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Abstract

By its availability and deposition dust is a key indicator for past climate variability. Due
to the location in the main North African dust corridor, the Canary Islands preserve dust
deposits in different geoarchives—for instance in valleys dammed by Quaternary volcan-
ism. These basins act as sediment traps for aeolian, volcanic, and slope-derived material,
forming alternating pale, carbonate-enriched (PCLs) and reddish, clay-enriched layers
(RCLs). However, the extent to which these sequences retain primary dust signals remains
uncertain. We examine the interpretability of locally called vega sediments by disentan-
gling input pathways, post-depositional processes, and geomorphological controls. Two
sections on Lanzarote (Teguise, Femés) and the section Vallebrón (Fuerteventura) were
investigated using grain-size analysis, XRF and XRD measurements, and IRSL dating. The
sequences reveal two dust components: high-intensity dust fall events forming PCLs, and
persistent finer dust input preserved in RCLs through kaolinite. Many PCLs originated as
loess-like deposits subsequently modified by carbonate redistribution, while clay mineral
transformations complicate provenance interpretation. Archive clarity varies with geomor-
phology, from less distinctly layered, patchy carbonate-enriched succession at Vallebrón to
continuous cyclic sequences in Teguise. Overall, these basins preserve both episodic dust
events and continuous fine-grained input, offering a valuable framework for reconstructing
Late Quaternary dust dynamics.

Keywords: environmental reconstruction; aeolian sediment; palaeosols; calcretes;
secondary carbonates; clay minerals; arid landscapes; basin; Canary Islands

1. Introduction
Mineral dust is a key driver of environmental and climatic processes as its long-

range transport affects atmospheric chemistry [1], ocean fertilisation [2], and terrestrial
ecosystems [3–7]. In addition, it serves as a valuable proxy for reconstructing palaeoclimatic
dynamics [8–11]. Dust is predominantly emitted from arid and semi-arid regions, forming
the “dust belt” that stretches from North Africa across the Middle East to Central and East
Asia [9,12]. Among these regions, North Africa is by far the most important modern dust
source, encompassing potential source areas (PSAs) ranging from the hyper-arid Sahara
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to the semi-arid Sahel [13]. Dust emissions from these areas are transported across the
Atlantic and beyond, with large fluxes carried westward by the trade winds, the Saharan
Air Layer, and other circulation systems [14]. The Canary Islands—especially Lanzarote
and Fuerteventura due to their close position to the African continent—are located di-
rectly within this transport corridor and are therefore ideally situated to archive long-term
dust inputs.

Among the most promising terrestrial archives in this region are trapped sediments
in locally so-called “vegas”. These “vegas” are valleys that were dammed by volcanic
activity during the Quaternary, forming closed sedimentary basins that trapped aeolian
dust, volcanic particles, and colluvial slope material [15]. Their stratigraphy typically
consists of pale, carbonate-enriched layers (PCLs) alternating with reddish, clay-enriched
layers (RCLs)—whereby ‘clay-enriched’ refers to the dominance of the clay-sized frac-
tion rather than an enrichment in specific clay minerals. This alternation reflects cyclic
deposition patterns. In a series of studies [16–18], von Suchodoletz et al. discussed that
these alternations are linked to orbital-scale variations resulting in varying soil moisture
and dust supply. A distinct loess-like layer preserved in the vega sections of Teguise and
Femés has been interpreted as the record of a short-lived dust event caused by intense land
use [19]. Based on geomorphological analyses and luminescence dating presented in these
studies, a robust chronostratigraphic framework was established, dating back to ~180 ka.
These studies also showed that vegas function as effective sediment traps, recording both
aeolian inputs and pedogenic processes, resulting in stratigraphies that archive variations
in dust supply and environmental conditions over time. To disentangle the interpretability
of dust deposits within vega archives, we need to investigate the processes controlling
the formation of vega sections. Therefore, we examine two previously studied sites on
Lanzarote (Teguise and Femés) and include a new section from a non-dammed but drained
system, the Vallebrón catchment on Fuerteventura. This shall allow us to distinguish
between sediment characteristics associated with a damming situation and those that are
ubiquitously distributed. The study addresses the following main research question:

How do vega sequences form, what information do they preserve over long timescales,
and to what extent can their dust signals be interpreted? This overarching question is
explored through the following sub-questions:

• What materials are involved in the formation of vega sequences?

o What sediments reach the vega systems, and what sediment characteristics are
linked to pre-sedimentary processes?

o How do sediments enter the vega archives?

• What post-sedimentary processes take place?
• What characteristics are linked to the damming situation of the vega systems, and

which influences and processes are not attributed to that specific situation?

2. Materials and Methods
2.1. Geographical Setting and State of Research

The Canary Islands form a volcanic archipelago in the subtropical Atlantic, located off
the northwestern African coast (see Figure 1). For most of the year, the islands are influenced
by the northeastern trade winds. Due to the higher altitudes, the western islands receive
more precipitation, while the eastern islands—Lanzarote and Fuerteventura—receive little
to no orographic precipitation. The highest elevations are Pico de la Zarza (807 m.a.s.l.)
on Fuerteventura and Peñas del Chache (672 m.a.s.l.) on Lanzarote. The cold Canary
Current further moderates temperatures and suppresses rainfall, resulting in a dry, semi-
arid to arid climate on the Eastern Canary Islands, with annual precipitation varying from
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~100 mm in lowland areas to ~250 mm at higher altitudes. Respectively, the vegetation
cover on Lanzarote and Fuerteventura is sparse and predominantly consists of xerophytic
and halophytic species [17]. Plant communities are adapted to water scarcity and high
evaporation rates [17].

The eastern Canary Islands reflect multiple phases of volcanic activity. On Lanzarote,
volcanism began in the Miocene (~15.5 Ma) and continued until historical times with the
last eruption in 1824 [20]. The island is structured into two volcanic massifs of Miocene to
Pliocene age, the Guatifay-Famara massif in the north and the Los Ajaches massif in the
south (see Figure 1) [21]. Younger Pleistocene and Holocene lava fields and pyroclastics
dominate the centre and southwest (Montañas del Fuego). Aeolian sand sheets and palaeo-
dunes are preserved near Mala and southwest of Famara. Fuerteventura shares a similar
volcanic history but also exposes older units such as the Cretaceous “Basal Complex,”
which is visible in the island’s central and northwestern parts [22]. Aeolian deposits on
both islands are largely of Pleistocene and Holocene origin.

 

Figure 1. Geological setting and catchments of the investigated sites. Geological overview of
Lanzarote and northern Fuerteventura showing major volcanic units (modified after [21]) and the
location of the study sites. The inset map (top left) illustrates the position of the eastern Canary Islands
off the northwest African coast (ArcGIS Pro 2.8.0). Panels (A–C) show the catchments of Teguise
(A) and Femés (B) on Lanzarote—both located in valleys dammed by Quaternary volcanism—and
the undammed catchment of Vallebrón (C) on Fuerteventura. Catchment boundaries are delineated
with red lines; red pins indicate the position of the investigated sections (maps modified from Google
Earth imagery).

The landscape of both islands reflects long-term erosional processes, which have
smoothed the volcanic relief into broad concave slopes dissected by gullies and covered
by extensive alluvial fans [23]. In the eastern islands, prolonged hyper-arid conditions
and seismic stability appear to have strongly limited erosion, allowing the preservation of
relict surfaces such as polygenetic calcretes that formed during successive phases of soil
development [17]. During the Early to Middle Pleistocene, volcanic damming in several
valleys created the vega systems that today act as natural sediment traps.
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Within these closed basins, material from various sources accumulated, including
volcanic bedrock, colluvial slope sediments, and aeolian dust transported from potential
source areas across North Africa. Dust reaches the eastern Canary Islands via several
wind systems: (1) north-easterly trade winds carry dust at low altitudes throughout the
year; (2) the Saharan Air Layer (SAL) transports material from the southern Sahara and
Sahel at altitudes of 5–7 km, particularly in summer; and (3) the Harmattan conveys dust
westward in winter toward the coastal fringe of West Africa [24]. In addition, the region
regularly experiences ‘Calima’ episodes—a local meteorological phenomenon known for
transporting warm, dust-laden air from the Sahara that forms a hazy, low-visibility layer
over the islands [25]. These dusty outbreaks significantly affect local atmospheric conditions.
The deposited aeolian material is predominantly silty and contains substantial proportions
of carbonates (up to 40%), feldspars, quartz, and clay minerals—particularly illite, kaolinite,
montmorillonite, and palygorskite [13,17,25–27]. Since quartz is largely absent in the
volcanic geology of Lanzarote and only occurs in the “Basal Complex” on Fuerteventura, it
is widely used as a tracer for dust input [24,28–30]. The recurring alternation of PCLs and
RCLs has been interpreted as reflecting loess-like aeolian deposits and more pedogenically
overprinted units, respectively [15–18]. This cyclicity is thought to result from orbital-
scale shifts in soil moisture linked to changes in Earth’s obliquity, which regulated dust
availability and pedogenic intensity. These dynamics are recorded in the vega sequences
over at least the past 180,000 years, underlining their potential as long-term terrestrial
dust archives.

2.2. Study Sites

The Teguise vega section (29◦04′08′′ N, 13◦30′55′′ W) is situated in a north–south
oriented valley at the southern margin of the Famara Massif in northern Lanzarote. The
catchment covers approximately 3.8 km2, of which about 35% corresponds to the valley
floor, resulting in a low slope-to-valley ratio of 2.9:1 [15]. Volcanic damming in the southern
part of the valley occurred during the Early Pleistocene, around 1.2 Ma ago, but remains
incomplete. The surrounding slopes are gently inclined, rising up to 100 m above the valley
floor, and are partly dissected by gully erosion. The valley floor sediments in the northern
sector exhibit horizontal stratification with alternating yellowish, silty PCLs and RCLs,
often intersected by carbonate veins and cracks (see Figure 2A). These layers fade out
upslope, forming laterally continuous deposits. In contrast, the southern part of the valley
reveals an erosional gap and disturbed stratigraphy, likely caused by sediment discharge
due to the incomplete damming.

The vega of Femés (28◦55′32′′ N, 13◦45′19′′ W) is located in the Los Ajaches Massif
in southern Lanzarote. It extends over a length of approximately 3 km from SW to NE
and encompasses a catchment area of 5.07 km2. The valley floor covers about 18.4% of the
total area, yielding a slope-to-valley ratio of 5.4:1 [15]. Volcanic damming occurred around
1 Ma ago and is considered complete. Compared to Teguise, the slopes are significantly
steeper, rising up to 200 m above the valley floor. The sediments consist of horizontally
bedded sequences of RCLs interbedded with lighter, silty PCLs. These sequences often
show internal differentiation, such as sub-layers and lateral variations (see Figure 2B).
Despite the steeper relief, individual beds can be traced laterally upslope before thinning
out. The transition zone between slopes and the valley floor is frequently marked by small
alluvial fans.
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Figure 2. Overview of the three investigated study sites. White rectangles show the position of
the sections, with their respective photos below. (A) Vega Teguise (Lanzarote) with a pronounced
alternation of (lighter) PCLs and (darker) RCLs; (B) Vega Femés (Lanzarote), showing a valley with
steeper slopes and a more complex stratigraphy; (C) Vallebrón (Fuerteventura), an undammed
catchment with reduced layer thicknesses and less pronounced layering.

The Vallebrón site (28◦35′44.6′′ N, 13◦54′25.3′′ W) is located in a small valley in north-
ern Fuerteventura, southeast of La Oliva. The valley extends over approximately 2 km2 in
an east–west orientation and lies between two mountain ridges. The site is positioned near
the watershed at the upper valley section, just 100 m from the divide to the neighbouring
catchment. Unlike the dammed vegas on Lanzarote, Vallebrón has not been blocked by
volcanic activity and thus represents an open sedimentary system. Sediments are exposed
up to 5 m deep and exhibit an alternation of patchy, carbonate-bearing layers and reddish,
carbonate-free clay bands (see Figure 2C). Downstream, sediment thickness declines rapidly,
and stratigraphic layering becomes less distinct—suggesting episodic sedimentation and
partial erosion.

2.3. Fieldwork

We collected sediment samples from the three sites of Teguise, Femés, and Vallebrón
for XRD and XRF measurements, OSL dating, and grain-size analyses. In Teguise and
Femés, equidistant sampling was carried out at 10 cm intervals. At Vallebrón, the porous
structure of the sediment deposits prevented systematic interval sampling; instead, samples
were taken by stratigraphic units, targeting the transitions between identified sediment
layers. In addition, a higher-resolution sampling of carbonate-filled cracks and clay-rich
material was conducted to characterise post-depositional features in greater detail. All
sections were described with regard to the sedimentological composition of the parent
material, hydromorphic features, evidence of relocation, and indicators of aeolian input.
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2.4. Grain-Size Distribution and CaCO3 Content

The particle size distributions were measured with a Horiba LA950v2 laser diffraction
particle sizer at GFZ Helmholtz Centre for Geosciences (Potsdam, Germany). The air-
dried samples were suspended in 2.5 mL of sodium pyrophosphate for 24 h, and neither
calcium carbonate nor organic material was removed. Each sample was measured 10 times
consecutively using ultrasound. Due to occasionally reduced laser transmittance during
measurement, multi-scattering effects may have led to an overestimation of particles in
the <1 µm fraction. The values shown are the medians of 82 classes between 0.044 and
2500 µm. Grain-size plots were created with the software RStudio 2024.04.02. The grain-
size distributions were plotted as heatmaps [31] representing the percentage of each class.
The heatmaps are divided into three matrices (see below in the grain-size figures, e.g. in
Section 3.1). The first matrix represents the clay fraction and ranges from 0.044 to 1.981 µm.
The second matrix represents the silt fraction and ranges from 1.981 to 58.953 µm. The third
matrix contains the grain-sizes from 58.953 to 2500 µm and represents the sand fraction.
The cumulative percentage of the three matrices (per sample) is shown at the top of the
grain-size figures and illustrated by bar charts (see below, e.g. in Section 3.1).

The CaCO3 content was determined by treating the samples with hydrochloric acid
and measuring in a Scheibler apparatus [32] at the Geographical Laboratory of the Dresden
University of Technology (Dresden, Germany).

2.5. XRD Analysis

As part of the preparation, the air-dried samples were sieved to a grain size of <63 µm.
XRD measurements were carried out at the University of Potsdam (Potsdam, Germany)
with a sample rotation at 1 s-1 using a PANalytical Empyrean powder X-ray diffractometer
(Bragg–Brentano geometry). The diffractometer was equipped with a PIXcel1D detector
and operated with Cu Kα radiation (λ = 1.5419 Å) at 40 kV and 40 mA. The range of scan
varied from 4 to 70◦2θ (overview scan) to 2 to 34◦2θ (glycolated and heated clay mineral
samples). The reflexes selected for measurement for the respective minerals were 8.6◦2θ
(±0.1◦2θ) for illite, 12.3◦2θ (±0.1◦2θ) for kaolinite, and 26.6◦2θ (±0.05◦2θ) for quartz. Peak
evaluation was conducted using HighScore Plus 4.0 software, and results obtained by
profile fitting are expressed as relative values normalised to the background.

2.6. XRF Analysis

To determine the elemental composition, the air-dried samples were ground twice
and subsequently passed through a 63 µm sieve. The elemental composition of the mineral
powder was analysed using fused beads with an AXIOS Advanced XRF Spectrometer
(MalvernPANalytical) at the ElMiE Lab—GFZ Helmholtz Centre for Geosciences. Elements
(Fe, K, Mn, Sr, Zn, Zr) were determined with a quantification level (QL) of 0.02 wt% for the
wt% range and 10 ppm for mg/kg. Zn, Sr, and Zr were measured in mg/kg, whereas Fe2O3,
MnO, and K2O were determined in wt% and therefore reported as oxides. For simplicity,
these oxide values are referred to as the respective elements (Fe, Mn, K) throughout the
article, except in the section figures in Sections 3.1–3.3.

2.7. Luminescence Dating

A total of 22 luminescence samples from the polymineral fine-grain fraction (4–11 µm)
were analysed to establish local chronologies for the investigated sites. Sampling was
conducted at night using opaque plastic bags to prevent light exposure. Sample preparation
followed standard procedures [33] under subdued amber-light conditions. After wet
sieving into defined grain-size fractions (<38 µm, 38–63 µm, 63–90 µm, and 90–200 µm),
carbonates and organic matter were removed using 10% HCl and 10% H2O2, respectively.
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During treatment of the <38 µm fraction, pH was continuously monitored to prevent
flocculation at values below 3. The polymineral fine-grain fraction (4–11 µm) was then
isolated from the <38 µm material by gravitational settling in Atterberg cylinders, applying
settling times based on Stokes’ law.

Luminescence measurements were carried out at Justus Liebig University Giessen
using automated Freiberg Instruments Lexsyg Smart and Lexsyg Research readers equipped
with internal 90Y/90Sr β-sources and infrared LEDs (850 nm, 150 mW/cm2). The emitted
signal was detected using a Hamamatsu H7360 photomultiplier tube after passing through
a filter combination of an AHF Brightline HC414/46 and a Schott BG39, centering detection
at approximately 410 nm.

A modified single-aliquot regenerative-dose (SAR) protocol was applied following [34,35].
IRSL signals were recorded for 300 s at an elevated temperature of 125 ◦C after a 20 min
pause following the preheat step. Equivalent doses (De) were derived from single saturating
exponential fits to the dose–response curves, using the first 5 s of the IRSL signal after
subtraction of a background obtained from the last 50 s. Only aliquots with recycling ratios
between 0.9 and 1.1, recuperation ≤5% of the natural sensitivity-corrected signal [36,37],
and signal intensities at least three times the background were accepted. Final equivalent
dose estimates were obtained using the Central Age Model (CAM) [38].

To assess potential signal instability, fading tests were performed on selected samples,
revealing generally low fading rates of 1–2.5% per decade. In addition, bleaching exper-
iments were conducted to determine residual doses, which were consistently very low
and typically below 1% of the corresponding palaeodose. Consequently, neither fading
corrections nor residual-dose corrections were applied.

Radionuclide concentrations were determined using a combined alpha- and beta-
counting approach with the µDose system [39,40]. To account for small-scale variability
in the gamma dose rate, bulk dose-rate samples were collected within a 30 cm radius
around each OSL sampling point. Water contents of 15 ± 5% were applied, based on
present-day moisture measurements and adjusted for site-specific sedimentological and
geomorphological conditions. Cosmic dose rates were calculated following [41] using the
‘calc_CosmicDoseRate’ function of the R package Luminescence [42].

Data processing was performed using modified routines of the R package Luminescence [42].
Dose rates and final age estimates were obtained with the Dose Rate and Age Calculator
(DRAC v1.2 [43], applying the conversion factors proposed by [44].

2.8. Figures

The section figures were created using Inkscape software version 1.0. Bar plots of
elemental and mineralogical composition, as well as heatmap images of grain-size distribu-
tions, were generated with RStudio 2024.04.02 and subsequently transferred to Inkscape.
The height of each bar corresponds to the relative value of the respective sample.

3. Results
3.1. Teguise Section
3.1.1. Stratigraphy and Sedimentary Architecture

The section of Teguise (see Figure 3) comprises 14 distinct sediment layers (SLs), which
are grouped into three vega sequences (VS 1–3) based on their stratigraphic arrangement
and compositional characteristics.
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Figure 3. Section of Teguise with analytical data of the samples. Grain-size distributions are shown as heatmaps (frequency of a class in % Vol). Black lines show the
cumulative percentage of clay, silt, and sand. * Minerals are normalised to the sample-specific background and represent relative peak intensities.
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Each sequence consists of a pair of reddish clay-enriched layers (RCLs) and pale
carbonate-enriched layers (PCLs). Two additional loess-like layers (SL 4 and SL 12) are
intercalated as individual units. The lowermost part of the section (SL 11, SL 13, SL 14)
deviates from this alternating pattern. SL 11 appears as a transitional, clayey-silty layer that
cannot be clearly classified as either a PCL or an RCL. SL 13 and SL 14 are also compositionally
distinct and exhibited clear redoximorphic features in the field. A detailed description of all
sediment layers is provided in Appendix A.1, Table A1. The section is located in the upper
valley, where the catchment area is approximately 1.1 km2. In this section, the stratigraphy
exhibits a well-developed horizontal layering with alternating PCLs and RCLs, each with a
thickness between 50 and 100 cm. This regular layering is continuous across the valley floor.
On adjacent slopes, sediment layers fade out progressively with elevation, and PCLs exposed
at the surface are transformed into hardened calcareous crusts.

In the lower, southern part of the valley, where the catchment area expands to
3.8 km2, the uppermost sediments are dominated by gravel and stone fragments deposited
in discontinuous bands. While horizontally layered strata occur below these gravels, no
correlation with the sequence observed in the upper valley could be established so far.

3.1.2. Reddish Clay-Enriched Layers (RCLs)

The RCLs (SL 5, SL 7, SL 9) are characterised by a dense, CaCO3-poor matrix and contain
the highest clay contents in the section, reaching up to 94.7% (SL 7, sample 57). The grain-size
distribution is dominated by the clay fraction. In SL 5 and SL 7, the upper parts contain more
silt, which decreases with depth, while clay content increases. Vertical fissures filled with Mn
precipitates occur in the upper parts and diminish downward, in parallel with decreasing
Mn concentrations. The geochemical and mineralogical signatures of the RCLs show strong
similarities. Quartz, Zr, and TiO2 values decrease with depth, while Zn and Fe remain high
and relatively constant. Below the top 10–20 cm, vertical carbonate-filled fissures become
increasingly common, except in SL 9, where they are absent.

3.1.3. Pale Carbonate-Enriched Layers (PCLs)

The PCLs (SL 6, SL 8, SL 10) exhibit maximum carbonate concentrations of 45.0%
(SL 10), 33.2% (SL 6), and 31.4% (SL 8). In SL 6 and SL 8, CaCO3 contents are higher in
the upper parts and decrease downward; in SL 10, the highest carbonate content is found
at the base. Clay content remains high (up to 90%) in the upper sections, dominated by
fine particles (<0.2 µm). In the lower parts of the layers, clay content decreases while silt
increases (e.g., 60% in SL 8, sample 47), accompanied by rising concentrations of quartz,
Zr, and Mn. Mn concretions and Mn-coated insect nests are frequently observed at the
base, along with compact, horizontally stratified calcareous bands. Sr values are elevated
throughout the PCLs, especially in the upper segments.

3.1.4. Loess-like Layers

SL 4 and SL 12 are thin (10–20 cm) and silt-rich, with silt contents of 60% and 45%,
respectively. These layers feature the highest quartz and Zr concentrations in the section
and elevated kaolinite contents. SL 4 also contains Fe-Mn concretions and manganese-filled
brood cells.

3.2. Femés Section
3.2.1. Stratigraphy and Sedimentary Architecture

The section of Femés (see Figure 4) comprises 11 sediment layers (SLs), grouped
into three main vega sequences consisting of alternating RCLs and PCLs, along with an
additional upper loess-like layer (SL 2) and several intermediate clayey-silty units. A
detailed description of all sediment layers is provided in Appendix A.1, Table A2.
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Figure 4. Section of Femés with analytical data of the samples. Grain-size distributions are shown as heatmaps (frequency of a class in % Vol). Black lines show the
cumulative percentage of clay, silt, and sand. * Minerals are normalised to the sample-specific background and represent relative peak intensities.
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The section is situated within a dammed valley in the Los Ajaches Massif, with a total
catchment area of 5.07 km2. The immediate valley floor at the outcrop is relatively broad,
but the surrounding slopes are steeper than in Teguise and rise up to 200 m above the
valley floor. The vega sequences at this site exhibit horizontal layering, although subtle sub-
layering and lateral convergence of layers can be observed within the closer surroundings
of the section. Layer thickness ranges between 40–100 cm for RCLs and 50–60 cm for
PCLs. On adjacent slopes, the layers fade out upward, and PCLs transition into surface
calcareous crusts.

3.2.2. Reddish Clay-Enriched Layers (RCLs)

The RCLs (SL 3, SL 5, SL 7, SL 9) are characterised by a fine-textured, carbonate-poor
matrix with clay contents of up to 92% (SL 5, sample 33). Clay dominates the grain-size
distributions. Silt content varies across layers, with no consistent vertical trend. Mn
precipitates are common in SL 3, SL 5, and SL 7, occurring as bands, coatings, or embedded
within clay aggregates. The Mn content remains relatively constant with depth. Vertical
and horizontal carbonate-filled fissures are present in all RCLs, but their development
varies. SL 5 contains the most prominent vertical cracks (up to 80 cm), while SL 7 shows a
combination of horizontal and vertical fissures forming a lattice-like pattern. SL 3 exhibits
minimal carbonate fissuring. In terms of geochemistry, quartz concentrations decrease
downward in SL 3, while Ti and Zr remain stable in most layers. Overall, RCLs show
elevated and stable Zn and Fe values.

3.2.3. Pale Carbonate-Enriched Layers (PCLs)

PCLs in Femés (SL 6, SL 8, SL 10) exhibit carbonate concentrations of up to 36.5%
(SL 10). Carbonate contents are typically higher in the upper segments of the layers. Clay
contents reach a maximum of 83.2% (SL 10, sample 8). Toward the base, clay fractions
decrease while silt increases, reflected in grain-size distributions and higher quartz and Zr
values. Quartz peaks are especially pronounced at the base of SL 8, accompanied by Zr
maxima. Zr values also increase downwards in SL 6 and SL 10. Mn concretions are present
throughout the PCLs, and SL 6 contains abundant calcified brood cells. Sr concentrations
increase upwards within the layers and are consistently elevated.

3.2.4. Loess-like Layer

The loess-like layer (SL 2) is located near the top of the section and is 10–20 cm
thick with a silt content of 51%. It contains the highest quartz and Zr concentrations in
the section and elevated kaolinite values. Mn levels are also increased, while carbonate
content remains low (<3.2%). Figure 5 illustrates the stratigraphy of the Femés section
and the spatial properties of the individual sediment layers. The illustration shows slight
sub-layering and local variations in bedding geometry, including dipping and converging
layers. It also depicts the distribution of carbonate features, such as vertical and horizontal
fissures, patchy precipitation zones, and carbonate coatings.
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Figure 5. Femés section showing sediment layers, carbonate features, and positions of IRSL samples.

3.3. Vallebrón
3.3.1. Stratigraphy and Sedimentary Architecture

The Vallebrón section (see Figure 6) comprises 12 sediment layers (SLs) located
within an undammed valley in northern Fuerteventura. The site is positioned in
the upper catchment, near the watershed, with a contributing area of approximately
2 km2. A detailed description of all sediment layers is provided in Appendix A.1,
Table A2.

The stratigraphy is characterised by a horizontally layered alternation between five
thin but well-defined clay-enriched layers (SL 3, 5, 7, 9, 11) and four patchy, carbonate-
enriched layers (SL 2, 4, 6, 8), in addition to two more consolidated PCLs (SL 10 and SL 12) at
the base and top of the section. The clay-enriched layers range in thickness from 10–20 cm,
while the carbonate-enriched layers vary between 40–90 cm. Particularly in the lower part
of the section, between SL 10 and SL 12, the alternation of clay- and carbonate-dominated
deposits is well preserved. Laterally, slight shifts and variations in layer continuity occur,
especially between the patchy carbonate-rich units.

3.3.2. Reddish Clay-Enriched Layers (RCLs)

The RCLs are reduced to thin layers and exhibit clay contents of up to 84% (e.g.,
SL 5, sample 15), with clay representing the dominant grain-size fraction. In the upper
RCLs (SL 3, 5, 7), a typical pattern is observed: the highest clay concentrations are found
in the centre of the layer, while carbonate contents are lowest in this zone and increase
toward the upper and lower boundaries. Hydromorphic features are widespread and
include Fe-Mn concretions and Mn coatings on clay aggregates, often extending across
both clay and carbonate-enriched layers. Elemental and mineralogical patterns vary
among RCLs, and clear trends between them are difficult to identify. For instance, quartz
values remain relatively constant throughout the section. Illite and kaolinite are present
but do not follow a consistent distribution. Mn and Fe values fluctuate without a clear
stratigraphic pattern.
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Figure 6. Section of Vallebrón with analytical data of the samples. Grain-size distributions are shown as heatmaps (frequency of a class in % Vol). Black lines show
the cumulative percentage of clay, silt and sand. * Minerals are normalised to the sample-specific background and represent relative peak intensities.
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3.3.3. Pale Carbonate-Enriched Layers (PCLs)

The carbonate-enriched layers are defined by their elevated CaCO3 contents, reaching
up to 45.4% in SL 12. While layers SL 2 to SL 8 show patchy carbonate enrichment, the
more massive and consolidated layers SL 10 and SL 12 are clearly developed and laterally
continuous. A separate grain-size analysis of the calcareous and clayey matrix components
(Appendix A.2, Figure A1) reveals that secondary carbonate precipitates are associated
with higher silt (>30%) and sand (up to 27%) contents, while the non-calcareous matrix
shows high clay proportions (>60%). Fe-Mn concretions are also found in the carbonate
layers, particularly in SL 12 and SL 10. Mn values do not show consistent vertical trends.

3.4. Luminescence Dating

Equivalent dose (De) distributions are generally narrow and approach normal distri-
butions, indicating a high internal consistency of the luminescence data. Relative standard
deviations are typically below 5%, and only a few samples show slightly skewed distri-
butions, which are attributable to statistically significant outliers. These outliers were
identified using a 1.5 IQR criterion and were not included in the De calculation based on
the Central Age Model (CAM). All measured aliquots fulfilled the applied quality criteria
and exhibited bright luminescence signals. Representative De distributions illustrating data
quality and variability are shown in Appendix A.3 Figure A2. The IRSL ages obtained in
this study are largely consistent with the OSL ages reported by von Suchodoletz et al. [16],
showing recurrent Holocene and late Pleistocene dust deposition phases across the Femés
and Teguise vega sections.

4. Discussion
4.1. Sediment Characteristics and Input Pathways into Vega Systems
4.1.1. Bedrock of the Catchment and Local Volcanism

Given the volcanic origin of the Canary Islands, the local volcanism with its input
of tephra and lapilli should have an imprint on the vega systems. Surprisingly, no dis-
tinct tephra layers were identified in any of the studied sections. This absence is likely
related to mixing within the fine-grained, clay-enriched deposits caused by peloturbation
processes [17]. As a result, volcanic input is not preserved as stratigraphically distinct
ash layers but is instead recorded indirectly through a pervasive basaltic geochemical
background. This interpretation is supported by elevated Fe and Zn concentrations, which
are characteristic of basalt-derived substrates on the eastern Canary Islands [45]. In both
sections, these elements show systematically higher values in the reddish, clay-enriched
RCLs than in the overlying PCLs, indicating a stronger geochemical influence of the basaltic
substrate in these layers. In Teguise, this is particularly evident in SL 5, 7, and 9 (Figure 3),
where Fe and Zn values remain high and stable over several decimetres. Comparable trends
occur in Femés (SL 3, 5, 9; Figure 4), where Fe- and Zn-rich parts of the section coincide with
the most clay-enriched layers. These Fe- and Zn-enriched RCLs frequently show very high
clay contents exceeding 90% (e.g., SL 7 and 9 in Teguise, Figure 3; SL 3, 5, and 7 in Femés,
Figure 4). Such extreme values are best explained by intense pedogenic overprinting within
the valley floor, including clay neoformation (see Section 4.2). The associated rubefication,
formation of new clay minerals, and elevated magnetic susceptibility values point to strong
weathering processes [17], particularly in RCLs with a pronounced basaltic geochemical
background, where the volcanic parent material likely facilitated enhanced alteration.

4.1.2. Aeolian Deposits

Aeolian sediments are characterised by high proportions of silt and clay, reflecting the
preferential deposition of fine particles during atmospheric transport. In silty dust loads,
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Zr concentrations are typically elevated [9,46], and quartz represents one of the most robust
indicators of aeolian input on the eastern Canary Islands [5,27,28], as the local volcanic
substrate lacks quartz. The close correspondence between Zr and quartz abundances in the
Teguise (Figure 3) and Femés (Figure 4) sections, therefore, supports an aeolian origin of Zr
and highlights its potential as a complementary proxy for dust deposition.

Several sediment layers in both sections show enrichments in these dust-related
components. In Teguise, coincident maxima of silt, Zr, and quartz occur in layers SL 4,
6, 8, and 12. Layer SL 12 is particularly conspicuous due to its light grey colour, which
initially suggested a possible tephra origin in the field. However, the absence of mafic
minerals, together with low Fe and Zn contents and pronounced enrichments in quartz
and Zr, clearly indicates an aeolian origin. In Femés, comparable peaks in dust indicators,
especially quartz and Zr, are observed in SL 2 and SL 8, pointing to analogous phases of
enhanced dust deposition.

Among these layers, SL 4 in Teguise and SL 2 in Femés near the surface stand out due
to exceptionally high quartz and Zr values. Both correspond to the Holocene loess-like layer
described by von Suchodoletz et al. [16], which has been interpreted as recording a short-
lived episode of particularly intense dust input linked to increased anthropogenic land
use in the Western Sahara. Beyond these prominent horizons, more subtle enrichments in
quartz, Zr, and fine silt occur throughout the sequences, indicating that dust input was not
limited to isolated events but constituted a recurrent process contributing to the progressive
infill of the vegas.

Kaolinite provides an additional, though partly independent, indicator of aeolian
input [13,27]. In the Teguise section, kaolinite reaches its highest values in layer 4, together
with elevated quartz and Zr. Nevertheless, some RCLs—such as Teguise SL 9 and Femés SL
7—also contain increased kaolinite contents despite lacking peaks in the other dust proxies.
This pattern indicates a more continuous supply of fine-grained dust components even
during intervals when coarser silt deposition weakened. Illite, another mineral commonly
associated with dust input from northern parts in North Africa [5,6,13,27], is also present in
the vegas but shows no clear correspondence with other dust proxies. This decoupling may
point to partial in situ formation or post-depositional alteration of this clay mineral (see
Section 4.2). Carbonates also constitute a substantial component of Saharan dust [27], and
the highest CaCO3 contents in both sections coincide with silt-rich layers enriched in quartz
and Zr, supporting an aeolian contribution. Within the vega systems, however, carbonates
were subsequently redistributed, and the effects of this post-depositional mobilisation are
discussed in more detail in Section 4.2.

4.1.3. Slope Deposits

The surrounding slopes of the catchments differ markedly in their inclination, which
exerts a strong control on the potential for colluvial sediment input. Mean slope angles are
approximately 10–12◦ around Teguise, 15–17◦ around Femés, and 12–13◦ around Vallebrón,
with local maxima reaching up to 20◦, 35◦, and 30◦, respectively. These differences provide
an important geomorphological framework for interpreting site-specific variations in slope-
derived contributions to the vega deposits.

Characteristic indicators of sediment input from former slope positions are fragments
of calcified brood cells, which represent carbonate-cemented remains of originally in-
tact nest chambers that became fragmented and redeposited during erosion and slope
processes [47]. On the Canary Islands, such fragments have been widely used as indicators
of sediment relocation, for instance within palaeodune archives [35]. Additional slope-
indicative features include clay-rich soil aggregates, inclined layers or sub-layers near the
slope–valley transition, and, locally, coarser stone fragments or pebble-rich horizons. These
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coarse components are typical of Holocene colluvium at the surface (e.g., SL 1 in Femés and
Teguise) but are absent from the lower parts of the sequences, indicating that slope-derived
erosion was strongly reduced prior to the Holocene. In Femés, SL 6 shows abundant calci-
fied fragments (Figure 4) and inclined bedding (Figure 5), pointing to enhanced colluvial
dynamics, whereas in Teguise such features are scarce and the stratigraphy is dominated
by massive, laterally continuous layers.

These site-specific differences can be explained by contrasting catchment morphologies.
The steeper and longer slopes in Femés favour increased colluvial input, while the enclosed
and gently inclined slopes around Teguise are comparatively short (typically <200 m) and
terminate in a shallow upper valley close to the watershed. In this geomorphological
position, the valley floor is only weakly incised, limiting the potential for slope-derived
sediment delivery. Material supply in Teguise therefore mainly occurred through the
reworking of pedogenic aggregates and fine colluvial sediments rather than through major
erosional events, consistent with slope input characterised by high frequency but low
magnitude [17]. Overall, slope deposits are largely restricted to fine-grained sediments,
complementing in situ products of volcanic weathering and externally supplied aeolian
dust as the principal sediment sources of the vegas, which were subsequently modified by
post-depositional processes.

4.2. Post-Depositional Processes
4.2.1. Calcification Patterns

The alternation of pale carbonate-enriched layers (PCLs) and reddish clay-dominated
layers (RCLs) indicates that de- and recalcification represent one of the most prominent post-
depositional processes shaping the vega sequences. Carbonate dissolution and precipitation
are expressed through a range of features, including fissure fills, crusts, and nodules, which
document both vertical and lateral carbonate redistribution. The intensity and geometry
of these features vary between sites and stratigraphic positions, reflecting differences in
hydrological pathways and sediment properties.

Fissure fills provide clear evidence for vertical carbonate transport. In Femés, for
example, SL 5 shows strongly developed vertical cracks filled with carbonate, whereas
SL 7 exhibits a brick-like pattern of intersecting vertical and horizontal fissures (Figure 4).
These geometries point to infiltration-driven precipitation of dissolved carbonate along
structural weaknesses during periods of percolating water, a process typical of arid soils
where secondary carbonates preferentially follow infiltration pathways [48]. Toward the
PCLs, fissure fillings observed in underlying RCLs grade into increasingly massive car-
bonate accumulations. In both Teguise and Femés, these accumulations consolidate into
dense, cemented layers interpreted as hardpan-like calcareous crusts, particularly in up-
slope positions. Their formation reflects repeated dissolution–precipitation cycles under
vadose conditions, combined with the influence of slope-derived interflow, which mobilises
dissolved carbonate and promotes its accumulation along layer boundaries. Such features
correspond well with the inclined and laminated calcretes described from the eastern
Canary Islands [49,50] and thus represent markers of cumulative carbonate redistribution
within the vega systems.

Beyond vertical transport, lateral redistribution plays an important role in shaping
carbonate patterns within the vegas. Interflow from surrounding slopes facilitates a diffuse
transfer of dissolved carbonate into the valley floors, while capillary rise redistributes car-
bonate upward within fine-grained sediments with high water-holding capacity, producing
diffuse impregnations and patchy accumulations [51]. This mechanism is well illustrated
in layers such as SL 6 in Teguise (Figure 3) and SL 6 in Femés (Figure 4), where CaCO3

contents increase upward. Repeated moisture fluctuations and capillary transfer, both
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common drivers of calcrete formation [49,51], likely controlled these patterns. In some
cases, increasing carbonate contents in SL 6 and 8 in Teguise and SL 10 in Femés may
additionally reflect self-reinforcing precipitation dynamics, whereby ongoing cementation
reduced porosity and permeability and thus enhanced further carbonate accumulation in
overlying horizons. Such processes are most effective under relatively moist conditions,
which we infer for transitional zones between PCLs and overlying RCLs, where desiccation
cracking and intense recalcification frequently coincide (see Section 4.4).

The spatial distribution of carbonate enrichment further highlights the importance of
sediment texture and catchment geometry. In the upper and middle parts of the Teguise
sequence, massive carbonate accumulations are consistently associated with silt-rich layers,
likely reflecting their higher hydraulic conductivity compared to clay-dominated horizons,
which favoured interflow and carbonate precipitation. In contrast, the lower part of the
sequence shows a different pattern. SL 11 in Teguise, despite elevated silt contents, lacks the
massive carbonate overprinting observed in overlying PCLs such as SL 10. This discrepancy
may be related to valley geometry and sedimentation dynamics: rapid infilling of the lower
basin in a funnel-shaped catchment likely limited lateral water movement and reduced
carbonate accumulation. Moreover, carbonate precipitation requires sufficient residence
time of percolating or ponded water, so rapid sediment aggradation may have restricted
or prevented the development of distinct calcareous horizons. Periods of weak or absent
interflow may therefore be recorded in these intervals, while SL 10 marks the onset of more
pronounced carbonate redistribution. Comparable phases may have occurred higher in the
sequence but are probably condensed or obscured by later overprinting.

Finally, the close parallel between CaCO3 and Sr contents provides additional insight
into carbonate redistribution processes. Because Sr commonly substitutes for Ca in car-
bonate lattices [51,52], the near-identical trends of CaCO3 and Sr in all carbonate-enriched
layers in Teguise (SL 6, 8, 10) and Femés (SL 6, 8, 10) suggest that Sr is predominantly
carbonate-bound and governed by the same dissolution–precipitation dynamics. The key
issue is therefore not the covariance itself, but whether Sr enrichment primarily reflects
aeolian input or secondary mobilisation. Carbonate-bearing dust from northern African
source regions contains variable but generally low Sr concentrations, depending on the
contribution of biogenic and pedogenic carbonates [13]. In addition, Sr-bearing biogenic
carbonates from adjacent shelf areas of the eastern Canary Islands [30,53] may have been
incorporated into the aeolian fraction. Alternatively, both Ca and Sr may have been mo-
bilised after deposition, as carbonate phases are highly soluble under fluctuating moisture
conditions. This interpretation is further supported by the presence of Sr in basaltic rocks,
mainly hosted in plagioclase, providing an additional volcanic source for mobilised Sr [54].
Taken together, the redistribution of Ca and Sr underscores the dominant role of water in
overprinting vega deposits, a control that extends beyond carbonate dynamics and is also
reflected in hydromorphic and redox-related features.

4.2.2. Hydromorphic Features and Redox Processes

Hydromorphic overprinting is particularly evident in the lower parts of several PCLs
in Teguise (SL 6, 8, 10), especially where they come into contact with underlying RCLs.
These clay-enriched layers often act as semipermeable barriers, reducing vertical infiltration
and promoting temporary water stagnation above them. Such conditions foster repeated
redox fluctuations that mobilise manganese and iron, followed by reprecipitation once
oxygen becomes available again [55,56]. These processes typically lead to the formation
of Fe–Mn nodules and coatings, which are widely recognised as sensitive indicators of
fluctuating hydrological regimes in soils [57].
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In the vegas, these dynamics are recorded in the form of blackish fissure coatings
and Mn-rich fillings, which clearly contrast with the carbonate-filled cracks observed in
deeper parts of the RCLs in the sections of Teguise (SL 5, 7) and Femés (SL 5, 7, 9). This
mineralogical differentiation highlights the importance of redox conditions in governing
post-depositional transformations. Particularly striking are the manganese-coated insect
nests (e.g., Anthophora-type) observed in Teguise (SL 6, SL 8) and Femés (SL 6). Their high
density in the basal parts of PCLs, together with elevated Mn values, suggests that these
parts were especially prone to short-term hydromorphic alteration before or during early
carbonate enrichment. Pedogenic Mn-oxides typically form under such fluctuating redox
conditions, precipitating as coatings on biological structures and soil aggregates [58].

Taken together, Mn-rich precipitates and coatings serve as sensitive indicators of
short-term saturation and hydrological variability, complementing broader geochemical
signals and showing that even brief wet–dry cycles can leave a lasting imprint on vega
stratigraphy. The occurrence of such redox features implies periodically moist conditions
within an otherwise semi-arid setting, possibly linked to episodic rainfall and interflow
events led to transient waterlogging followed by rapid drying. These alternating reduction
and oxidation phases reflect short-term fluctuations in moisture availability and indicate
that vega formation occurred under highly variable hydrological conditions. Such repeated
wetting and drying also promote clay mineral alteration and formation by alternating
dissolution and reprecipitation, while the associated shrink–swell dynamics in clay-rich
layers lead to peloturbation and structural reworking.

4.2.3. Clay Mineral Formation and Peloturbation

The exceptionally high clay contents of the RCLs—often exceeding 90%—result from
several interacting processes rather than from primary sediment input alone. Reddish
colouration, dense microstructures, and pervasive vertical and horizontal fissures indicate
strong pedogenic overprinting under fluctuating hydrological conditions. Although soil
formation on the valley floors was constrained by poor drainage and alkaline pH values [17],
rubefication and a fine-textured, aggregate-rich structure point to pedogenic alteration,
including clay mineral transformation and partial neoformation. Accordingly, the RCLs
represent products of combined sediment accumulation and in situ modification. In
contrast, less restricted slope positions likely provided more favourable conditions for
soil development and thus acted as source areas for fine-grained, pedogenically modified
material that was subsequently relocated to the valley floors.

Aeolian and colluvial inputs further contributed to the overall clay enrichment. Parts
of the clay fraction—particularly kaolinite and illite—can be attributed to dust deposition
(see Section 4.1), while local pedogenic processes added an authigenic component. Given
the basaltic substrate of Lanzarote, in situ formation of smectite would be expected [59].
Although neither our XRD data nor previous studies [17] indicate significant smectite con-
tents today, their former presence cannot be excluded. Smectites readily form on basaltic
parent material and promote pronounced shrink–swell behaviour under alternating wet
and dry conditions, providing a plausible explanation for the desiccation cracks charac-
teristic of many RCLs. The vertical and brick-like cracking patterns observed in SL 7 at
Teguise (Figure 3) and SL 5 at Femés (Figure 4) reflect such repeated moisture fluctuations,
whereas layers lacking pronounced fissures, such as SL 9 in Teguise, likely record more
stable and consistently dry conditions. Smectites may subsequently have undergone pe-
dogenic illitisation driven by K fixation, a process well described in soil science [60], with
elevated K concentrations in the RCLs supporting this interpretation without implying
diagenetic conditions.
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Authigenic formation of palygorskite has been reported from soils developed on Ca-
nary basalts [61,62] and palygorskite is also a common constituent of Saharan dust [13,25].
Despite these potential sources, palygorskite is absent in our XRD results. Its absence
suggests that this mineral is unstable under the fluctuating hydrological conditions pre-
vailing in the vegas. Repeated wetting and drying, combined with carbonate-rich pore
waters, likely promoted its alteration and prevented long-term preservation. Consequently,
the presence or absence of individual clay minerals within the vega deposits cannot be
attributed solely to external dust input. Illite may partly reflect in situ transformation from
smectite, whereas the disappearance of palygorskite points to continued mineral alteration
under variable moisture regimes.

Hydrological fluctuations that promoted mineral transformation also induced pro-
nounced shrink–swell dynamics, leading to cracking and pedogenic mixing (peloturbation)
within the RCLs. Over time, many fissures became filled with carbonate or manganese,
reducing further movement, while large clay aggregates preserved their internal structure.
The degree of homogenisation therefore varies between layers. The RCL SL 7 at Teguise, for
example, shows nearly identical luminescence ages over a thickness of about 1.2 m, indicat-
ing intense homogenisation, whereas most other RCLs retain clear internal differentiation.
This is supported by variations in grain-size distributions as well as geochemical and min-
eralogical compositions (Figures 3 and 4). These observations demonstrate that although
pedogenic processes significantly overprinted the clay-enriched layers, shrink–swell dy-
namics and peloturbation rarely resulted in complete homogenisation. As a consequence,
aeolian dust signals are generally less well preserved in RCLs than in PCLs, but remain
detectable even in strongly altered layers.

Figure 7 summarises the interaction of sediment sources, transport pathways, and
post-depositional processes within the vega systems. Aeolian input affected the entire catch-
ment, including both slopes and valley floors, where it mixed with volcanic material and
shelf-derived components. On the slopes, clay neoformation and transformation, weath-
ering of bedrock, and alternating de- and recalcification processes produced fine-grained
soil material that was subsequently translocated downslope by runoff and interflow. On
the valley floors, deposition occurred under alternating standing-water and dry condi-
tions, promoting clay transformation, partial destruction, shrink–swell cycles, and repeated
carbonate redistribution through crack filling. Together, these coupled processes gener-
ated the characteristic alternation of clay- and carbonate-enriched layers and the internal
differentiation observed within the vega sequences.

4.3. Impact of Volcanic Damming on Sedimentation and Archive Quality

Vallebrón, where the catchment is drained, preserves largely homogeneous clay-
enriched deposits with patchy and diffuse carbonate enrichments (Figures 2C, 6 and A1).
Proxy data confirm this homogenisation: quartz, silt, and Zr—indicating aeolian input—
show little variability throughout the section. Nevertheless, the persistence of clay-enriched
layers together with Mn-enriched features suggests repeated phases of increased soil
moisture, resulting in hydromorphic overprinting. The Vallebrón section illustrates that
undammed sites, comparable to dammed vega systems, can still record phases dominated
by alternating dry and wet conditions, as indicated by the abundant carbonate-filled
cracks. The consistently high clay contents throughout the section indicate that most
of the fine material was transported from upslope areas or deposited directly by dust
input, and temporarily settled under standing-water conditions within the valley floor.
Such conditions allowed clay to accumulate from suspension, pointing to the dominance
of reworked soil sediments transported through the valley rather than to in situ clay
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neoformation, which would typically produce an upward increase in clay content towards
the former surface.

 

Figure 7. Illustrating dust dynamics and the interaction of different sediment sources, their elemental
or mineralogical indicators (bold), and transport pathways into the vegas. The background image
shows a satellite view of the vega catchment of Teguise (source: Google Earth).

Femés, in contrast, represents a dammed system but is characterised by a significantly
steeper relief compared to Teguise and Vallebrón. Here, sediment transport from the
slopes remained more pronounced than in Teguise. The strong influence of the steeper
slopes is further reflected in the frequent occurrence of calcified brood-cell fragments (e.g.,
SL 5/6; Figure 4), which document enhanced colluvial input. In several stratigraphic
positions, converging and overlapping layers complicate straightforward correlations
between different outcrops within the opencast area. With respect to dust indicators, the
PCLs do not consistently exhibit parallel peaks in quartz, silt, and Zr; such patterns are
confined to SL 8 and the loess-like layer SL 2. Femés thus demonstrates that volcanic
damming generally improves stratigraphic preservation, while the steeper catchment
morphology favours a more complex internal stratigraphy with distinct sublayers, reducing
the clarity with which aeolian dust signals are preserved.
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Teguise, with its almost completely dammed basin and low slope-to-valley ratio is
characterised by laterally continuous layers of nearly constant thickness and horizontal
stratification over several tens of metres (Figures 2A and 3), indicating deposition under
low-energy, partly standing-water conditions that promoted the settling of fine-grained
material. The scarcity of features such as erosional contacts, channel structures, or coarse-
grained layers or lenses, together with coherent geochemical and mineralogical patterns,
points to limited colluvial input. The horizontal layering observed on the valley floor can be
traced laterally onto the adjacent slopes, where individual RCLs and PCLs gradually thin
out with increasing elevation (Figure 8). The loess-like layer (SL 4) also maintains lateral
continuity but becomes progressively thinner upslope. These relationships suggest that
sedimentation extended beyond the central basin floor and that low-energy depositional
conditions prevailed even along the lower slopes, forming laterally coherent strata rather
than discrete slope-derived layers.

 

Figure 8. (A) Stratification within the valley floor and up to the slopes in Teguise, showing progressive
thinning of sediment layers with increasing elevation. (B) Oblique aerial view and catchment map
illustrating the location of the documented slope section within the upper Teguise catchment. The
slope section is marked by white rectangles, while the position of the valley floor section is indicated
by white location pins (Source: Google Earth).

The cyclic alternation of PCLs and RCLS is most clearly expressed in Teguise, both
visually in the outcrop and in the proxy data, where shifts in grain size, elemental composi-
tion, and mineralogy define repeated dust–soil formation cycles. Primary dust signals are
especially well preserved in the lower parts of PCLs (e.g., SL 6; Figure 3), where quartz,
silt, and Zr contents peak in parallel, and in the distinct loess-like layer SL 4 with sharp
boundaries and maximum dust-proxy values. Stable Fe and Zn backgrounds in RCLs and
carbonate restricted to vertical fissure fillings (Section 4.2) further underline the integrity
of the sequence. Taken together, Vallebrón stores information about moisture fluctuations
under drained conditions, Femés illustrates the dynamics caused by steeper slopes, and
Teguise highlights the capacity of dammed low-relief basins to preserve continuous, cyclic
dust archives.

In a broader context, the vega deposits can be related to other small endorheic basins
in arid to semi-arid regions, which are commonly characterised by sedimentation and
post-depositional modification. Conceptual frameworks for arid landscapes emphasise that
sediment accumulation in such basins is controlled by episodic hydrology, aeolian input,
slope-derived material, and pedogenic processes rather than by continuous lacustrine
deposition [63]. Studies on pans and playas show that alternating phases of flood-
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ing and drying typically produce successions of contrasting clay-rich and carbonate- or
salt-enriched layers that are subsequently overprinted by soil formation and secondary
redistribution [64]. Recent work further highlights that small endorheic basins act as
sensitive but strongly filtered recorders of regional environmental change, requiring a
process-based interpretation of dust and hydrological signals [65]. In contrast to many
exposed pans and playas, the vega systems appear to provide a comparatively continuous
sedimentary archive. Their sheltered valley-floor position, the dominance of fine-grained,
clay-rich sediments, and the lack of evidence for significant deflation or erosive trun-
cation indicate that sediment export from the vega systems was strongly limited prior
to the Holocene, whereas the occurrence of gravel- and pebble-rich layers documents
enhanced erosion.

In addition, the proxy data from the Teguise section, but partly also from Femés,
allow for an extended interpretation of vega formation. The pronounced peaks in quartz,
Zr, and silt within the Holocene loess-like layer of Teguise and Femés reflect short-lived
but high-intensity dust deposition events. While the Holocene loess-like layer was previ-
ously interpreted as a singular record of exceptional dust input, possibly linked to early
human activity in the Northwest Sahara [19], the recurrence of similar layers within the
late Pleistocene sequences argues against this view. Instead, the proxy patterns suggest
that these deposits represent repeated phases of system shifts, during which enhanced
dust mobilisation was followed by renewed processes of soil formation under fluctuating
hydrological conditions. The Holocene loess-like layer is therefore not a singularity but
rather the latest expression of a recurring system shift that has characterised vega formation
since at least the late Pleistocene.

4.4. Vega Formation

When taking a closer look at the alternation of PCLs and RCLs, we interpret the
succession of one sequence (one PCL overlain by one RCL) as follows:

One sequence (Figure 9a) begins with the deposition of silt-dominated material (also
increased in the content of fine sand) and enriched in quartz and Zr. We interpret that
deposit as a kind of “dust event” in the sense of a shorter period (only hundreds to
thousands of years), since luminescence dating of the Holocene loess-like layer indicates
a brief depositional phase. Ages of 6.4 ± 0.7 ka (Femés) and 7.2 ± 0.8 ka (Teguise) from
von Suchodoletz et al. [16], together with 4.86 ± 0.26 ka and 5.57 ± 0.30 ka from this study,
confirm deposition within a narrow time window of this dust input. These silt-dominated
deposits have a significantly higher coefficient of water permeability in contrast to all layers
dominated by very high clay contents.

When these deposits overlie clay-enriched sediments with a very low coefficient
of permeability, vertical water infiltration becomes impeded, resulting in the formation
of temporary waterlogged zones that favour carbonate mobilisation and reprecipitation
(Figure 9b–c). Dissolved carbonates, supplied both by the dust itself and by slope-derived
contributions, precipitate along cracks and pore spaces, gradually forming calcareous
crusts, resulting in cementation. Infiltration, capillary rise, and lateral interflow together
enhance the redistribution of carbonates, with interflow favouring lateral enrichment
by transporting dissolved carbonates along layer boundaries between one RCL and an
overlying PCL [49,50]. Short-term hydromorphic conditions in the basal parts also promote
Fe–Mn precipitation, forming manganese coatings around insect brood cells as observed in
the Teguise and Femés sections.
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Figure 9. Generalised conceptual model of cyclic vega formation showing dust deposition (a);
carbonate redistribution (b,c); clay enrichment (d); transition to the next dust input phase (e,a”).

The subsequent development (Figure 9b,c) is characterised by (1) a change in dust
composition towards finer, clay dominated sediments, in combination with decreasing
contents in quartz and Zr but persistent kaolinite; (2) in situ transformation of clay, possibly
involving smectite alteration to illite under K-rich conditions (to some extent, neoformation
of clay may also be contributing); and (3) colluvial input of clay-dominated (soil) sedi-
ments from the slopes. Repeated wetting and drying cycles cause shrinking and swelling
dynamics within the clay-dominated material (Figure 9c), generating vertical cracks and
promoting peloturbation.

When drier conditions occur, carbonate redistribution and hydromorphic activity
diminish, and clay-enriched layers stabilise (Figure 9e). Assumingly, the sedimentation
rate decreases, but in many RCLs the upper parts already show increasing quartz and Zr
contents, signalling the onset of a new dust event and foreshadowing the next cycle.

A subsequent dust event (Figure 9a”) again deposits silt-dominated material enriched
in quartz and Zr on top of the formed RCL. If reworked under moist conditions, these
sediments follow the same pathway, producing the characteristic alternation of PCLs and
RCLs that characterise the vega archives.

To complement the conceptual model of vega formation (Figure 9), we compiled
a quantitative synthesis of grain-size fractions and selected proxies using sample-based
median values for the main sedimentary units at both sites (Figure 10). These medians
show that loess-like layers are characterized by the highest silt contents and elevated quartz
and kaolinite signals compared to the underlying PCL, whereas RCLs are dominated by
high clay contents and elevated Zn concentrations.

These contrasts imply that the observed alternations are driven by changes in regional
dust supply and associated climatic boundary conditions. The dust event deposits must
be linked to enhanced dust mobilisation in North Africa. Those shifts could be monsoon-
driven or caused by glacial–interglacial transitions or high-latitude cold events [10,66,67].
The IRSL ages from Teguise and Femés indicate that major dust events occurred at around
111 ka, 92 ka, and ~5 ka, each representing periods of intensified aeolian input followed by
phases of pedogenic overprinting, while intervening RCLs (~84–88 ka, ~132 ka) reflect finer
dust input, clay neo- or transformation, or colluvial input. These alternations underline
the cyclic nature of the vega sequences and suggest that the Holocene loess-like layer
represents the youngest expression of a recurring system shift rather than an isolated event.
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Figure 10. Typical vega sequence and sample-based median values of grain size fractions and selected
geochemical proxies for the Teguise and Femés section. Median values are calculated by pooling all
samples belonging to a given site and layer type; brackets indicate the interquartile range (Q25–Q75).
Bold values indicate the highest values in both vega sections for grain sizes and other proxies. Quartz
and kaolinite are shown as relative peak intensities normalized to the sample-specific background.
Numbers indicate the total number of samples per category. Asterisks (*) indicate loess-like layers
with very low sample numbers (n ≤ 4), where median values may be interpolated and are not
statistically robust.

Marine sediment records from the North Canary Basin document orbitally forced
variability in dust supply, grain size, and productivity, which has been linked to changes
in trade-wind intensity and aridity in northwestern Africa [68]. These records indicate
pronounced contrasts between glacial and interglacial boundary conditions and highlight
the role of precession-paced modulation of aeolian transport pathways. While the timing
of individual dust events identified in the vega sequences does not allow a direct temporal
correlation with specific features in the marine records, the vega archives reflect repeated
alternations between phases of dust accumulation and subsequent pedogenic overprinting,
a pattern that is compatible with the orbitally forced variability in dust supply documented
for the North Canary Basin.

Enhanced dust supply from northern Africa has frequently also been associated with
the breakdown of African Humid Periods (AHPs), when vegetation retreated and increased
aridity promoted dust mobilisation [10,64]. Such precession-paced changes in monsoon
strength were likely further modulated by obliquity-controlled variations in North Atlantic
sea-surface temperatures and associated shifts in westerly circulation [18]. Higher obliquity
phases appear to have favored increased moisture availability on Lanzarote, whereas lower
obliquity promoted drier conditions and enhanced dust fluxes. The vega sequences may
therefore integrate both monsoon-driven dust input variability and obliquity-modulated
hydrological changes, capturing the combined influence of tropical and high-latitude
forcing on sediment formation in the eastern Canary Islands. However, short-lived climatic
perturbations such as Heinrich Events are probably obscured by post-depositional mixing
through peloturbation within the clay-enriched units.

In a next step, further dating and geochemical fingerprinting will aim to better con-
strain the drivers of recurring dust events and to disentangle palaeoclimatic conditions in
the dust source areas relative to those on the eastern Canary Islands.

5. Conclusions
The vega sections of Lanzarote demonstrate that loess-like layers are not isolated

anomalies but recur throughout the stratigraphy. Many PCLs originated as loess-like
dust deposits that were subsequently transformed by secondary carbonate redistribution,
meaning that these horizons represent masked records of short-lived dust events. The
alternation of PCLs and RCLs captures cyclic environmental changes, with PCLs reflect-

https://doi.org/10.3390/quat9010013

https://doi.org/10.3390/quat9010013


Quaternary 2026, 9, 13 25 of 32

ing phases of enhanced aridity and dust mobilisation, and RCLs recording intervals of
finer dust input and increased soil-forming activity, partly supported by colluvial supply
from the surrounding slopes under more humid conditions. This duality highlights
two distinct dust signals preserved in the vegas: episodic pulses of coarse dust fall,
and the more continuous input of fine-grained material, particularly detectable through
kaolinite in RCLs. Clay mineral transformations further complicate provenance signals.
Elevated potassium concentrations may have promoted the conversion of smectite to
illite, implying that illite in the vegas can derive both from Saharan dust and from in situ
alteration. Palygorskite, by contrast, appears unstable under the hydrological conditions
of the valley floors and is largely absent despite potential aeolian and pedogenic sources.
The geomorphological setting exerts additional control on archive quality. Drained
catchments such as Vallebrón mainly preserve signals of pedogenesis and hydrological
variability, while dammed basins capture more continuous stratigraphies. Among these,
Teguise provides the clearest expression of cyclic dust fall and post-depositional modi-
fication, underscoring the value of volcanic damming in enhancing archive continuity.
At the same time, sediment mixing due to peloturbation limits the temporal resolution
of the archives, preventing the detection of short-lived events such as Heinrich Events.
Nevertheless, the sequences reliably register major phases of dust mobilisation and
alternating arid–humid conditions. The timing of these phases broadly aligns with
orbitally paced monsoon variability, and arid intervals may be linked to the termination
of African Humid Periods.

Taken together, the vegas of Lanzarote preserve both the magnitude and cyclicity
of Late Quaternary dust deposition, while also recording the pedogenic and hydrolog-
ical processes that overprinted these signals. They thus provide valuable archives for
reconstructing dust–climate interactions in subtropical environments.
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Abbreviations
The following abbreviations are used in this manuscript:

BCs Brood Cells (brood chambers of ground-nesting Anthophora bees)
PCL Pale, carbonate-enriched layer
PSA Potential source area
RCL Reddish, clay-enriched layer
SAL Saharan Air Layer
SL Sediment layer
XRD X-ray diffraction
XRF X-ray fluorescence
IRSL Infrared stimulated luminescence
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Appendix A.1

Table A1. Sediment layers of the Vega Teguise.

Sediment
Layer Description Dominant

Grain Size CaCO3
Higher

Values of
Lower Values

of
Redoximorphic

Features

Pedofeatures or
Relocation

Features
BCs

SL 1 Colluvial
layer Silt (48%) <10.2%

Bands of gravels,
rock fragments

on top

SL 2 RCL Clay (>61%)

<9%
(decrease
from top
to base)

Gravels at
the base

SL 3 Clayey-silty
layer

Clay (<62%), silt
(<48%) <4%

SL 4 Loess-like
layer Silt (<60%) <0.8%

Peaks of
Quartz,

Kaolinite,
Zr, Mn

Zn, CaCO3
Fe-Mn

concretions

Residues of
calcified BCs or

manganised inlets

SL 5 RCL

Clay (<92%),
higher amounts

of silt in
upper parts

<6%
Zn; in upper

parts: Quartz,
Zr, Mn

Sr, CaCO3; in
lower parts:

Quartz, Zr, Mn

Mn-precipitates
along fissures in

upper parts

Vertical
carbonate cracks

SL 6 PCL

Clay (<89%),
higher amounts

of silt in
lower parts

<33%, lower
amounts in
lower parts

CaCO3, Sr; in
lower parts:

peaks of
Quartz, Zr, Mn

Zn; in upper
parts: Quartz,

Zr, Mn

In lower parts
Fe-Mn

concretions

Compact,
horizontal

calcareous layers
at the base

In lower parts,
residues of

calcified BCs or
manganised inlets

SL 7 RCL

Clay (<93%),
higher amounts

of silt in
upper parts

<4%
Zn; in upper

parts: Quartz,
Zr, Mn

Sr, CaCO3; in
lower parts:

Quartz, Zr, Mn

Mn-precipitates
along fissures

Vertical
carbonate cracks

SL 8 PCL

Clay (<80%) in
upper parts, silt
in lower parts

(<60%)

<32%, lower
amounts in
lower parts

CaCO3, Sr; in
lower parts:

peaks of
Quartz, Zr, Mn

Zn; in upper
parts: Quartz,

Zr, Mn

In lower parts,
Fe-Mn

concretions

Compact,
horizontal

calcareous layers
at the base

In upper parts,
residues of

calcified BCs or
manganised inlets

SL 9 RCL Clay (<95%) Absent Zn, Illite,
Kaolinite; in Quartz, Sr, Mn Mn-precipitates

along fissures

SL 10 PCL

Clay (<90%),
higher amounts

of silt in
lower parts

<45%
CaCO3, Sr
(peak at
the base)

Zr
In lower parts

Fe-Mn
concretions

Compact,
horizontal

calcareous layers
at the base

SL 11 Clayey-silty
layer

Clay (<72%), silt
(<53%) <14% Zn, Zr Sr Mn-precipitates

along fissures
Vertical

carbonate cracks

SL 12 Loess-like
layer

Clay (<57%), silt
(46%) <2%

Quartz (peak),
Kaolinite, Zr

(peak)
Mn, CaCO3

Fe-Mn
concretions
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Table A1. Cont.

Sediment
Layer Description Dominant

Grain Size CaCO3
Higher

Values of
Lower Values

of
Redoximorphic

Features

Pedofeatures or
Relocation

Features
BCs

SL 13

Clayey layer
with redoxi-

morphic
features

Clay (<78%) <0.8% Zn, Mn Sr

Fe-Mn
concretions,
increasing
bleaching

downwards

SL 14 Silt-enriched
layer Silt (<56%) <15% Sand, Sr Illite, Kaolinite

Table A2. Sediment layers of the Vega Femés.

Sediment
Layer Description Dominant Grain

Size CaCO3
Higher Values

of
Lower Values

of
Redoximorphic

Features

Pedofeatures or
Relocation

Features
BCs

SL 1 Colluvial layer Silt (<57%) <6%

SL 2 Loess-like
layer Silt (<67%) <3.2% Peaks of

quartz, Zr Mn

SL 3 RCL Clay (<82%) <8%
Zn; in upper

parts: Quartz,
Kaolinite, Illite

Sr Fissures, fossil
roots

SL 4 Clayey-silty
layer Clay (<74%) <13.6% CaCO3 Fe-Mn concretions

Residues of
calcified BCs or

manganised inlets

SL 5 RCL Clay (<92%) <4.8% Zn, Mn Sr
Band in form of

Fe-Mn concretions
at the base

Small vertical
carbonate cracks
in upper part, big
carbonate cracks

in lower part

SL 6 PCL

Clay (<78%),
higher amounts
of silt (<58%) in

lower parts

<21.3% CaCO3, Sr Quartz, Zn Fe-Mn concretions
Residues of

calcified BCs or
manganised inlets

SL 7 RCL Clay (<78%) <12.7% Zn, Zr Sr Fe-Mn concretions

Horizontal
calcareous layers

in upper part,
vertical and

horizontal cracks
in lower part

SL 8 PCL Silt (<60%) <12.1% CaCO3; peaks
of quartz, Zr, Sr Zn Fe-Mn concretions

SL 9 RCL Clay (<89%) <25% Zn Quartz, Sr
Mn-precipitates
along fissures,

Fe-Mn concretions

Vertical
carbonate cracks

SL 10 PCL Clay (<84%), silt
(<52%) <36.5% CaCO3, Sr Fe-Mn concretions

SL 11 Clayey-silty
layer

Clay (<59%), silt
(<40%) <4% Zn Fe-Mn concretions

Table A3. Sediment layers of the catchment Vallebrón.

Sediment
Layer Description Dominant

Grain Size CaCO3
Higher Values

of
Lower Values

of
Redoximorphic

Features

Pedofeatures
or Relocation

Features
BCs

SL 1 Colluvial layer Clay (<73%) 28.5% Kaolinite, Sr

SL 2
Clayey,

carbonate-enriched
layer (patchy)

Clay (<83%) 9.3% Sr

SL 3 RCL—Clayband Clay (<78%)
Transition areas:
<32.7%, Central

layer: 13.6

Fe-Mn
concretions

SL 4
Clayey,

carbonate-enriched
layer (patchy)

Clay (<78%) 33.7%

SL 5 RCL—Clayband Clay (<84%)
Transition areas:
<19.6%, Central

layer: 0
CaCO3

Fe-Mn
concretions
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Table A3. Cont.

Sediment
Layer Description Dominant

Grain Size CaCO3
Higher Values

of
Lower Values

of
Redoximorphic

Features

Pedofeatures
or Relocation

Features
BCs

SL 6
Clayey,

carbonate-enriched
layer (patchy)

Clay (<73%) 43.7%

SL 7 RCL—Clayband Clay (<81%)
Transition areas:
<32.8%, Central

layer: 12.1%
CaCO3

SL 8
Clayey,

carbonate-enriched
layer (patchy)

Clay (<77%) 9%

SL 9 Clayband Clay (<70%)
Transition areas:
<19%, Central

layer: 0.4%
Zn CaCO3, Illite Fe-Mn

concretions

SL 10 PCL Clay (<69%) 21.6%

SL 11 RCL—Clayband Clay (<55%) 11.2% CaCO3

Vertical
carbonate

cracks

SL 12 PCL Clay (<60%) <45.4% Fe-Mn
concretions

Appendix A.2

 

Figure A1. Grain-size distribution of samples from Vallebrón. Upper panels show samples from
secondary carbonate-filled cracks, lower panel shows samples from the clay-rich matrix material.
Data are presented as heatmaps of relative grain-size proportions, ranging from very fine clay (fCl)
to coarse sand (cSa). The matrix samples, obtained from additional and spatially higher-resolved
sampling, display a remarkably uniform texture dominated by fine clay and clayey silt fractions,
indicating limited vertical variability.
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Appendix A.3

 

Figure A2. Representative equivalent dose (De) distributions for selected luminescence samples
shown as kernel density estimate (KDE) plots. The dashed blue line marks the CAM median De
value; outliers identified using the 1.5 IQR criterion are highlighted. The plots illustrate the generally
narrow De distributions and the high internal consistency of the luminescence data.
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