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Abstract
The capacity of fluvial potholes to trap sediments, together with the geochemical analysis of their stored
sediments for environmental assessment, is an overlooked research topic in small bedrock rivers. The present
exploratory study is focused on this issue. It was developed in a small river over rock, in the inland territory
of Galicia (NW Iberian Peninsula). The study started from an analysis of the inventoried fluvial potholes to
identify suitable forms for sampling, and the collection of sediment samples within them. After this, the
determination of the grain texture, mineralogy and content of major and trace elements in sediments were
carried out. Potholes with maximum vertical depth from 25 cm to 1 m, located in central and sidewall sectors
of the bedrock channel, provided the best conditions for sediment sampling. The sediments collected from
six potholes showed predominance of coarse-medium grain size and sand fraction. The rough contents of
the major and even trace elements are related with the nature of the more refractory minerals of the bedrock. An adequate sampling strategy, considering grain-size fractions, show potential to use trace elements
as environmental indicators.
Key words: bedrock rivers; sculpted forms; sediments; major elements; trace elements; NW Spain.
Resumen
La capacidad de las marmitas fluviales para atrapar sedimentos junto con el análisis de los mismos para la
evaluación ambiental es un tema de investigación poco estudiado en el caso de pequeños ríos sobre roca. El
estudio exploratorio que se presenta, desarrollado en un pequeño río sobre roca del interior de Galicia (noroeste de la Península Ibérica), está centrado en esta cuestión. El estudio partió del análisis de las marmitas
fluviales inventariadas con el objetivo de identificar las formas adecuadas para el muestreo y la recolección
de sedimentos en su interior. A continuación, se determinó la granulometría, mineralogía y el contenido de
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elementos mayoritarios y de elementos traza en los sedimentos. Las marmitas fluviales con profundidad
máxima vertical desde 25 cm hasta 1 m, localizadas en el sector central y lateral del canal, presentaron las
mejores condiciones para el muestreo de sedimentos. En los sedimentos recolectados en seis marmitas predomina el tamaño de grano grueso-medio y la fracción arenosa. El contenido de elementos mayoritarios y
traza está relacionado con la naturaleza de los minerales más refractarios de la roca. Mediante una estrategia
de muestreo adecuada, teniendo en cuenta las fracciones granulométricas, muestran potencial en el uso de
los elementos traza como indicadores ambientales.
Palabras clave: ríos sobre roca; formas erosivas; sedimentos; elementos mayoritarios; elementos traza; noroeste de España.

quire a research across disciplinary frontiers
(Falkenmark, 1997; Wohl, 2020). Small rivers
of inland Galicia (NW Spain, Fig 1A) possess
suitable conditions to test the analysis of sediments in these scarcely studied watercourses. This exploratory study was developed in
a small bedrock river belonging to the inland
network of the Galician mainstream (the Miño
River). It presents the preliminary results from
a multidisciplinary research line, currently in
development, considering sediments trapped
by potholes. A great part of the Miño-Sil Basin (total 18,080 km2) belongs to the Galician
territory (Fig. 1B). The Miño River flows along
316.63 km from its birth at Serra de Meira
(Lugo, Spain, 700 m a.s.l.) to its mouth into
the Atlantic Ocean, between the localities
of A Guarda (Spain) and Caminha (Portugal)
(CHMS, 2020). Inland Galicia the altitude increases from the medium sector of the Miño
River in Ourense (Miño riverbed, 100 m a.s.l.)
to the eastern mountains (Queixa, 1781 m
a.s.l.; Courel-Ancares, 1969 m a.s.l.; Trevinca,
2127 m a.s.l., separated by tectonic basins).
Most of Galician territory is drained by small
rivers flowing over rock.

1. Introduction
Since the mid-20th century, the increase of
human activities in most fluvial systems has
been modifying their natural dynamics. The
impacts of industrial, urban, and recreational uses have affected their hydro-geomorphological and environmental conditions
(Meybeck and Helmer, 1989; Messerli et al.,
2000; James and Marcus, 2006). Anthropogenic interactions with fluvial dynamics arise
from changes in demographic density, land
use, impoundments, and other constructed
structures (Guinoiseau et al., 2016; Verstraeten, 2019). One of the main human footprints
in rivers is the enrichment of trace elements
in water and sediments (e.g. Wilkinson et
al., 1997; Rice, 1999; Gaillardet et al., 2003;
Moatar et al., 2017; Kronvang et al., 2020).
The research on this topic was frequently developed in floodplains, large rivers or estuaries significantly affected by human activities
and with abundant fine-grained sediments
(e.g. Dupré et al., 1996; Vital and Stattegger,
2000; Viers et al., 2009; Silva et al., 2018; Uddin and Jeong, 2021). The analysis of major
and trace elements in sediments from the
continental realm of small rivers, headwater
fluvial networks and rivers over rock is barely
addressed (e.g. Grygar et al., 2017; Xu et al.,
2017), particularly in inland areas. It causes a
lack of knowledge from local reaches that set
up the fluvial network in small catchments.
Such an analysis can provide essential information for further sustainable use, planning
and management of small fluvial systems towards the future (Biggs et al., 2017) which re-

Knickpoints, stepped profiles and sculpted
forms are frequent at most of the bedrock
channels that combine areas of exposed rock
and local alluvial veneer (Tinkler and Wohl,
1998; Wohl and Merrit, 2001). The fluvial
network over rock was created by high-energy systems, providing signals of tectonic,
glacioeustatic, and climatic changes connected to Earth’s landscape evolution. They also
generated erosive features (e.g. scallops,
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Figure 1: The Loña River in the framework of the Miño-Sil fluvial network (NW Iberian Peninsula) and location of
the study site and the sampled potholes (M01 to M06). (A) Sampling site in the context of the Iberian Peninsula. (B)
Sampling site in the context of the Miño-Sil basin, basemap using hillshade from EU-DEM (Copernicus), Miño-Sil course
and basin from CHMS; 1 Cabeza de Manzaneda (Serra de Queixa), 2 Pico Cuiña (Serra dos Ancares), 3 Pena Trevinca
(Montes de Trevinca), 4 Serra de Meira, 5 A Guarda, 6 Caminha. (C) Detail of the Loña River basin and network (CHMS)
and geology settings (from ©IGME – Xunta de Galicia); 7 Cachamuiña Dam, 8 Castadón Dam. (D) Location of sampled
potholes over PNOA ortophotos (©IGN). Figure made with QGIS software.
Figura 1: El río Loña en el marco de la red fluvial Miño-Sil (NO Península Ibérica) y localización del sitio de estudio y de
las marmitas de erosión muestreadas (de la M01 a la M06). (A) Sitio de muestreo en el contexto de la Penísula Ibérica.
(B) sitio de muestreo en el contexto de la cuenca del Miño-Sil, mapa base utilizando el mapa de sombras del EU-DEM
(Copernicus), el curso y la cuenca del Miño-Sil de la CHMS; 1 Cabeza de Manzaneda (Serra de Queixa), 2 Pico Cuiña (Serra
dos Ancares), 3 Pena Trevinca (Montes de Trevinca), 4 Serra de Meira, 5 A Guarda, 6 Caminha. (C) Detalle de la cuenca del
río Loña, su red fluvial (CHMS) y la geología (©IGME – Xunta de Galicia); 7 presa de Cachamuiña, presa de Castadón. (D)
localización de las marmitas muestreadas sobre ortofoto PNOA (©IGN). Figura realizada con el software QGIS.

flutes or potholes) associated to specific sedimentological patterns instream geomorphic
units (Fryirs and Brierley, 2012). In bedrock
channels, the magnitude of erosion, transport, and deposition processes depends on
interacting feedback loops. Following Whipple et al. (2010), substrate lithology, together
with rock fractures, joints or bedding planes,
control the dominant erosion processes (i.e.

plucking and abrasion). These processes act
in concert to bedload motion by fluctuations
of flowing water. Hodge et al. (2011) point out
that sediment availability result of interacting
waves of discharge, motion, and deposition,
interwoven with upstream and instream erosion processes. The location of sediments is
determined by local channel morphology
and flow hydraulics (as bedrock ribs or pot-
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holes that affect flow velocities, controlling
sediment storage). In addition, the definition
of bedrock river segments as “governors of
erosion within a river network” (Wohl, 2015:
200) is based on the idea that sediment inputs (and storage) is less than capacity of
sediment transport; these conditions may be
altered by dams, or other constructed human
structures which influence the storage of sediments. Turowski (2020) asserts that many
bedrock channels present a persistent alluvial
cover, and both sediments and large blocks
(from sidewalls plucking) can remain into the
channel for a long time. On a reach scale (tens
of meters) the position of those blocks, boulders, bedrock ribs, rock cavities and runnels
regulate areas of circulating or retained water
and sediments. The position and morphology
of the potholes in a bedrock reach influence
the movement and the accumulation of pebbles, gravel, sand or other material particles.
The mobilisation of this storage during oscillations of water levels depends also on the position and morphometry of the potholes, and
the arrangement of material inside these rock
cavities; for example, boulders or pebbles can
avoid the removal of sediments trapped below them.

with the channel erosion processes, their dimensional ranges and their geomorphological features (e.g. Tschang, 1957; Nemec et
al., 1982; Lorenc et al., 1994; Springer et al.,
2006; De Uña-Álvarez et al., 2009). The most
recent studies emphasize the role of regional
tectonics, substrate discontinuities, channel
micro-topography, and flow regime in the
initiation and evolution of potholes (e.g. Ortega et al., 2014; Ortega-Becerril et al., 2017;
Álvarez-Vázquez and De Uña-Álvarez, 2017;
Kanhaiya et al., 2019). Nevertheless, the potential of potholes to trap sediments together
with the geochemical analysis of those sediments, as it is presented by this exploratory
study, has never been addressed in small bedrock rivers.
Grinding stones episodically stored into potholes are described by Das (2018) on the
Subarnarekha riverbed (Jharkhand, India),
analysing their role in the growth of the cavities. Ji et al. (2019) describe potholes that
retain pebbles and cobbles in the Xunxi River
(Chongqing, China), presenting a brief granulometric analysis of the particles entrapped to
relate them with the growth of the cavities.
In the riverbed of the Mekong River (Thailand), Udomsak et al. (2021) define multiple pothole types, addressing the action of
pebbles and gravel for the enlargement of
the cavities. This exploratory study considers the characterization of potholes as sediment traps and the analysis of the trapped
sediments in the Loña River (belonging to
the Miño-Sil network in Galicia). It should be
noted that for rivers prevails the analysis of
the suspended particulate matter (SPM), instead of sediments (e.g. Dumas et al., 2015).
But this approach presents some drawbacks,
namely: (i) the study of SPM requires a high
frequency of analysis, at least monthly/weekly (Håkanson, 2006; Håkanson et al., 2005);
(ii) the established SPM concentration in Galician small rivers is low (0.2-10.7 mg L-1) and
presents a seasonal variability of 1-2 orders
of magnitude (Álvarez-Vázquez et al., 2016);
and (iii) the study of SPM restricts the techniques to those that require digestion of the
samples, e.g. Atomic Absorption Spectrome-

Potholes are the most representative sculpted forms in bedrock channels, defined as
the end-members of erosive processes from
hundreds to thousands of years (Richardson
and Carling, 2005; Ortega Becerril and Durán
Valsero, 2010). Potholes have been studied
since the 19th century (Geikie, 1865; Brunhes, 1899) regarding the erosive action of water, the variability of turbulent flows, and the
evolution of rivers. Elston (1917a and 1917b)
described these forms as circular or elliptical
cavities, usually filled by pebbles, gravel and
sand. Alexander (1932) remarked that they
“constitute most efficient means for the deepening of channels in resistant rock” and distinguished morphological types by the action
of different whirlpools. Some studies pointed the idea of potholes as inherited forms
(Wentworth, 1944; Ives, 1948). Since 1950s,
many kinds of potholes were defined, all them
considering the relationships of these forms
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try —AAS—, or/and Inductively Coupled Plasma —ICP— (e.g. Helios Rybicka et al., 2005).
Consequently, the development of a suitable
methodology is a need to be resolved. It must
allow the aforementioned analytical techniques and others, like the increasing application of variations of X-Ray Fluorescence (XRF,
e.g. Álvarez-Vázquez et al., 2014; Elznicová et
al., 2019; Álvarez-Iglesias et al., 2020). In this
way, a research question was proposed: Are
sediments trapped by fluvial potholes suitable to be used as environmental indicators
in small bedrock rivers? Regarding this question as well as the aforementioned considerations, the research objectives were to obtain
site-specific data for small rivers over rock; to
describe the morphological features of potholes with capacity to trap sediments; and
to explore the meaning of sediment composition in the sediments trapped by potholes.

generated the current relief configuration
that alternate mountain blocks and depressions. The presence of stepped erosive or
etch surfaces and multiple terrace levels
(Viveen et al., 2012 and 2014) prompt uplift
until Quaternary times.
The Loña River (19.96 km long) is a small tributary of the Miño River in the inland Galicia
(Fig. 1C), draining a basin of 139 km2 that
includes two distinct sectors: in the first,
from its birth to the locality of Cachamuiña
(Ourense), the river flows towards the SSW
over an etched surface (average altitude of
400 m a.s.l.) (Yepes Temiño, 2002) with a
gentle slope (3%); in the second, the river
flows towards the WNW through a deeply incised valley (slope of 9%) until its confluence
with the Miño River in the town of Ourense
(100 m a.s.l.). The basement is constituted by
granitic rocks emplaced into Palaeozoic meta-sediments during the Hercynian orogeny,
including calc-alkaline types (granodiorites
that belong to the Ourense Massif) and alkaline types (two mica granites, leucogranites) (Capdevila and Floor, 1970). In this hydrographic unit, climate presents temperate
sub-humid conditions with a short dry period
in summer (De Uña-Álvarez, 2001); the average for annual temperature is 11.3 °C and the
annual total precipitation and evapotranspiration values are 1,376 mm and 490 mm respectively (CHMS, 2020). The amount of the
annual hydrological resources from the Loña
system (2,990 hm3, average annual flow in
natural conditions of 2.08 m3 s-1) is currently
regulated by two dams. The reservoirs were
constructed in the aforementioned second
sector, to wit, the Castadón dam (1929, capacity of 0.2 hm3) and the Cachamuiña dam
(1954, capacity of 1.8 hm3); both are devoted
to urban water supply. The minimum ecological flow ranges from 0,140 m3·s-1 (October December) to 0,541 m3·s-1 (April - June).

2. Study site
The geological and geomorphological setting
of the NW Spain were mainly originated during the post-Hercynian and Cainozoic times,
when older tectonic structures were reactivated (Martín-González, 2009). This process
caused the tectonic deformation of Precambrian and Paleozoic rocks. According to Vegas (2010), the configuration of the relief
of Galician follows a general direction NNESSW, being the western continuation of the
Cantabrian Range (Fig. 1B). Its central area,
the Galician Massif, connect to the North of
Portugal through the Corridor of Ourense,
delimited by faults and strongly incised by
the fluvial network of the Miño River. The
morphology of the Galician Massif is characterized by deep fluvial valleys following the
tectonic structures and Hercynian granitic
bodies exposed at different heights Vidal-Romaní et al., 2005; Vidal-Romaní et al., 2014).
Because of the tectonic deformations, the
current configuration of the Miño-Sil fluvial
network started from the change of the Sil
flow (from eastwards to westwards) and its
capture by the headward erosion of the older
Miño; likewise, a differential uplifting process

The study site is a fluvial reach (central
point: 42° 19’ 39” N; 7° 47’ 59” W) located
just upstream of the Cachamuiña dam (Fig.
1C and 1D), with a length of 300 m and increasing width downstream from 9 m to 56
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Figure 2: Views of the study site, showing the limits of the fluvial reach from the west (A), and from the east (B). Main
types of identified potholes: C) small saucer-shaped pothole; D) central pothole with asymmetrical cross-section; E)
lateral potholes with several erosive levels; and F) Big pothole developed in the sidewall of the bedrock channel.
Figura 2: Vistas del sitio de estudio, mostrando los límites del tramo fluvial desde el oeste (A) y desde el este (B).
Principales tipos de marmitas identificados: C) pequeña marmita con morfología en platillo; D) marmita central con
sección transversal asimétrica; E) marmitas laterales con varios niveles erosivos; y F) Gran marmita desarrollada en la
pared lateral del canal sobre roca.

m. The basement of the reach is constituted
by coarse-grained granodiorites; upstream
the reach, the fluvial network flows mainly over two mica granites and leucogranites
(fine-medium grained) and small schist areas;
in addition, sedimentary deposits generated
by weathering (boulders, sands and clays)

named as “non-differentiated Quaternary deposits”, cover the contact between granites
(Barrera Morate et al., 1989). Small hills, castle-kopjés, and tors, are characteristic landforms of the landscape that surrounds the
reach. The fluvial reach is plenty of sculpted
forms, mainly potholes. Following the gener-
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al typology of Richardson and Carling (2005)
small saucer-shaped forms (scarcely deep,
rounded and with symmetrical cross-section,
Fig. 2C), central potholes (more deep, asymmetrical in the plane and profile, Fig. 2D) and
lateral potholes (deepest, with at least two
erosive levels in the profile and basal knolls,
Fig. 2E and 2F) were identified. The biggest
cavities are sidewall and coalescent potholes
developed in the walls of the channel, where
rock blocks limited by open discontinuities
are removed during high flows. Potholes located in central and lateral areas of the bedrock channel preserve a part of their walls.

plastic spatula and stored in plastic zip bags.
Once in the laboratory, samples were weighted and oven dried at 45±5 °C until constant
weight. After that, samples were sieved
through 2 mm and 0.063 mm mesh to separate the gravel (> 2mm), sandy (< 2 mm), and
mud (< 0.063 mm) fractions. The various fractions (when present) were stored in plastic
containers until analysis.
In order to attain the research objectives, the
characterization of the samples was based on
their grain texture, mineralogical composition, and concentrations of major and trace
elements. Considering the grain texture of the
samples, the < 2 mm fraction (sand in general terms due to the scarcity of fine particles)
was selected for the determination of mineralogical composition and contents of major
(i.e. Al, Ca, Fe, K, Mg, Na, and Si) and trace
elements (i.e. As, Cr, Cu, Ni, Pb, and Zn). Mineralogy was determined by X-Ray Powder Diffraction (XRD), and the content of the major,
minor and trace elements by X-Ray Fluorescence; both routine analysis in the Scientific
and Technological Research Assistance Centre
(CACTI, University of Vigo). Results of elemental composition were obtained utilizing the
software Spectraplus, processed through the
EVAL program and corrected by the k factor
with the reference material PACS-2 (National
Research Council of Canada). In the two samples with enough quantity of fine sediments
(i.e. M02 and M05), some elements were also
determined in the <0.063 mm fraction (i.e. Al
and Fe as widely used reference elements;
Cu, Pb and Zn as common contaminants related to human activities). This supplementary analysis was performed in the Laboratory
of the Marine Biogeochemistry Group of the
Marine Research Institute (IIM-CSIC). These
analyses were conducted by Electrothermal
(ETAAS) and Flame (FAAS) Atomic Absorption
Spectrometry, using for quality control the
aforementioned reference material PACS-2.
Statistical analysis of the data was developed
using the StatGraphics Centurion 18 software. An exploratory clustering gets together
with the analysis of statistical correlations of
the data variables.

According to the EU Water Framework Directive, the Loña is a small Cantabrian-Atlantic
Siliceous River of the Iberian-Macaronesia
eco-region (CEDEX, 2004), defined as a water
mass with a good level of water chemical conditions and a moderate level of water ecological conditions (CHMS, 2020). This last is related to punctual sewerage spills as well as the
effects of the dams (e.g. nutrients provided
by wastewater, together with the impounded
water within the dam, can lead to eutrophication phenomena).
3. Methodology
The complete report of all sculpted forms
present in the bedrock channel of the Loña
River was carried out during 2012, ending the
previous prospections. This fieldwork was the
departure point to define the potential of potholes as sediment-traps. A detailed inventory
of 62 cases was created from 2012 to 2014,
followed by the study of the potholes with
capacity to store sediments. The dimensional
and morphological analysis of the inventory
provided the definition of several pothole
types. The selection of the potholes that had
suitable properties according to the scope of
the study, started from the measures of maximum depth and opening axis, together with
other qualitative features (e.g. the shape of
bottom micro-relief and the morphology of
the inner walls) . Afterwards, sediments from
six potholes (Fig. 1D) were sampled with a
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4. Results and discussion

cross-section, knolls in the bottom) and very
developed forms (asymmetrical cross-section, coalescences, knolls in the bottom, and
top rims). These authors indicate, as an additional feature, that potholes in incipient
stages (with opening diameters from 20 to
40 cm) already contain small pebbles. As a
whole (n=62), the maximum vertical depth
(D) of the Loña potholes ranges from 6.5 cm
to 4 m and the measures of their opening
axis (A) ranges from 8 cm to 3 m (Fig. 3A, 3B
and 3C). Many potholes recorded in the Loña
reach have opening planes with hemi-ellipsoidal, hemispherical or complex geometry,
bottom planes with compound concave and

4.1. Potholes as sediment traps
The potholes developed in the Loña reach
encompass a wide diversity of cavities
whose position and morphological configuration are key factors for their potential to
trap sediments. Following the classification
from some Spanish bedrock rivers (Nemec
et al., 1982; Lorenc et al., 1994; Lorenc et
al., 1995) the potholes of the study site include incipient forms (rounded, symmetrical cross-section) together with developed
forms (elliptical or cylindrical, asymmetrical

Figure 3: Features of the potholes recorded in the Loña reach (n=62). Histograms represent the absolute frequencies
of the recorded values for the maximum vertical depth (A), the major opening axis (B) and the minor opening axis (C).
Also presented the main types of profiles in the central (D) and lateral potholes (E). The numbers in brackets refer to
the number of the potholes in the inventory.
Figura 3: Características de las marmitas en el tramo del Loña (n=62). Los histogramas representan las frecuencias
absolutas de los valores registrados para la profundidad máxima vertical (A), el eje mayor de apertura (B) y el eje
menor de apertura (C). También se muestran los tipos principales de la morfología de los perfiles en las marmitas
centrales (D) y laterales (E); los números entre paréntesis indican el número de la marmita en el inventario.
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convex micro-relief, and stepped cross-sections including multiple levels of erosive
sequences (Fig. 3D and 3E). Their position
in the lateral or central areas of the bedrock channel also determines the existence
of submerged and semi-submerged forms.
Near the study site, in the urban reach of the
Miño River across the city of Ourense (Álvarez-Vázquez and De Uña-Álvarez, 2015), potholes developed in the bedrock with D=20
cm present asymmetrical profiles (trapping
pebbles), and when D achieves 40 cm (being
A≤D) retain deposits of more than 10 cm of
sediments (vertical thicknesses).

Alike the more developed potholes described
in the Orange River (Springer et al., 2006),
many potholes in the selected reach have
inner surfaces with sections of polished rock
and only preserve a part of their walls. The
configuration of the potholes in the study site
is very affected by the discontinuities of the
rock, appearing morphologies similar to drop,
kidney, truncated, confined, multi-joint, and
teardrop potholes, as formerly described in
the Bedrock Rivers of the Spanish Central System (Ortega et al., 2014). In the Loña reach
(Fig. 4), the potholes with smaller dimensions
are always located in the middle of the bed-

Figure 4: Some examples of potholes inventoried in the Loña reach. A) lateral potholes, a) big pothole with
maximum vertical depth of 2.7 m and major opening axis of 1.9 m, b) compound pothole with blocks and pebbles,
maximum vertical depth of 1.8 m and major opening axis of 2.0 m. B and C, the pothole b in early spring (b1) and
early summer (b2). D) pothole covered by a block (c1) with maximum vertical depth of 78 cm, and tube shape
pothole (d1) with maximum vertical depth of 1.2 m (early spring). E) the same potholes refer to c2 and d2 (early
summer). F) singular pothole, with maximum vertical depth of 1.8 m and major opening axis of 1.3 m.
Figura 4: Algunos ejemplos de marmitas inventariadas en el tramo del río Loña. A) marmitas laterales,
a) gran marmita con 2.7 m de profundidad máxima vertical y 1.9 m en el eje mayor de apertura, b) marmita
compuesta con bloques y cantos, con 1.8 m de profundidad máxima vertical y 2.0 m en el eje mayor de apertura.
B y C, la marmita b al comienzo de la primavera (b1) y al comienzo del verano (b2). D) marmita cubierta
por un bloque (c1) con 78 cm de profundidad máxima vertical, y marmita tubular (d1) con 1.5 m de profundidad
máxima vertical (comienzo de la primavera). E) las mismas marmitas identificadas por c2 y d2
(al comienzo del verano). F) marmita con forma singular, con 1,8 m de profundidad máxima vertical y 1.3 m
en el eje mayor de apertura.
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rock channel; these central potholes include
forms with A>D (maximum values for D is 25
cm) and forms with A≥D (maximum values for
D is 60 cm). Other central potholes and lateral
potholes (located in the walls of the channel)
are forms with A≥D (maximum value for D is
1.10 m); lateral potholes frequently present
an open-tube shape. The potholes with larger
dimensions are always located in the walls of
the bedrock channel being always compound
and coalescent forms with D>A (maximum
value for D is 4 m); these potholes barely retain sediments or sediments are gathered below boulders and pebbles.

of the bedrock channel (M01, 310 m a.s.l.),
was partially submerged; and two potholes,
in the low-central sector of the bedrock channel (M04, 310 m a.s.l., and M06, 329 m a.s.l.),
were flooded.
4.2. Analysis of trapped sediments
The grain texture of the sediments is dominated by sands (average ≈ 60%) and gravels
(average ≈ 40%); the fine fraction (< 0.063
mm) was very scarce, in average a 0.4% of
dry weight. This textural distribution (Fig. 5)
is frequent in bedrock channels, accumulating coarse sediments from sand size upwards.
According to Tinkler and Wohl (1998). This
coarse sediment accumulation is caused by
high-energy systems where the capacity of
the channel to trap sediments is typically
restricted to rock cavities. The mineralogical
composition of the sandy fraction (< 2 mm)
is dominated by silica (74-84%); the proportion of feldspars (microcline, 9-12%, and albite, 5-10%) accounted from 14 to 22%, and
the results also show a lesser proportion of
micaceous minerals (muscovite, 2-3%). This
mineralogical composition is reflecting the igneous origin of the sediments from the granites and granodiorites of the basin (Capdevila
and Floor, 1970; Barrera Morate et al., 1989).
The parental rock also seems to represent the
driver determining the abundance of major

Biggest potholes developed in the undulated
walls are opened cavities (D between 2 m and
4 m), with very scarce capacity to retain sediments. The potholes developed in lateral or
central sectors of the bedrock channel (D between 26 cm and 1 m) have capacity to trap
pebbles and sediments that ranges from 15 to
50 cm (vertical depth of storage). This feature
makes them suitable for an exploratory study
of their trapped sediments. Thus, six potholes
where selected for it, considering the best
conditions of the trapped particles for sampling. At the time of sampling (Fig. 5), three
potholes were located above the flow level
in the bank of the bedrock channel, and so,
they were dry (M02, 311 m a.s.l.; M03, 315
m a.s.l.; and M05, 311 m a.s.l.); one pothole,
a multi-level sculpted form in the rock walls

Table 1: Composition of major elements in the sediments, compared with references. Data provided in %.
Tabla 1: Composición de los elementos mayoritarios en los sedimentos. Datos expresados en %.
Element
Al

Loña
Min-(Median)-Max
4.3-(4.9)-6.2

Local rocks(a)

UCC(b)

7.1-7.7

8.2

Ca

0.07-(0.10)-0.12

0.29-0.66

2.6

Fe

0.33-(0.39)-0.49

0.5-2.0

3.9

2.5-(3.0)-3.5

2.9-4.1

1.2

Mg

K

0.03-(0.05)-0.06

0.06-0.20

1.5

Na

0.9-(1.0)-1.3

2.2-3.1

2.4

Si

39-(41)-42

34-35

31.1

(a) Barrera Morate et al. (1989) composition of local granites and granodiorites.
(b) Rudnick and Gao (2003) composition of the upper continental crust.
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Figure 5: General view of the reach from west and images of the sampled potholes (M01 to M06) in the moment of
sediment sampling (before collection).
Figura 5: Vista general del tramo desde el oeste e imágenes de las marmitas muestreadas (de la M01 a la M06) en el
momento del muestreo de sedimentos (antes de la recolección).

elements in the samples: four elements accounts for around a 50% of the bulk composition, i.e. in decreasing average order, Si (41%),
Al (5%), K (3%) and Na (1%). Typical major
constituents are over here in the range of minor concentrations (less than about a 1% until
a 0.01% of the samples), to wit: Fe (0.4%), Ca
(0.1%), and Mg (0.05%). Considering that basically sand (quartz) is composing the samples
under study (containing the refractory silica
of the parental rock), the results presented in
Table 1 show enrichment in Si and depletion
in the other major constituents. The cause

might be the weathering of the less resistant
minerals into fine particles, which have been
transported downstream.
This linkage with the rock mineral composition is also highlighted by the cluster analysis
(Fig. 7). Almost all the studied major constituents (except Si) are grouped with the potassium-rich alkali feldspar microcline (MIC).
They are also related, in a lesser extent, with
the plagioclase feldspar albite (ALB) and the
micaceous hydrated phyllosilicate muscovite
(MUS). The variation of trace elements con-
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Figure 7: Dendrogram from clustering (Ward’s
Method, Squared Euclidean) showing the linkage
between mineralogy (i.e. ALB is albite, MIC is
microcline, MUS is muscovite and SIL is silica), major
elements (i.e. Al, Ca, Fe, K, Mg, Na and Si) and trace
elements (i.e. Cu, Cr, Ni, Pb and Zn) in the sediments
(fraction < 2 mm) trapped by potholes.
Figura 7: Dendrograma resultado del análisis clúster
(método de Ward, distancia euclídea al cuadrado)
mostrando las relaciones entre la mineralogía (i.e. ALB
es albita, MIC es microclina, MUS es moscovita y SIL
es sílice), los elementos mayoritarios (i.e. Al, Ca, Fe, K,
Mg, Na y Si) y los elementos traza (i.e. Cu, Cr, Ni, Pb y
Zn) en los sedimentos (fracción < 2 mm) atrapados por
las marmitas de erosión.

Figure 6: Grain texture of the sediments trapped by
potholes. The bars indicate the relative frequency (%)
of the separated fractions, i.e. gravel (> 2 mm), sand
(< 2 mm and > 0.063 mm) and mud (< 0.063 mm).
Figura 6: Granulometría de los sedimentos atrapados
por las marmitas de erosión. Las barras indican la
frecuencia relativa (%) de las fracciones separadas,
i.e. gravas (> 2 mm), arenas (entre 2 y 0.063 mm) y
fangos (< 0.063 mm).

Table 2: Trace elements statistics in the Loña River potholes sediment samples, also compared with several references.
Tabla 2: Estadísticas de los elementos traza en los sedimentos atrapados en marmitas de erosión del río Loña,
comparados con varias referencias.
Cr
(mg kg-1)

Cu
(mg kg-1)

Ni
(mg kg-1)

Pb
(mg kg-1)

Zn
(mg kg-1)

Average

29.3

17.5

10.6

21.9

28.9

Standard deviation

16.5

7.5

3.0

6.9

9.2

Minimum

9.8

9.5

6.6

13.6

12.1

Median

27.0

16.4

10.3

21.5

29.9

Maximum

50.6

29.0

15.1

33.3

38.3

UCC
Galician sediments(b)

92

28

47

17

67

22.9

14.7

29.2

21.0

48.3

Galician estuarine sediments(c)

41-101

10-27

12-47

18-50

70-100

Spanish floodplain sediments(d)

61.6

22.6

27.9

42.5

80.7

(a)

(a) Rudnick and Gao (2003) composition of the upper continental crust.
(b) Macías Vázquez and Calvo de Anta (2009), total fraction in uncontaminated areas, average + 2SD.
(c) Álvarez-Vázquez et al. (2020; 2017a), muddy flats, Álvarez-Vázquez et al. (2014; 2018), <0.063 mm fraction,
background values. (d) Locutura Rupérez et al. (2012), <0.063 mm fraction, background values.
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tent in the <2 mm fraction of the sediments
is also related to the rock mineralogy. Three
groups can be differentiated in the cluster
analysis (Fig. 7): (i) Cr is in a group with the
refractory quartz (silica) and thus with Si.
The most numerous group of variables (ii)
is related with microcline, the second most
abundant mineral in the samples (i.e. 9-12%).
In this group, with major constituents (i.e. Al,
Ca, Fe, K, Na and Mg), the trace elements (i.e.
Cu, Pb and Zn) seem to be part of a subgroup.
Variations are principally related to the mineralogical composition, but any hidden factor
can be behind the distribution of Cu, Pb and
Zn. (iii) Ni is clustered with albite and muscovite. The contents of trace elements are,
in general, similar to or even below different
background values (see statistics and comparison with references in Table 2).

Mg (r = 0.91), within this group Fe also show a
correlation with Na (0.83) and Mg (0.93); Mg
with Al (0.87), Na (0.92) and Pb (0.90); while
silica only with Cr (0.98) and muscovite and
albite did not present any statistically significance correlation with the variables under
study. In the other hand, there is a statistically significant linear relationship between Cu,
Pb and Zn (r > 0.82). This correlation between
these three last elements, together with the
results of the cluster analysis (Fig. 7) indicate
that the variation in their contents cannot be
explained only by the natural variation of the
mineralogy.
The fine fraction (<0.063 mm) is frequently
employed in environmental assessment “to
reduce the confounding effects of variable
grain size and to ensure comparability of spatial and temporal data for pollutant dispersion” (Birch and Lee, 2020). To compare, the
fine fraction of samples M02 and M05 was
analysed by FAAS (i.e. Al and Fe) and ETAAS
(i.e. Cu, Pb and Zn). Precise results are presented in Table 3. Only the two aforementioned samples provided enough quantity of
fine sediments to perform the analysis (the
fine fraction was 1.4% and 0.4%, respectively). Major elements (i.e. Al and Fe), presented
a different behaviour. The contents of Al in
the fine fraction were moderately lower but
similar to those in the <2 mm fraction (in a
factor of 0.9 for M02 and 0.8 for M05). Unlike,
Fe is enriched in the fine fraction, in a factor
of 6.0 in M02 and 2.2 in M05. The weathering
of the most mobile minerals can explain the
loss of Al, being exported downstream as fine

The results from the rank correlations (Spearman coefficients with p-value < 0.05) indicated strongly direct associations for Al and Na
(0.98), Al and K (0.98), Mg and Fe (0.92), P
and Ca (0.92); and they were of negative sign
for Si and Al (-0.94), Si and K (-0.88), Si and
Na (-0.92). The analysis of the data reported
that standard skewness and kurtosis, for each
of the selected data variables, was within the
range of -2 to +2. Testing a Pearson product
moment correlation between each pair of
variables only statistically significant non-zero
direct correlations will be further presented
(P-values below 0.05, 95% confidence level).
The results are coherent with the mineral
composition of the samples. In the one hand,
microcline is correlated with Fe (r = 0.84) and

Table 3: Composition comparison between the sandy (<2 mm) and fine (< 0.063 mm) fractions of the sediments.
Tabla 3: Comparación de la composición entre las fracciones arenosa (<2 mm) y fina (< 0,063 mm) de los sedimentos.

M02 (<2 mm)

Al
(%)
6.2

Fe
(%)
0.44

Cu
(mg kg-1)
29.0

Pb
(mg kg-1)
33.3

Zn
(mg kg-1)
38.3

M02 (< 0.063 mm)

5.7

2.62

47.7

106.8

455.0

M05 (< 2 mm)

6.1

0.49

22.3

23.8

35.5

5.0

1.09

19.7

44.9

119.7

18-29

14-53

Sample (fraction)

M05 (< 0.063 mm)

3.9-5.0
6.2-34.3
29-42
Ref. SPM Galician Rivers
(a) SPM contents in pristine rivers, from Álvarez-Vázquez et al. (2016; 2017b).
(a)
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clay particles, given that Al is usually more
abundant in fines (Birch, 2020). The retention and enrichment of Fe might be driven by
two possible processes forming coatings over
sand surfaces: (i) trapped in Fe-oxyhydroxides
(Tessier et al., 1985) or/and (ii) stabilized by
adsorption over surfaces in the form of organic matter-Fe complexes, an ordinary and
significant process of Fe stabilization e.g. in
soils (Chen et al., 2014); being very immature
sediments in oxygenic conditions, Fe is unexpected to be affected by post-depositional
migrations. Except Cu in sample M05 (factor
0.9), the contents of trace elements were
generally higher in the fine fraction, when
compared with the < 2 mm fraction. This is:
Cu was 1.6 times higher in the fine fraction
of M05, Pb enrichment was 3.2 and 1.9 times
higher in M02 and M05 respectively, and Zn
contents were 11.9 times (in M02) and 3.4
times (in M05). This fact supports the hypothesis that the aforementioned hidden factor
contributing to the variability of Cu, Pb and
Zn could represent contamination. However,
the metal-Fe ratios are similar between fractions, thus more data is needed to asseverate
a contamination state.

possess a high capacity to trap both particulate and dissolved matter transported by
rivers (Álvarez-Vázquez et al., 2017). The fine
fraction might be detecting some degree of
contamination by Cu, Pb and Zn (Tables 2 and
3). This is particularly clear in the fine fraction
of the sample M02, where the possible contamination is undetectable in the coarser <2
mm fraction.
5. Conclusion
Between the great diversity of the fluvial potholes, some of them present capacity to trap
sediments. As result from this exploratory
study, the characterization of the potholes as
sediment traps need to consider their morphological configuration because it determines the possibility to store sediments. The
position of the potholes regarding the bedrock channel also represents an important
factor. In the studied site, the potholes that
present conditions as sediment traps are located in the central and lateral sectors of the
bedrock channel. They have a maximum vertical depth from 25 cm to 1 m, and preserve
(totally or partially) their walls. The sediments
trapped by these fluvial potholes are considered as representative concerning current dynamics in a small bedrock river.

These results point to a higher accumulation
of trace metals as more abundant is the fine
fraction, and this enrichment could be related
with the behaviour of Fe. Trace elements can
be stabilised by organic matter, trapping trace
elements in Fe-oxyhydroxides or by the formation of ternary complexes over the Fe-oxyhydroxides (Tessier et al., 1985). Consequently, Fe and trace elements can be enriched in
the fine fraction by common sinking processes in quiet water masses like lakes. During
the wet season the area is subjected to turbulent waters, but in summer the flow is low
and, as observed in Fig. 5, the potholes are
dry (loosing water by evaporation) or flooded by quiet water. Possible processes are the
adsorption to hydrous oxides of Fe, complexation with suspended particulate matter (particularly organic) and the uptake by phytoplankton (Borg, 1995). Note that the studied
river reach is in the tail of a dam (commonly
flooded by the reservoir waters). Reservoirs

The analysis of the mineralogy and the contents of major and trace elements from fluvial potholes reveals they are principally
composed of a coarse-medium texture of
sand-size and upward. The results indicated
that the <2 mm fraction of the sediments is,
as expected, reflecting the mineralogy of the
source rock. Trace elements provided more
information than major constituents did.
While major constituents are related with
the feldspar microcline, trace elements form
three groups: a first one containing Ni related
to albite and muscovite; a second containing Cr and linked to the quartz of sand; and
a third linked to the microcline including Cu,
Pb, and Zn. These last three elements reveal
some hidden factor that could be related with
some anthropogenic source of contamina-
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tion. The fine fraction pointed to offer a more
significant potential to detect contamination,
which could be diluted in the sandy fraction
of sediments. It is recommended to adapt the
collection of samples to the requirements of
the analytical technique because of the scarcity of fine particles in this type of systems.
Expert based knowledge and on-site evaluation of the sediments is critical, e.g. to collect
enough quantity of the rough sample for further analyses, considering that, the common
abundance of the fine fraction may be below
a 1% of the total.

veloping procedures to set background values
to determine contamination extent. This will
allow detecting contamination hot-spots and
critical areas of actuation, to provide valuable
information for policy making and environmental management.
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The sediments trapped by fluvial potholes,
with prevalence of the sand fraction, can be
suitable to be used as environmental indicators of small bedrock rivers, even the statistical analysis of the less sensitive <2 mm
fraction can be indicating the influence of any
other factors, not only the mineral composition of sediments, in the contents of Cu, Pb
and Zn. However, some questions should be
boarded in future works. The fine fraction of
sediments (<0.063 mm) concentrates common contaminants like Cu, Pb, and Zn, but
this fraction is scarce in bedrock rivers; in
consequence, in the study of bulk sediments
the contamination might be obscured by dilution in the abundance of sandy quartz. Can
the fine fraction be more suitable to detect
and trace contamination? Fine sediments
may have their origin in the weathering of parental rocks, but also in coatings and biofilms
that have been detached in the drying-sieving process of the sample; as observed in the
samples M02 and M05 the genesis of the
fine fraction concentrates common contaminant elements. Like so, the question relies
in the most adequate procedure to estimate
background values and the selection of (e.g.)
sample fractions or an appropriate reference
element. Sediments trapped by potholes
showed potential to be used as environmental
indicators, but only after a careful selection of
samples to get enough fine sediment to perform analysis, because this fraction seems to
provide a better capacity to detect contamination. Forthcoming works will relay in the
exploration of the sediment composition, de-
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