its proximity to the primary thoroughfare, there
are few discernible discrepancies compared to the closely
taken sample ES-22-29, which exhibited significantly dimin-
ished HAPs. It has to be noted that the number of HAPs
decreases downstream and does not even get higher in ur-
ban areas like Ribadesella. An exception is sample ES-22-16,
taken in the lower reaches of the Rio de las Cabras o Bed6n

E&G Quaternary Sci. J., 74, 281-299, 2025

in proximity of a large highway bridge, which might explain
the significantly elevated values of Fe++. Generally, there is
no downstream trend of changing HAP group ratios at all.
In contrast, the modern beach sediments seem to be depleted
in HAPs. At the current state of knowledge, the reason for
this phenomenon remains unclear. However, it is plausible
that destruction due to physical weathering during transport
or chemical reactions may be plausible scenarios leading to
the HAP decrease in modern beach sediments. The hypothe-
sis of a grain size or sorting effect cannot be discounted but
seems improbable given that the finer grain size fractions of
modern beach sediments were also examined at comparable
grain numbers. By contrast, the different heavy mineral com-
position of beach sediments compared with those of the Rio
Sella should not affect HAP abundance, since the distribu-
tion of all anthropogenic materials should be independent of
sediment mineral composition.
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6 Conclusion

This study, albeit preliminary, demonstrates the significant
impact of siliciclastic rocks on the heavy mineral spectrum
in small mountainous catchment areas. Despite the fact that
only approximately one-third of the total Rio Sella catchment
area is composed of siliciclastic rocks, these rocks are re-
sponsible for the majority of heavy mineral deposits present
at the river’s mouth. Meanwhile, the presence of heavy min-
eral signals of carbonate rocks appears to be confined to sub-
catchments, where they prevail as the predominant lithologi-
cal feature.

Upon reaching the sea, the mineral signals indicative of
small mountainous rivers in northern Spain become obscured
by sediments that are transported by longshore currents. The
mineralogical data obtained from the study indicate that the
mineralogical composition of beach sands is predominantly
influenced by the locally outcropping rock formations along
the coast, rather than by the mineralogical composition of the
material provided by the small mountainous rivers in the re-
gion. This has consequences for all studies attempting to ob-
tain information on catchments and hinterlands by sampling
only small- to medium-sized river mouths. It is also possible
that the consequences may extend to similar studies in large
river systems.

Finally, every modern sediment sample exhibited occur-
rences of heavy anthropogenic particulate matter, referred to
as the HAPs. Given the very limited knowledge of HAPs, the
characterisation of this group of anthropogenic particles has
not yet reached the level of microplastics, and therefore fur-
ther investigation is required to achieve proper classification
in future studies. The majority of these particles, which can
amount to several thousand per gram of sediment, are char-
acterised by their notably elevated iron content. This renders
them possible remnants of steel that are at various stages of
disintegration. Notwithstanding the aforementioned group,
the total HAP count in sediments can exceed 90 particles
per gram. Consequently, it appears prudent to augment exist-
ing research endeavours with the objective of obtaining more
precise estimates of the quantities, velocities and origins of
such particles and to elucidate their potential environmental
ramifications.
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