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a b s t r a c t

Africa is the most important source of dust in the world today and dust storms from that continent
frequently deposit sediment on the nearby Canary Islands. Many investigators have inferred African dust
inputs to Canary Islands paleosols based only on the presence of quartz. However, some local rocks do
contain this mineral, so quartz alone is insufficient proof of dust deposition. Further, it is not known
whether the Sahara Desert or the Sahel region is more important as a dust source. We address these
issues by study of sequences of Pleistocene aeolian sands on the islands of Lanzarote and Fuerteventura.
Aeolian sands are composed mostly of marine carbonate minerals and locally derived volcanic minerals.
They date from the early-middle Pleistocene to the Holocene. Trace element geochemistry shows that
the soils formed from both locally derived basalt and African dust. Major element geochemistry and clay
mineralogy indicate that dust additions to the Canary Islands likely come from both the Sahara and Sahel.
Dust delivered from the Sahel indicates that droughts in that region have had a history extending
through much of the Quaternary. Accretionary-inflationary profile development, from dust accretion, is
evident in the upward growth of Canary Islands paleosols.

Published by Elsevier Ltd.

1. Introduction

Long-range-transported (LRT) dust has important effects on
many of the Earth's physical systems. Dust can affect the planetary
radiation balance by its influence on both incoming (solar) short-
wave radiation and outgoing (terrestrial) long-wave radiation
(Kohfeld and Tegen, 2007). Marine ecosystems are affected by dust
inputs to the ocean, because primary productivity can be enhanced
by bioavailable iron additions to primary producers (such as
phytoplankton) in the oceanic food chain (Mahowald et al., 2005).
Soils are affected by dust because it serves as an important parent
material for what would otherwise beminimal rates of pedogenesis
(McFadden, 2013). LRT dust is a valuable indicator of paleoclimate,

with geologic archives found in ocean sediments, lake sediments,
terrestrial sediments, soils, and glacial ice (Muhs, 2013).

The Sahara and Sahel regions of Africa are thought to be the
most important sources of LRT dust in the world today (Prospero
et al., 2002; Goudie and Middleton, 2006; Mahowald et al., 2006;
Kohfeld and Tegen, 2007). One important dust pathway from these
source regions is the northeasterly trade wind belt (Fig. 1a), which
occurs at lowaltitudes year-round (Pye,1987; Sarnthein et al., 1981;
Stein and Sarnthein, 1984; Stuut et al., 2005). Along this trajectory,
dust from the westernmost Sahara is transported to the eastern
Atlantic Ocean off the coast of northwestern Africa. A second
pathway occurs farther south. Dust from the Sahel and southern
Sahara is transported to the Atlantic Ocean via the Saharan Air
Layer, or SAL (Fig. 1a), which occurs predominantly in summer
(Prospero et al., 1970; Carlson and Prospero, 1972; Prospero and
Carlson, 1972; Prospero and Lamb, 2003). Near Africa, the SAL
reaches altitudes as high as 5e7 km, above the trade wind zone.* Corresponding author.
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Sarnthein et al. (1981), Stein and Sarnthein (1984), Tetzlaff and
Peters (1986), and Pye (1987) point out that although the main
direction of dust transport in the SAL is to the west at latitudes
between ~15�N and ~21�N, south of the Canary Islands (Fig. 1b), a
south-to-north component of flow can occur in the lee of an east-
erly wave. Thus, a “hook-like” trajectory of dust movement from the

Sahel to the vicinity of the Canary Islands via the SAL is observed
(Figs. 1a and 2). Evidence presented by Sarnthein et al. (1981) and
Grousset et al. (1998) indicates that both the trade winds and the
SAL were situated approximately where they are now during the
last glacial maximum, ~20,000 yr B.P., but dust fluxes may have
been greater. In more recent studies, McGee et al. (2013) and

Fig. 1. (a) Map showing northwestern Africa, the Canary Islands study area, localities referred to in the text, and the main dust-transporting winds and their seasons of transport.
Dust-bearing wind paths generalized from Dubief (1979), Kalu (1979), Sarnthein et al. (1981), McTainsh and Walker (1982), Stein and Sarnthein (1984), Tetzlaff and Peters (1986),
Pye (1987), Stuut et al. (2005), and Schwanghart and Schütt (2008). Also shown (gold stippled areas) are major active or stable, but recently active sand seas, generalized from
“Global Soil Regions” map, from U.S. Department of Agriculture, Natural Resources Conservation Service (http://www.soils.usda.gov/use/worldsoils/mapindex/order.html), in turn
derived from FAO-UNESCO Soil Map of the World (Food and Agriculture Organization of the United States, UNESCO, 1974). (b) Map of the Canary Islands, with ages (in millions of
years, Ma) of oldest exposed rocks given in bold type (from Guillou et al., 2004a, 2004b; Carracedo and Troll, 2016). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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Williams et al. (2016) report that dust fluxes during “Heinrich
Stadial 1" (~19 to ~15 ka) and the Younger Dryas (~13 to ~12 ka)
were much higher than during the end of the African Humid Period
(~8 to ~6 ka). In a third dust pathway, Sahel and southern Sahara
dust are transported seasonally from Africa to the Atlantic during
winter via the famous “Harmattan” dust storms (McTainsh and
Walker, 1982). This trajectory is a route of dust transport to
southern parts of the western African Atlantic margin (Fig. 1a).

Dust transported westward from Africa has a diverse suite of
likely sources in the northern part of the continent. Formenti et al.
(2010, 2014) and Scheuvens et al. (2013) have demonstrated that
there are compositionally distinctive potential source areas (PSAs)
for dust in Africa (Fig. 3). The PSAs in northern Africa occur across a
vast part of the continent, from Western Sahara and Mauritania in
the west to southern Egypt and Sudan in the east. Most of these
PSAs occur within the hyperarid portions of the Sahara, but many
(PSA 2, PSA 3, PSA 5 and PSA 6) include not only parts of the Sahara,
but parts of the semiarid Sahel region as well. This is shown by the
higher Normalized Difference Vegetation Index (NDVI) values
(greener tones in Fig. 3) of the southern parts of PSAs 2, 3, 5, and 6.

With the close proximity of the Canary Islands to Africa
(Figs. 1e3), dust storms originating on that continent are common
on the islands, locally referred to as “calima” events (Torres-Padr�on
et al., 2002; Criado and Dorta, 2003; Alastuey et al., 2005). Because
some of the dust from calima events accumulates on the Canary
Islands, modern soils on these islands have a composition that is
intermediate between the local bedrock and African dust (Muhs
et al., 2010). In addition, however, stratigraphic and geochrono-
logic studies show that the Canary Islands host a rich record of past
periods of soil formation in the Quaternary. The geologic records
that have been studied most thoroughly are carbonate-rich aeolian
sand deposits with intercalated paleosols. A number of studies have

shown that such deposits on the Canary Islands contain numerous
paleosols and the records may span much of the middle and late
Quaternary (Damnati et al., 1996; Damnati, 1997; Meco et al., 1997,
2006, 2008, 2011; Ortiz et al., 2006; Criado et al., 2012; Guti�errez-
Elorza et al., 2013; Muhs, 2013; Faust et al., 2015; Roettig et al., 2017,
2019, 2020). Paleosols intercalated with fluvial (“vega”) deposits
and lava flows have also been reported (Von Suchodoletz et al.,
2008, 2009a, 2009b, 2013, 2009a). A recent study has shown that
the record of paleosols within carbonate-rich aeolian sands extends
back into the Pliocene (Muhs et al., 2019). Thus, the paleosols of the
Canary Islands may contain valuable archives of long-term dust
deposition.

Recognition that Canary Islands soils may have a record of Af-
rican dust comes largely from soil mineralogy, specifically, the
presence of quartz andmica. Modern dust traveling westward from
Africa contains a number of constituents, but among the most
abundant particles are quartz in the fine silt (20 mme2 mm) fraction,
and mica in the clay (<2 mm) fraction (Glaccum and Prospero, 1980;
Chiapello et al., 1997; Caquineau et al., 1998; Stuut et al., 2005). In
contrast, the Canary Islands are composed predominantly of basalt
(Carracedo and Troll, 2016), and both quartz and mica are typically
not found in basalt or other mafic igneous rocks. Interestingly,
however, the linkage between the presence of quartz and the
inference of African dust inputs has now become almost axiomatic
in the interpretation of soils and paleosols on the Canary Islands.
Most investigators have assumed that local rocks simply could not
have contributed such particles, even though minor amounts of
quartz have been reported in rocks on Lanzarote (Fuster et al.,
1968a) and both quartz and mica (biotite) have been documented
in rocks from Fuerteventura, particularly in what is called the Basal
Complex (Fuster et al., 1968b; Carracedo and Troll, 2016). Even the
historic (1730e1736) eruption of Timanfaya on Lanzarote is

Fig. 2. Examples of dust storms over the Canary Islands that have sources from broad areas in western Africa and are derived from the SAL (Saharan Air Layer) from either (a)
easterly winds, with sediment derived primarily from Sahara Desert sources, or (b) easterly winds, but with a “hook-like” form of transport northward, with a trajectory toward the
Canary Islands and dust sources from both the Sahara and the Sahel. Both images acquired from the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument aboard
the NASA Terra satellite; image in (a) was taken on March 8, 2012; image in (b) was taken on March 2, 2003. Images are courtesy of Jeff Schmaltz (image in (a)) and Jacques
Descloitres (image in (b)), both with the MODIS Rapid Response Team at NASA GSFC.
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reported to contain small amounts of quartz, based on both thin
section studies and X-ray diffractometry (Carmona et al., 2009).
Thus, evidence of an African dust input to the paleosols of the Ca-
nary Islands requires more than just the presence of quartz.

Another issue is the considerable debate about the most
important sources of dust in Africa. Many workers have simply
ascribed dust inputs in Canarian soils and paleosols to sources in
the “Sahara” without much more specificity (Damnati et al., 1996;
Williamson et al., 2004; Von Suchodoletz et al., 2008, 2009a,
2009b, 2013, 2009a, 2013; Men�endez et al., 2009, 2019, 2019;
Criado et al., 2012; Faust et al., 2015; Varga and Roettig, 2018;
Roettig et al., 2019). This is consistent with a number of studies that
have emphasized the importance of the year-round tradewind dust
pathway from northwestern Africa, described above (Coud�e-
Gaussen et al., 1987; Grousset et al., 1992, 1998, 1998; Rognon
et al., 1996), implying northern, Saharan-derived sources. Never-
theless, Bergametti et al. (1989) point out that more southerly
sources, such as the Sahel, also play a role in delivering dust to the
Canary Islands. Based largely on particle size data, Stuut et al.
(2009) inferred that Canary Islands sediments and soils could be
derived largely from the Sahel region. Given modern observations
that the SAL can have a hook-like trajectory to the north (Fig. 2b),
such a delivery of Sahel and southern Sahara dust to the Canary
Islands in the past is certainly possible. In a recent study, Heinrich
et al. (2021) proposed that during Heinrich Events (collapses of ice
sheets bordering the North Atlantic Ocean during glacial periods),
therewas a southern shift of climate zones. Under these conditions,
the Sahel region of Africa becomes arid and constitutes an impor-
tant dust source. Heinrich et al. (2021) consider paleosols on Lan-
zarote to have formed during such times.

A number of studies have proposed that one specific areawithin
the Sahara, the Bod�el�e Depression of Chad (situated within PSA 5;
Fig. 3), is by far the most important source of westward-traveling
dust from Africa, at least at present (Goudie and Middleton, 2001;
Prospero et al., 2002; Washington et al., 2003). The identification of

this area as a single important dust source is based on contempo-
rary measurements from Total Ozone Mapping Spectrometer
(TOMS) imagery. From these earlier findings, it is now common for
dust investigators to refer routinely to the Bod�el�e Depression not
only as the most important source of dust in Africa, but the most
important source on the entire planet (Giles, 2005; Goudie and
Middleton, 2006; Washington et al., 2006; Todd et al., 2007;
Warren et al., 2007; Bristow et al., 2009, 2010, 2010; Moskowitz
et al., 2016; Bristow and Moller, 2018).

There are, however, challenges to the concept of the Bod�el�e
Depression as the most important source of LRT dust from Africa,
based on isotopic studies, back-trajectory reconstructions, and
other modeling (Bozlaker et al., 2018; Kumar et al., 2018; Yu et al.,
2020). In fact, identification of the Bod�el�e Depression as the most
important dust source in Africa poses some simple mineralogical
problems.Where African dust has been transported to thewest and
collected in traps on both sides of the Atlantic (Canary Islands, Cape
Verde, mid-Atlantic, Barbados, and Miami), it consists of mica,
quartz, kaolinite, chlorite, K-feldspar, plagioclase, and calcite
(Glaccum and Prospero, 1980; Caquineau et al., 1998; Stuut et al.,
2005; Men�endez et al., 2007, 2014; Patey et al., 2015; Van der
Does et al., 2018). In contrast, the Bod�el�e Depression is dominated
by diatomite (Abouchami et al., 2013; Bristow and Moller, 2018),
although quartz, mica, kaolinite, and other clays also have been
reported (Hudson-Edwards et al., 2014). It is, therefore, an open
question as to whether the present importance of the Bod�el�e
Depression as a dust source is mirrored in the longer-term geologic
record.

LRT dust trapped on the islands of Bermuda in the 1980s and
1990s and Barbados in the 1960s by J.M. Prospero and colleagues
illustrate the multiple sources of African dust transported to and
across the Atlantic Ocean. Atmospheric “back-trajectory” tech-
niques can help to identify dust sources. These sorts of models are
used to reconstruct the route that an air mass takes to, or from, a
given point in time and space. Dust trajectories can be examined

Fig. 3. Normalized Difference Vegetation Index (NDVI) image of northern Africa and adjacent regions, including the Canary Islands, compiled from NASA's MODIS sensor, showing
degree of vegetation cover (denser vegetation is green; lesser density of vegetation is brown). Image was acquired from 17 November to December 2, 2019, and is presented
courtesy of NASA. Also shown (light yellow shades) are Potential Source Areas (PSAs) of dust, as defined by Formenti et al. (2010, 2014) and Scheuvens et al. (2013). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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both “backward” and “forward,” and assessments in both directions
have provided considerable insight into dust source location and
behavior. To accomplish this, back-trajectory models typically use
three-dimensional inputs of remodeled gridded wind fields, avail-
able in varying spatial and temporal resolutions. Using LRT dust
samples from both of these islands that were characterized
geochemically by Muhs et al. (2007, 2010, 2012), we conducted
back-trajectory analyses using the HYSPLIT method (Draxler and
Hess, 1998), following the procedures recently utilized by
Baddock et al. (2017). Results of these analyses show that summer
(July and August) dust collected on Bermuda likely has sources in
the western part of the Sahara and the northern part of the Sahel
regions (Fig. 4a). On Barbados, dust collected from May through
October also has its origins in the western part of the Sahara and
Sahel regions (Fig. 4b and c). These results parallel those of similar
back-trajectory modeling for dust collected at Barbados by
Engelstaedter et al. (2009). Another recent study, also using HYS-
PLIT back-trajectory analyses, shows that dust collected on
Barbados in 2013 and 2014 had potential sources in the Sahel, the
western Sahara, and possibly the Bod�el�e Depression (Bozlaker et al.,
2018).

Here, we test the hypotheses of Sahara and Sahel dust origins for
soils and paleosols on the Canary Islands. Thick sequences of
carbonate-rich aeolian sand, with intercalated paleosols, are found
on the islands of Lanzarote and Fuerteventura (Figs. 5 and 6), the
easternmost two islands of the Canaries (Fig. 1b). Geochronology is
derived from a suite of radiocarbon, 40Ar/39Ar, and calibrated Sr-
isotope age estimates. We use a combination of bulk mineralogy,
clay mineralogy, major element geochemistry, and trace element
geochemistry to evaluate whether paleosols are derived from local
bedrock sources, Saharan dust, Sahel dust or some combination of
these materials, and assess the significance of the results with re-
gard to the long-term history of dust transport out of Africa to the
Atlantic Ocean.

2. Study areas

2.1. Geology of Lanzarote

Lanzarote is the easternmost of the Canary Islands and is
composed dominantly of basalt, with ages ranging fromMiocene to
historic (Fuster et al., 1968a). Carracedo and Troll (2016) also point
out that Lanzarote is one of the oldest islands and hence the
Miocene rocks are highly eroded. Two volcanic massifs, Ajaches and
Famara (Fig. 5) developed as shield volcanoes during the Miocene,
with Ajaches forming first. Therewas apparently a long period of no
eruptions, perhaps on the order of several million years, followed
by the eruption of the Corona volcano in the late Pleistocene
(Carracedo and Troll, 2016), in the area between �Orzola and Arrieta
(Fig. 5). The only Holocene eruptions that are known are the
extensive historic flows of 1730e1736, followed by a shorter and
less extensive eruption in 1824.

On Lanzarote, Fuster et al. (1968a) recognized four ages of ba-
salts: “Series I” (Miocene), “Series II,” “Series III,” and “Series IV”
(post-Miocene and historic). Fuster et al. (1968a) conducted
detailed petrographic analyses of these rocks. In the basalts that
dominate all four series, the main minerals reported are plagio-
clase, pyroxenes, and olivine, as well as nepheline, magnetite,
apatite, and zeolite. However, in some gabbros of Series I, Fuster
et al. (1968a, p. 147e148) report the occurrence of K-feldspar.
Although rare, in Series II, III, and IV basalts of Lanzarote, Fuster
et al. (1968a, p. 164) report the occurrence of quartz in xenoliths
and scoriae. Thus, although quartz and K-feldspar are certainly not
typical of minerals found in the dominantly basaltic terrain of
Lanzarote, their presence in rocks on the island has been

documented.
Carbonate-rich aeolian sands, with a range of ages from Pliocene

to Holocene, are found over the north-central part of the island and
a small area on the coast south of Arietta (Fig. 5). Because our study
locality on Lanzarote (a quarry near Mala) hosts aeolian sands
derived from beach or shelf sediments, it is important to document
the mineralogy of contemporary beach sands, the best modern
analog to what was deposited at Mala in the past. The two closest
modern beaches are those at Famara and Arrieta (Fig. 5). At Famara,
13 beach sand samples contain calcite, aragonite, plagioclase, py-
roxenes, and possibly hematite, in order of approximate abun-
dances. At Arrieta, a dozen samples of beach sands collected all
contain calcite, aragonite, plagioclase, pyroxenes, olivine, possibly
hematite, and quartz. On both beaches, aragonite and calcite are
derived from marine invertebrate skeletal fragments and plagio-
clase, pyroxenes, olivine, and hematite likely originate from local
basalt. The origin of quartz is uncertain but could be derived from
some of the rare occurrences on Lanzarote noted by Fuster et al.
(1968a).

The quarry at Mala (Figs. 7 and 8), studied here, has previously
been examined by Damnati et al. (1996), Williamson et al. (2004),
Meco et al. (2006, 2011), Ortiz et al. (2006), Yanes et al. (2007,
2008), and Von Suchodoletz et al. (2012). Meco et al. (2006) re-
ported optically stimulated luminescence (OSL) ages of ~130 ka
near the top of the section and ~191 ka at ~7 m depth. These
workers also reported U-series ages on land snails, which are now
known to be unreliable, because U uptake in mollusks is secondary.
Ortiz et al. (2006) used amino acid ratios in land snails to infer that
the upper part of the section at Mala is ~28 ka and the lower part is
~40 ka. Von Suchodoletz et al. (2012) conducted thermolumines-
cence (TL) analyses of the soil or sediment immediately underlying
a lava flow on the south side of the quarry. These investigators
reasoned that the heat from the lava flow would have zeroed the
accumulated luminescence in the underlying sediments. Von
Suchodoletz et al. (2012) reported red TL (coarse grain regenera-
tive), blue TL (fine grain additive), and blue TL (fine grain regen-
erative) ages of 172 ± 17 ka, 136 ± 11 ka, and 144 ± 22 ka (numbers
rounded for significant figures), respectively, for this lava. They
considered both of the blue TL ages to be underestimates, due to
anomalous fading, and considered the red TL age to be the best
estimate of the age of the lava. Thus, it is clear from these in-
vestigations that most of the section at Mala is likely Quaternary,
but age estimates differ from study to study.

2.2. Geology of Fuerteventura

Basalts that were generated during the building of three Tertiary
shield volcanoes (Carracedo and Troll, 2016) dominate the island of
Fuerteventura (Fig. 6). Thus, much of the island is composed of
volcanic rocks of Miocene (“Series I00 of Fuster et al., [1968b]),
Pliocene (“Series II”), Pleistocene (“Series III”), and Holocene (“Se-
ries IV”) age. An exception to this is an area in the west-central part
of the island referred to as the “Basal Complex” (Fig. 6), which
consists of a wide variety of rocks, ranging in age fromMesozoic to
Miocene.

As is the case on Lanzarote, basalts and other mafic rocks on
Fuerteventura are dominated by plagioclase, pyroxenes, and olivine
(Fuster et al., 1968b). None of the basalts or other mafic rocks on the
island contain quartz, based on detailed petrographic studies re-
ported by Fuster et al. (1968b). However, an important local source
of quartz on Fuerteventura is found in the sequence of Mesozoic
sediments found in the Basal Complex (see Fuster et al., [1968b] and
Carracedo and Troll [2016], p. 536e537). Rocks of the Basal Com-
plex occupy a substantial part of the west-central portion of Fuer-
teventura (Fig. 6). Fuster et al. (1968b) also report biotite in
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Fuerteventura pyroxenites, syenites, and “Series I00 basalts. Thus,
Fuerteventura has local sources of quartz andmicawithin the suites
of older rocks.

In addition to basalts and Basal Complex rocks, carbonate-rich
surficial deposits cover much of Fuerteventura. Some of these are
large areas covered by pedogenic calcretes (caliche) derived from
pre-Quaternary aeolian sand (Carracedo et al., 2005; Meco et al.,
2006). As is the case on Lanzarote, there are also substantial areas

of active, Holocene, and Pleistocene aeolian sand (Fig. 6). In the
northern part of the island (Figs. 9 and 10), a quarry is present at a
locality called La Rosa Negra (called “Monta~na de la Costilla” by
Ortiz et al., 2006; and the “Costilla” section by Faust et al., 2015).
The stratigraphy at this site has been previously studied by Damnati
et al. (1996, 2005), Bouab and Lamothe (1997), Meco et al. (2006,
2008), Ortiz et al. (2006), Guti�errez-Elorza et al. (2013), and Faust
et al. (2015). In addition, a number of other localities, with similar

Fig. 4. Calculated back-trajectory pathways of dust transport from Africa to (a) Bermuda and (b, c) Barbados, for times of dust collection on those islands reported by Muhs et al.
(2007, 2012). Back trajectories calculated by the authors using the HYSPLIT software (Draxler and Hess, 1998). Note that calculated pathways of long-range dust transport imply
sediment sources in both the Sahara (Algeria, Western Sahara, and northern Mali, Mauritania, and Niger) and Sahel (southern Mali, Mauritania, and Niger, Nigeria, Burkina Faso, and
Guinea) regions.
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aeolian deposits and paleosols, have also been studied in northern
Fuerteventura (Ortiz et al., 2006; Faust et al., 2015; Roettig et al.,
2017, 2019, 2020).

Specifically for the locality at La Rosa Negra, Bouab and Lamothe
(1997) and Meco et al. (2006) report OSL ages ranging from ~147 ka
at a depth of ~1e2 m to ~253 ka at a depth of ~8e9 m. Ortiz et al.
(2006) used radiocarbon dating and amino acid ratios in land
snails to infer that the upper part of the section is Holocene and the
oldest aeolian sands near the base of the section are ~47 ka.
Guti�errez-Elorza et al. (2013) reported radiocarbon ages of >49 ka
to ~46 ka from ~3.5 m depth to ~11e12 m depth, and OSL ages of
~26 ka to ~46 ka over the same depth interval. Faust et al. (2015)
reported an infrared stimulated luminescence (IRSL) age of ~228
ka at a depth of ~3e4m. Thus, as is the casewith the quarry atMala,
there are disagreements about the ages of these deposits, but all
investigators agree that they are of Quaternary, and mostly Pleis-
tocene age.

3. Methods

3.1. Geochronology

3.1.1. Radiocarbon dating
Ideal materials for radiocarbon dating, such as charcoal or wood,

are lacking in Canary Islands aeolian sediments and their associated
paleosols. However, unaltered fossil land snails, some of them still
retaining color and/or shell patterning, are common, particularly
within the paleosols themselves. Fossil land snails, most commonly
of the genus Theba (including T. geminata, T. pisana, and
T. impugnata), are found in most aeolian sand sequences we have
examined on both Lanzarote and Fuerteventura. We sampled these
fossils for radiocarbon dating. Studies by Yanes et al. (2007, 2008,

2011) from the same stratigraphic sections, as well as other sections
on the Canary Islands, show that species of the genus Theba are very
well preserved. With rare exceptions, fossil Theba specimens are
typically 91e100% aragonite, indicating little or no diagenetic
recrystallization from the original mineralogy. From the Mala,
Lanzarote section, studied here, Yanes et al. (2007, 2008) reported
that aragonite contents of fossil T. geminata and T. impugnata range
from 94% to 100%, with the majority of specimens being 100%
aragonite. From a section very close to that we studied on Fuerte-
ventura, Yanes et al. (2007) reported aragonite contents of
T. geminata ranging from 96% to 100%.

Radiocarbon dating of nonmarine gastropods has had a long and
uncertain history (see review in Goodfriend and Hood, 1983).
Particularly questionable results have come from pond or marsh
snails where old, “dead” carbon can be incorporated into shell
carbonate. However, in the past decade or so, studies using a careful
selection of land snail samples, typically with smaller species,
combined with accelerator mass spectrometric counting, has
resulted in a newer view that such materials are often favorable for
radiocarbon geochronology (Pigati et al., 2010). Age bias for old,
“dead” carbon is often minimal with such taxa, and even where it
occurs, it can be corrected because the bias seems to be genus or
species controlled. A comparison of land snail radiocarbon ages
with independent geochronology (luminescence ages or radio-
carbon ages on wood) in calcareous loess deposits of the North
American Great Plains and Alaska concluded that small terrestrial
gastropods are reliable materials for dating these types of deposits
(Pigati et al., 2013).

Snails were prepared for radiocarbon dating in the laboratories
of the U.S. Geological Survey (samples from Lanzarote) and Law-
rence Livermore National Laboratory (samples from Fuerte-
ventura). Methods follow those given in Pigati et al. (2013). Briefly,

Fig. 5. Geology of Lanzarote, simplified from Carracedo and Troll (2016) for volcanic rocks and Balcells et al. (1994) for aeolian sand. Also shown is the location of the quarry at Mala
and beaches at Famara and Arrietta, where both beach sands and volcanic clasts were sampled.
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after identification to species, land snail shells were separated from
the host sediment, placed in a beaker of ASTM Type 1, 18.2 MU
(ultrapure) water, and subjected to an ultrasonic bath for a few
seconds. The shells were then repeatedly immersed in a second
beaker of ultrapure water to remove material adhering to the shell
surface or lodged within the shell itself, and the process was
repeated until the shells were visibly clean. In most cases, shells
were selectively dissolved or etched briefly using dilute HCl to
remove secondary carbonate (dust) from primary shell material.
The etched shells were then washed repeatedly in ultrapure water
and dried in an oven overnight at ~70 �C. The clean, dry shells were
broken and examined under a dissecting microscope to ensure that
the interior whorls were free of secondary carbonate and detritus.
Fossil shells that were free of detritus were converted to CO2 using
A.C.S. reagent grade 85% H3PO4 under vacuum at 50 �C until the
reaction was visibly complete (~1 h). The resulting CO2 was con-
verted to graphite using an iron catalyst and the standard hydrogen
reduction process and submitted to the Center for Accelerator Mass
Spectrometry at Lawrence Livermore National Laboratory. Radio-
carbon ages for the gastropod shells were calibrated using the
IntCal13 dataset and the CALIB 7.1. html calibration program
(Stuiver and Reimer, 1993; Reimer et al., 2013). Ages are presented

in calibrated radiocarbon years BP (ka ¼ thousands of years; BP ¼
Before Present; 0 yr BP¼ 1950 A.D.), rounded to the closest 10 years
and uncertainties are given at the 95% (2 sigma) confidence level.

3.1.2. 40Ar/39Ar geochronology
A basalt sample from the quarry at Mala, Lanzarote was

analyzed for 40Ar/39Ar geochronology at the New Mexico
Geochronology Research Laboratory (NMGRL), New Mexico Insti-
tute of Mining and Technology in Socorro, New Mexico. The
groundmass concentrate was prepared by treating crushed mate-
rial with dilute HCl and then removing the phenocrysts. The min-
eral separate and monitors (Fish Canyon Tuff sanidine, with an age
of 28.201 Ma; see Kuiper et al., [2008]) were loaded into aluminum
discs and irradiated for 0.33 h at the USGS TRIGA reactor in Denver,
Colorado. After irradiation, the groundmass was step-heated with a
Photon Machines Diode laser and was analyzed with a Thermo
Helix MCPlus mass spectrometer. Sensitivity for the Helix MCPlus
with the Diode laser (step-heated samples) is 3.0 e�16 mol/fA. Total
fusion analyses were performed on an Argus VI mass spectrometer
online with an automated all-metal extraction system. Sensitivity
for the Argus VI with the CO2 laser (fused monitors) is 4.62
e�17 mol/fA. Typical system blanks and background were 281.7,

Fig. 6. Geology of Fuerteventura, redrawn from Balcells et al. (1991) and Meco et al. (2015) and location of La Rosa Negra quarry. Also shown is the distribution of aeolian sand,
redrawn from Carracedo et al. (2005).
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1.53, 8.07, 7.53, 1.05 � 10�18 mol at masses 40, 39, 38, 37 and 36,
respectively, for the laser analyses. J-factors were determined by
CO2 laser fusion of six single crystals from each of 6 radial positions

around the irradiation tray. Decay constants used are from Min
et al. (2000).

Fig. 7. Photographs of aeolian sands and paleosols (paleosols indicated by “P" prefix; “MS” is modern soil) in the quarry exposure at Mala, Lanzarote. Overall stratigraphy, shown
later, is a composite of three sections (3, 2, and 1, from left to right in upper photograph) with laterally traceable units. Lower three photographs show close-ups of aeolian sands and
paleosols in the three sections. All photographs by D.R. Muhs.

Fig. 8. (a) Photograph of aeolian sands and paleosols in the quarry exposure at Mala, Lanzarote, as in Fig. 7, for the north side of the quarry; photograph in (b) shows the south side
of the quarry, where dated basalt flow and lapilli are exposed. Photographs in (c) and (d) show possible correlations of paleosols (with “P" prefixes) from north and south side
exposures. All photographs by D.R. Muhs.
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3.1.3. Strontium isotope stratigraphy
Strontium isotopes can be utilized for assessing ages of fossil

carbonate marine organisms in sediments because the Sr isotopic
composition of seawater varies over geologic time (Howarth and
McArthur, 1997; McArthur et al., 2001, 2020). Marine organisms
that precipitate Sr (which substitutes for Ca in CaCO3, whether
aragonite or high-Mg calcite) in their skeletons do so without
measurable fractionation of Sr isotopes. Thus, 87Sr/86Sr values in
unaltered fossil carbonate skeletons reflect the 87Sr/86Sr isotopic
composition of seawater at the time of precipitation. Since ~37 Ma,
the 87Sr/86Sr isotopic composition of seawater has been increas-
ingly radiogenic, i.e., there has been a steady increase in the
87Sr/86Sr value, albeit at different rates in different time intervals
(Howarth and McArthur, 1997; McArthur et al., 2001).

The host aeolian sands of the paleosols we studied are domi-
nantly aragonite- and high-Mg-calcite-rich marine organisms, as
well as some secondary calcite (total CaCO3 values range from 76 to
95% at Mala quarry and 69e93% at La Rosa Negra quarry; see
below). Although Sr-isotope compositions of such sediments do not
give the age of aeolian sand entrainment or deposition, they do
provide maximum-limiting ages of these events, as 87Sr/86Sr values
will give approximate average ages of the mix of marine organisms
that constitute the dominant sources of the aeolian sediment
packages. We specifically chose for analysis those aeolian sand
samples that were highest in aragonite and high-Mg calcite content
(i.e., those dominated by marine bioclasts) to minimize any con-
tributions from detrital secondary carbonates.

Carbonate-dominated aeolian sand samples were subjected to
repeated ultrasonication in deionized water, removal of detrital
clays, drying of the cleaned carbonate skeletal sands, and inspec-
tion under magnification. This procedure resulted in clean, clay-
free carbonate sands dominated by primary marine bioclasts.
Cleaned samples processed at the USGS isotope laboratory in
Denver were dissolved in 5 M acetic acid to minimize Sr contami-
nation from any remaining non-carbonate material. The soluble
fraction was then centrifuged and separated by standard ion-
exchange techniques. Strontium was loaded on a single oxidized
Ta filament. Isotopic ratios were measured on a VG54 sector multi-
collector mass spectrometer in dynamic mode. Uncertainties are
given at the 95% confidence level. SRM-987 from the U.S. National
Institute of Standards and Technology (https://www-s.nist.gov/m-
srmors/certificates/987.pdf) was used as a reference 87Sr/86Sr
standard. Age estimates were made for each sediment package
analyzed using the calibrated 87Sr/86Sr values in McArthur et al.
(2020), LOWESS Version 6.

3.2. Mineralogy and geochemistry

Volcanic rocks, sediments, and paleosols from all localities were
analyzed as bulk samples after pulverization and homogenization.
Total inorganic carbon (TIC) concentrations in aeolian sediments
and paleosols were measured using a rapid and precise method
that utilizes automated coulometric titration (Engleman et al.,
1985). Samples were pulverized to a fine powder and analyzed
for weight percentages of TIC using a UIC Inc. carbon-dioxide
coulometer (Engleman et al., 1985). Calcium carbonate content
was calculated as TIC/0.12, where 0.12 is the molar fraction of car-
bon in CaCO3. Based on internal standards and sample replicates,
the accuracy and precision for TIC is 0.10%.

Mineralogy of bulk samples was determined by X-ray diffrac-
tometry (XRD) of randomly orientedmounts. Calcite is identified by
a peak at 29.4� and high-Mg calcite can sometimes be distinguished
from low-Mg calcite by a peak at a slightly higher angle
(29.7e29.8�). Unfortunately, unambiguous identification of high-
Mg calcite is precluded by the presence of a pyroxene peak at or
near the same position. Aragonite is identified by a peak at 26.2�. A
second aragonite peak near 27.2� makes it difficult to confirm or
reject the presence of K-feldspar, which has a peak at about
27.4�e27.5�. Plagioclase is identified by a peak at 27.8�. Quartz is
identified by a prominent peak at 26.6� and a much smaller peak at
20.9�. Because the mica (003) peak coincides with the 26.6� quartz
peak, we measured the 20.9� quartz peak for estimates of relative
abundances of this mineral. Thus, some samples that show no
apparent quartz in our plots might contain it but did not display
20.9� peaks above background.

The clay (<2 mm) fractions of paleosols were isolated from
separate unpulverized splits by sedimentation, after removal of
organic matter by 30% H2O2 and removal of most or all carbonates
by either acetic acid buffered to pH ¼ 5 or weak HCl, followed by
dispersion with sodium hexametaphosphate. Mineralogy of the
clay fraction was determined by XRD from three treatments: air-
dried, glycolated, and heat-treated (550 �C, 1 h) samples, all from
oriented mounts. Clay mineral identifications follow guidelines in
Moore and Reynolds (1997). Smectite has a prominent peak at ~5.2�

(001) when glycolated and this peak collapses after heating to
550 �C for 1 h. Mica has peaks at 8.9� (001), 17.7� (002), and 26.6�

(003) when air-dry or glycolated and these peaks persist after heat
treatment. Kaolinite has peaks at 12.5� (001) and 24.9� (002) when
air-dried or glycolated and these peaks collapse after heat treat-
ment. Chlorite is identified by peaks at 6.2� (001) and 18.8� (003) on
heat-treated samples.

Major element geochemistry of sediments and paleosols from

Fig. 9. Photographs of aeolian sands and paleosols in the quarry exposure at La Rosa
Negra, Fuerteventura. Overall stratigraphy, shown later, is a composite of two sections
with laterally traceable units. (a) Upper photograph shows overall landscape setting of
the quarry exposure of the climbing dune (sand ramp) deposited on older volcanic
rocks. (b) Lower photograph shows close-ups of aeolian sands and paleosols in the two
sections. All photographs by D.R. Muhs.
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both the Mala quarry and La Rosa Negra was determined by
wavelength-dispersive X-ray fluorescence (WD-XRF). Trace
element geochemistry, including the rare earth elements (REE),
was determined by instrumental neutron activation analysis
(INAA), following methods in Budahn and Wandless (2002). All
geochemical data presented here are available as supplementary
files at the journal website and at this url: https://doi.org/10.5066/
P9ZI4Y63.

4. Results

4.1. Stratigraphy, paleosols, and geochronology

4.1.1. Mala quarry, Lanzarote
AtMala (Figs. 7, 8 and 10), we examined a south-facing wall with

a composite thickness of ~16 m. The composite stratigraphy, shown
in later figures, is the result of descriptions of three individual
sections (Figs. 7 and 8) that provide what were perceived to be the
best exposures of individual units. A similar approach was taken on
the island of Fuerteventura (Figs. 9 and 10). On both islands,

section-to-section correlation was achieved by lateral tracing of
individual paleosols within the host aeolian sands.

Aeolian sand units at Mala consist of well-sorted fine to medium
sands, with thicknesses ranging from less than a meter to as much
as ~2 m (Fig. 7). Bedding, if present, was not apparent. Most aeolian
sands are very pale brown (10 YR 7/3, 7/4, 8/3, 8/4) or white (10 YR
8/2, 7/2) when dry (all colors given here are fromMunsell soil color
charts). Sands are composed of skeletal fragments of marine
invertebrate organisms (bivalves, gastropods, and echinoids,
particularly sea urchin spines; less commonly, foraminifera and
sponge spicules), and volcanic (basaltic) rock fragments.

Paleosols are distinguished from their host aeolian sands by
changes in color and texture and the presence of fossils and trace
fossils. In contrast to the very pale brown or white aeolian sands,
dry colors of paleosols are usually light brown (7.5 YR 6/4), pink
(7.5 YR 7/3, 7/4), pinkish white (7.5 YR 8/2), or reddish yellow
(7.5 YR 6/6). A noticeable feature of almost all paleosols is that the
degree of redness and the amount of silt and clay increase upward
through the soil profiles. By greater “redness,” it is meant that there
is a shift from 10 YR hues in the aeolian sands to 7.5 YR hues in the

Fig. 10. Map of the islands of Lanzarote and Fuerteventura, showing localities referred to in the text. Also shown are the 100-m and 200-m isobaths, indicating insular shelf areas
that could have been sources of the carbonate skeletal sands in the sections at Mala and La Rosa Negra during glacial-age, low sea-level stands of the Pleistocene. Bathymetric data
are from the U.S. National Oceanic and Atmospheric Administration (NOAA) Bathymetric Data Viewer (https://maps.ngdc.noaa.gov/viewers/bathymetry/).
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paleosols, with an accompanying increase in chromas. Unlike the
aeolian units, paleosols, while sandy, contain substantial amounts
of silt and clay and some exhibit weak to moderate development of
subangular blocky structure. Based on field estimates, the content
of fine silt and clay is on the order of ~10% in the lower parts of
paleosols increasing to 30% or more in the upper parts of the
paleosols. The paleosols have very gradual lower boundaries and
sharp contacts with overlying aeolian sand units. When paleosol
samples are examined under the microscope, silt- and clay-sized
particles can be seen coating sand-sized carbonate skeletal and
volcanic rock grains. Land snails (most commonly of the genus
Theba) are abundant in the paleosols and are less common in the
underlying aeolian sands. Also present in the paleosols are “oote-
cas,” trace fossils of the Moroccan locust, Dociostaurus maroccanus,
described in detail by Meco et al. (2011), and also discussed by
Genise et al. (2013) and Roettig et al. (2017). Ootecas in these sec-
tions are typically ~2 cm long, ~1 cm in diameter, and composed of
a sandy tubular structure bound together by silts and clays, with
remarkable durability.

Part of our chronology for the Mala section utilizes Sr-isotope
stratigraphy. A prerequisite to such an approach is good preserva-
tion of the skeletal fragments that make up the carbonate fraction.
Results of XRD analyses indicate that although low-Mg calcite is
present, there is also abundant high-Mg calcite and aragonite. This
mineralogy indicates that little, if any, diagenetic or pedogenic
alteration of the host carbonate skeletal fragments has taken place.

Results of Sr isotopic analyses at Mala indicate that most or all
aeolian sediment packages could be of Pleistocene age (Table 1).
Averages of 5e7 analyses of each sediment package yield Sr isotope
age estimates ranging from ~850 ka to ~550 ka, but results did not
yield (andwere not expected to yield) an entirely consistent suite of
ages with stratigraphic position. The oldest two units sampled, at
~1450 cm and ~1338 cm (from section 3) gave apparent average
ages of ~790 ka to ~730 ka and ~850 ka to ~800 ka, respectively. The
next two youngest units analyzed, at ~1160 cm and ~920 cm, have
apparent ages of ~690 ka to ~620 ka, and ~810 ka to ~750 ka
respectively. The aeolian unit at ~695 cm gave much older average
ages of ~850 ka to ~750 ka, but the youngest unit sampled, at
~150 cm, gave average ages of ~630 ka to ~550 ka.

It is recognized that the ages of oldest grains in each of these
units could be considerably older than these estimates and the ages
of the youngest grains in each unit could be considerably younger.
Nevertheless, in all cases the time of actual aeolian sediment
emplacement must be no older than the youngest grains and also
must be younger than the average Sr isotope age for that respective
unit. The results, while uncertain for ages of specific units, do
indicate that the entire sequence is likely of Pleistocene age, and
some units could certainly date back to the early or middle Pleis-
tocene. Given the ranges of measurements from each depth inter-
val, the instrumental analytical uncertainties for each analysis, and
the uncertainties in the Sr isotope calibration curve (Howarth and
McArthur, 1997; McArthur et al., 2001, 2020), all that can be said
with certainty is that the aeolian sediment packages likely have an
average age range that could span an interval from ~950 ka to ~400
ka.

On the south side of the quarry at Mala, a basaltic lava flow crops
out in part of the exposure (easternmost part at N29�05.614';
W13�27.7230). This flow is found at a depth of 3.5 m below the
quarry access road and extends laterally for ~11e12 m to the west,
grading from basalt to lapilli, before pinching out (Fig. 8). It is the
same lava flow studied by Von Suchodoletz et al. (2012) discussed
earlier. It is difficult to determine with certainty where this lava fits
stratigraphically with the main sections we studied on the north
side of the quarry, as the lava is not exposed there. Using soil
morphology, careful leveling, GPS methods, and lateral tracing to

the extent possible, our best estimate is that the paleosol that
immediately overlies the lava on the south side of the quarry cor-
responds to paleosol P5 on the north side of the quarry (Figs. 7 and
8).

We collected a sample of this lava for 40Ar/39Ar dating to
compare with the age estimate given by Von Suchodoletz et al.
(2012). The basalt from Mala yielded a flat age spectrum over the
initial 63.7% of the gas released (Table 2). The remaining steps gave
an increase in apparent age from 240 ka to 870 ka. A weighted
mean age of 220 ± 20 ka is calculated from the flat initial 63.7% of
the age spectra. The radiogenic yields range from 0.6% to 16.3%.
Inverse isochron analysis of steps A-K (see Table 2) reveals points
that cluster near the y axis and an isochron age that agrees within
error to the age calculated from the age spectra, 170 ± 90 ka, and
a40Ar/36Ar intercept that agrees within error to the atmospheric
intercept 305 ± 11. The isochron age agrees with the red TL age,
although the plateau age is somewhat older. Nevertheless, all the
age estimates are in broad agreement that the lava is on the order of
~200 ka.

Land snails were collected from the uppermost paleosols at
Mala for radiocarbon dating. Here it is important to note that as is
the casewith paleosols inmany locations (Birkeland,1999; Schaetzl
and Thompson, 2015), our inference is that soil A horizons, if they
were once present, could have been eroded prior to emplacement
of the overlying aeolian sands. Thus, for radiocarbon dating, snails
sampled are mostly from the remnant clay-rich (possibly argillic)
soil B horizons. These included snails from the B horizon of the
modern soil (MS on Fig. 7), as well as snails from the B horizons of
paleosols P1, P2, P3, P4, and P5. We also collected and analyzed
three dead, but modern specimens of Theba geminata for radio-
carbon dating from the island of Fuerteventura, at the quarry at La
Rosa Negra, described inmore detail below. As pointed out by Pigati
et al. (2010), each genus of land snail will incorporate a certain
amount of “dead” carbon (i.e., carbonwith little or no 14C), giving an
apparent nonzero age, even for a living specimen. The three spec-
imens of modern (dead) T. geminata gave apparent radiocarbon
ages of 1665 ± 30 14C yr, 1925 ± 25 14C yr, and 2385 ± 30 14C yr
(Table 3). Thus, all fossil land snails can be considered to have “real”
ages that are ~1700e2400 14C yr younger than their apparent re-
ported ages.

At Mala, snails from the B horizons of the modern soil and the
uppermost part of paleosol P1 gave middle Holocene, calibrated
radiocarbon ages of ~6.7 ka and ~7.4 ka, respectively. All other Theba
snails analyzed, from the lower B horizon of paleosol P1 and the B
horizons of paleosols P2, P3, P4, and P5 gave significantly older
ages, ranging from ~43.4 ka (calibrated, from P1) to ~45.5 ka
(calibrated, from P5). With one exception (the upper B horizon of
paleosol P3), all these snails yielded apparently finite ages, but we
regard all of them as minimum-limiting ages. Apparent ages that
are at the practical limit of the radiocarbon dating technique may
be older, because very small amounts of modern carbon contami-
nation can yield apparently finite ages in a material that is beyond
the limit of radiocarbon dating (Pigati et al., 2007). Thus, paleosols
P1 and P2 are very likely older than ~43 ka to ~50 ka, and paleosols
P3, P4, and P5 are all likely older than ~50 ka (Table 3).

Although there are substantial uncertainties in all three
methods of geochronology employed here, it is possible to put
some broad limits on the timing of aeolian sand deposition and
paleosol formation at Mala. Collectively, the entire sequence is of
Quaternary age. The Sr isotope values of carbonate particles in the
section indicate that the aeolian sands are likely ~950 ka to ~400 ka.
The carbonate particles in these units could be composed of grains
with a range of ages (for example, older Pliocene grains mixed with
middle or late Quaternary grains). Aeolian units high in the section
have grains with average ages that differ only slightly than the
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lower units, indicating a substantial amount of reworked aeolian
sediment with successive periods of deposition. If we are correct in
our correlation of the basaltic lava on the south side of the quarry
with sediment underlying P5, then the lower ~1000 cm of sediment
is older than ~200 ka and younger than ~400 ka to ~950 ka. Because
snails at ~70 cm depth (in paleosol P1) and all older snails are likely
beyond the range of radiocarbon dating, this implies that the
sequence of aeolian sediments and paleosols between the upper
part of P1 (70 cm) and P5 (~580 cm) all date from between ~43 ka
and ~200 ka. The thin modern soil, its parent aeolian sand parent
material, and the upper part of paleosol P1 date to the Holocene.

4.1.2. La Rosa Negra quarry, Fuerteventura
The aeolian sediments exposed at La Rosa Negra (Figs. 6 and 10)

appear to be part of a stabilized sand ramp, or climbing dune, that
covers the lower flanks of a volcanic edifice called Mont�ana de la
Costilla, which is composed of Miocene basalt (Fig. 9). In the quarry,
more than 800 cm of section are exposed, consisting of more than 6
aeolian-colluvial units, each capped by a paleosol or (for the
youngest unit) the modern soil. Although the dominant sediments
are aeolian sands, a distinctive feature of the deposits here, which
distinguishes them from Mala, is the presence of gravel layers, of
local alluvial or colluvial origin, within what are otherwise very

Table 1
Strontium isotope values and age estimates (from McArthur et al., 2020, LOWESS version 6) for aeolian sands at the Mala section, Lanzarote.

Sample # Depth (cm) 87Sr/86Sr þ/� % error 87Sr/86Sr age lower limit upper limit

SP - 406 150 0.709154 0.000004 0.0006
0.709157 0.000010 0.0014
0.709162 0.000004 0.0006
0.709157 0.000011 0.0016
0.709158 0.000009 0.0012
0.709158 0.000008 0.0011
0.709156 0.000004 0.0006

SP - 406 avg 0.709157 0.000002 0.0003 0.60 Ma 0.55 Ma 0.63 Ma n ¼ 7

SP - 434 695 0.709142 0.000019 0.0027
0.709150 0.000009 0.0012
0.709151 0.000009 0.0012
0.709145 0.000008 0.0011
0.709143 0.000007 0.0009
0.709151 0.000006 0.0008

SP - 434 avg 0.709147 0.000004 0.0006 0.80 Ma 0.75 Ma 0.85 Ma n ¼ 6

SP - 445 860 0.709149 0.000004 0.0006
0.709161 0.000006 0.0008
0.709163 0.000009 0.0013
0.709148 0.000010 0.0013
0.709142 0.000010 0.0014

SP - 445 avg 0.709153 0.000010 0.0014 0.66 Ma 0.62 Ma 0.69 Ma n ¼ 5

SP - 448 920 0.709146 0.000007 0.0009
0.709151 0.000006 0.0008
0.709144 0.000006 0.0008
0.709145 0.000008 0.0011
0.709152 0.000007 0.0009
0.709149 0.000008 0.0011

SP - 448 avg 0.709148 0.000004 0.0005 0.78 Ma 0.75 Ma 0.81 Ma n ¼ 6

SP - 460 1160 0.709151 0.000009 0.0013
0.709149 0.000013 0.0018
0.709152 0.000007 0.0010
0.709147 0.000003 0.0005
0.709157 0.000005 0.0008
0.709154 0.000005 0.0008
0.709153 0.000008 0.0012

SP - 460 avg 0.709153 0.000006 0.0008 0.66 Ma 0.62 Ma 0.69 Ma n ¼ 7

SP - 470 1338 0.709152 0.000008 0.0011
0.709151 0.000010 0.0014
0.709140 0.000010 0.0014
0.709142 0.000006 0.0008
0.709145 0.000007 0.0010

SP - 470 avg 0.709146 0.000006 0.0009 0.83 Ma 0.80 Ma 0.85 Ma n ¼ 5

SP - 476 1450 0.709160 0.000008 0.0011
0.709143 0.000025 0.0035
0.709149 0.000008 0.0011
0.709142 0.000011 0.0015
0.709150 0.000005 0.0008
0.709147 0.000006 0.0009

SP - 476 avg 0.709149 0.000006 0.0008 0.76 Ma 0.73 Ma 0.79 Ma n ¼ 6
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well sorted sands.
Similar to Mala, however, the aeolian sediments at La Rosa

Negra exhibit a dominance of sand-sized particles composed of
marine invertebrate skeletal debris, including fragments of bi-
valves, gastropods, echinoids, and other taxa. Dry colors of aeolian
sands range from light brown (7.5 YR 6/4) to very pale brown (10 YR
8/3, 8/4). Also similar toMala, paleosols can be distinguished by soil
color, texture, and structure. Paleosols at La Rosa Negra are pink
(7.5 YR 7/3, 7/4, 8/3, dry) or less commonly reddish yellow (7.5 YR 6/
6, dry). Field estimates of the content of fine silt and clay are on the
order of ~5e10% (lower parts of some paleosols) increasing to
25e30% (upper parts of other paleosols). At La Rosa Negra, the
presence of fossils and trace fossils is less diagnostic of paleosols, as
ootecas and land snails are found in both aeolian sands and
paleosols.

Our only geochronology for the section at La Rosa Negra is based
on radiocarbon ages of Theba land snails (Table 3). The results are
similar to those at Mala. The upper meter, including the modern
soil, its aeolian sand parentmaterial, and the youngest paleosol and
its parent material are all Holocene, with calibrated ages ranging
from ~5.9 ka (parent material of the uppermost paleosol) to
~3.7e3.8 ka (parent material of the modern soil). One much older
age of ~33.5 ka, at a depth of 20e32 cm, is considered to be a
reworked, older fossil snail. All other analyses, down to ~650 cm,
gave calibrated ages of ~44 ka to ~45 ka, all of which are considered
to be minimum ages.

4.2. Mineralogy and geochemistry

4.2.1. Mala quarry, Lanzarote
The bulk mineralogy of aeolian sediments at Mala, obtained by

XRD, confirms field observations that marine-derived skeletal
grains are one of the major constituents. Aeolian sediments at all
depths are dominated by carbonate minerals, aragonite, high-Mg
calcite, and low-Mg calcite. Geochemistry is consistent with these
observations. Total CaCO3 contents range from 76 to 95%, and most
samples are 85e95% (Fig. 11). CaO content (measured by XRF)
parallels the plot for CaCO3 content and has values that are slightly
less than half those of total CaCO3 content, indicating that almost all
of the CaO is found in carbonate minerals. A correlation/regression
analysis of CaCO3 content vs. CaO content yields a regression
equation of Y ¼ 0.465X þ 5.711, where “Y" ¼ CaO content and
“X" ¼ CaCO3 content, with a coefficient of determination of
r2 ¼ 0.99. Marine invertebrate organisms composed of either

aragonite or high-Mg calcite typically have relatively high con-
centrations of Sr, a trace element that is found in solution in
seawater and which substitutes for Ca in aragonite or calcite
structures. Concentrations of Sr in many marine bivalves, gastro-
pods, echinoids, and foraminifera, the major constituents of the
aeolian sands at Mala, range from ~1300 to ~3700 ppm (Milliman,
1974). At Mala, aeolian sands have Sr concentrations (measured
by INAA) that range from ~2000 to ~2500 ppm, with a depth
function that closely parallels those of CaCO3 and CaO concentra-
tions (Fig. 11). These concentrations, within the range of modern
marine taxa, indicate that, consistent with the mineralogy domi-
nated by aragonite and high-Mg calcite, the aeolian sands at Mala
have undergone little or no dissolution after deposition.

The second source of aeolian sediments at Mala is minerals
derived from the local volcanic rocks of Lanzarote. Plagioclase was
detected in almost all of the aeolian sediments and is reflected in
bulk Na2O contents of 0.45e0.8%. Most aeolian sediments analyzed
also have pyroxenes and possibly hematite, both reflected in con-
centrations of Fe2O3 of 0.35e2.8%. Interestingly, quartz was detec-
ted in almost half of the aeolian sediments analyzed, similar to
what was observed in the composition of beach sands collected at
Arrieta, described earlier.

Paleosols at Mala host a bulk mineralogy with both similarities
to and differences from the aeolian sediments. Aragonite and
calcite are found in all horizons of all paleosols, indicating that no
soil horizon has been totally leached of carbonate minerals. Total
CaCO3, CaO, and Sr concentrations are, however, lower in all of the
paleosol horizons, compared to their host aeolian sediments
(Fig. 11). Further, concentrations of carbonates are lowest in the
upper horizons of each paleosol and highest in lower horizons of
each paleosol. Plagioclase, pyroxenes, and hematite were detected
in almost all soil horizons as well. Quartz, present in only small
amounts and found in only some aeolian sediments, is prominent
in all horizons of all paleosols. Peak-height ratios of quartz to
aragonite and quartz to low-Mg calcite parallel SiO2 abundances
and are highest in upper paleosol horizons (Fig. 12).

Two major elements, Al2O3 and Fe2O3, show measurable
amounts at all depths, but have substantial enrichments within the
paleosols (Fig. 13). The concentrations of these elements likely
reflect, at least in part, the presence of locally derived volcanic
minerals, such as plagioclase, pyroxenes, magnetite, and hematite,
as noted above. However, the enrichment of Al2O3 and Fe2O3 in the
paleosols compared to aeolian sediments could also be due to the
presence of phyllosilicate clay minerals that commonly host, and

Table 2
40Ar/39Ar analytical data for lava flow from Mala quarry.

ID Power 40Ar/39AR 37Ar/39Ar 36Ar/39Ar 39Ark K/Ca 40Ar* 39Ar Age ± 1 s

(Watts) (x 10�3) (x 10�15 mol) (%) (%) (Ma) (Ma)

A 0.8 392.1 0.6263 1318.6 0.4 0.81 0.6 1.7 0.37 0.31
B 1.3 46.51 0.6817 152.3 2 0.75 3.4 10.6 0.23 0.04
C 1.6 17.46 0.8098 54.75 2.6 0.63 7.7 22.2 0.2 0.02
D 2 14.68 0.8347 45.47 3.5 0.61 8.9 37.8 0.2 0.01
E 2.5 14.7 0.885 44.85 3.4 0.58 10.3 53.1 0.23 0.01
F 3 16 1.009 49.09 2.4 0.51 9.8 63.7 0.24 0.01
X G 4 26.07 1.433 82.26 2.5 0.36 7.2 75 0.28 0.02
X H 5 29.37 3.298 91.79 2.3 0.15 8.6 85.1 0.38 0.02
X I 7 29.16 8.131 90.85 2.2 0.063 10.2 95.1 0.45 0.02
X J 10 35.84 13.66 116.7 0.8 0.037 6.8 98.4 0.37 0.04
X K 15 35.29 16.19 104.4 0.4 0.032 16.3 100 0.87 0.06

Integrated
age ± 2s

n ¼ 11 22.5 0.2 K2O ¼ 1.05% 0.28 0.02

Plateau ± 2s steps A-F n ¼ 6 MSWD ¼ 1.35 14.3 0.61 ± 0.23 63.7 0.22 0.02
Isochron ± 2s steps A-K n ¼ 11 MSWD ¼ 22.26 40Ar/36Ar ¼ 305 ± 11 0.17 0.09

Analyses by Lisa Peters, New Mexico Geochronology Research Laboratory, Socorro, New Mexico, U.S.A.
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Table 3
Radiocarbon ages of land snails from Lanzarote and Fuerteventura, Canary Islands, Spain.

USGS CAMS Field # Location Latitude Longitude Elevation Depth in Species d13C
(per mil)

14C age Uncertainty Calibrated Uncertainty P

Laboratory # Laboratory # at top (m) section (cm) (yr) 1s age (yr) 2s

WW-8516 Na SP-213-m-1 La Rosa Negra,
Fuerteventura

N28�41.3430 W13�58.2390 54 Modern Theba geminata �5.02 1925 25

WW-8517 Na SP-213-m-2 La Rosa Negra,
Fuerteventura

N28�41.3430 W13�58.2390 54 Modern Theba geminata �2.55 2385 30

WW-8518 Na SP-213-m-3 La Rosa Negra,
Fuerteventura

N28�41.3430 W13�58.2390 54 Modern Theba geminata �7.32 1665 30

Na CAMS-177646 SP-213-a La Rosa Negra,
Fuerteventura

N28�41.3430 W13�58.2390 54 0e20 Theba geminata �1.5 2280 60 2310 160 0.99

Na CAMS-177647 SP-214-a La Rosa Negra,
Fuerteventura

N28�41.3430 W13�58.2390 54 20e32 Theba geminata �6.2 29,080 120 33,530 310 1.00

Na CAMS-177648 SP-215-a La Rosa Negra,
Fuerteventura

N28�41.3430 W13�58.2390 54 32e46 Theba geminata 1.2 3445 30 3670 60 0.75

3445 30 3760 20 0.10
3445 30 3810 20 0.15

Na CAMS-177649 SP-217-a La Rosa Negra,
Fuerteventura

N28�41.3430 W13�58.2390 54 46e76 Theba geminata 2.3 2880 25 2970 90 1.00

Na CAMS-177650 SP-218-a La Rosa Negra,
Fuerteventura

N28�41.3430 W13�58.2390 54 76e90 Theba geminata �6.6 5130 30 5950 50 1.00

Na CAMS-177651 SP-227-a La Rosa Negra,
Fuerteventura

N28�41.3430 W13�58.2390 54 275e290 Theba geminata �5.0 39,760 370 43,520 680 1.00

na CAMS-177652 SP-231-a La Rosa Negra,
Fuerteventura

N28�41.3430 W13�58.2390 54 400e420 Theba pisana �0.6 40,360 420 43,950 790 1.00

na CAMS-177653 SP-233-a La Rosa Negra,
Fuerteventura

N28�41.3430 W13�58.2390 54 440e460 Theba geminata �0.5 41,270 440 44,720 830 1.00

na CAMS-177654 SP-241-a La Rosa Negra,
Fuerteventura

N28�41.3430 W13�58.2390 54 605e613 Theba impugnata �2.2 39,070 830 45,240 3420 1.00

na CAMS-177655 SP-244-a La Rosa Negra,
Fuerteventura

N28�41.3430 W13�58.2390 54 642e660 Theba geminata �6.3 40,290 390 43,920 740 1.00

WW-10729 CAMS-172939 SP-398 Mala, Lanzarote N29�05.660 W13�27.700 53 0e20 Theba geminata �4.2 5865 25 6690 50 1.00
WW-10730 CAMS-172940 SP-401 Mala, Lanzarote N29�05.660 W13�27.700 53 40e60 Theba impugnata �6.2 6480 25 7360 40 0.63

6480 25 7420 10 0.37
WW-10731 CAMS-172941 SP-402 Mala, Lanzarote N29�05.660 W13�27.700 53 60e80 Theba impugnata �3.4 39,310 670 43,230 1050 1.00
WW-10732 CAMS-172942 SP-403 Mala, Lanzarote N29�05.660 W13�27.700 53 80e100 Theba geminata �3.6 39,690 710 43,510 1120 1.00
WW-10733 CAMS-172943 SP-404 Mala, Lanzarote N29�05.660 W13�27.700 53 100e120 Theba impugnata �0.4 39,010 640 42,990 990 1.00
WW-10734 CAMS-172944 SP-408 Mala, Lanzarote N29�05.660 W13�27.700 53 180e200 Theba geminata �1.1 39,920 720 43,680 1150 1.00
WW-10735 CAMS-172945 SP-409 Mala, Lanzarote N29�05.660 W13�27.700 53 200e220 Theba geminata �3.9 42,170 950 45,560 1840 1.00
WW-10736 CAMS-172947 SP-410 Mala, Lanzarote N29�05.660 W13�27.700 53 220e240 Theba geminata �4.5 45,900 1500 exceeds

calibration
range

na

WW-10737 CAMS-172948 SP-413 Mala, Lanzarote N29�05.660 W13�27.700 53 270e300 Theba impugnata �4.8 51,100 2900 exceeds
calibration
range

na

WW-10738 CAMS-172949 SP-416 Mala, Lanzarote N29�05.660 W13�27.700 53 340e360 Theba impugnata �4.4 45,600 1500 exceeds
calibration
range

na

WW-10739 CAMS-172950 SP-422 Mala, Lanzarote N29�05.650 W13�27.710 53 450e470 Theba geminata �4.4 45,000 1400 exceeds
calibration
range

na

WW-10740 CAMS-172951 SP-428 Mala, Lanzarote N29�05.650 W13�27.710 53 570e590 Theba geminata �5.3 42,130 950 45,510 1830 1.00

� Samples with a “WW” prefix were processed at the 14C laboratory of the U.S. Geological Survey in Reston, Virginia; all others were processed at the Center for Accelerator Mass Spectrometry (CAMS), Lawrence Livermore
National Laboratory, Livermore, California.
� 14C ages for all samples were determined at the Center for Accelerator Mass Spectrometry (CAMS), Lawrence Livermore National Laboratory, Livermore, California.
� The quoted age is in radiocarbon years (BP) using the Libby half life of 5568 years.
� The WW number is the identification assigned to a sample by the USGS 14C laboratory.
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are enriched in, Al and Fe, including smectite, mica, and kaolinite
(Weaver and Pollard, 1973). Taylor and McLennan (1985) and
McLennan (1989) point out that the REE are concentrated within
clay minerals. A plot of total REE content parallels those of Al2O3
and Fe2O3, indicating common host minerals for all these elements
that are likely dominated by clay minerals.

We undertook XRD studies of clay (<2 mm) separates in order to
determine if enrichments in Al2O3, Fe2O3, and REE in the paleosols
are due to the presence of clay minerals that host these elements.
Results indicate that paleosols exposed in the Mala quarry host
three main phyllosilicate clay minerals. All paleosols studied
contain smectite, mica, and kaolinite (Fig. 14). Glycolated samples
show a smectite peak at ~5.2�, mica peaks at 8.9�, 17.7�, and 26.6�,
and kaolinite peaks at 12.5�and 24.9�. Retention of peaks at 6.2�

and 18.8� on heat-treated samples indicates the possible presence
of some chlorite. It is likely that the paleosols also contain some
clay-sized quartz, but the main quartz peak at 26.6� is coincident
with the mica (003) peak. In mica-bearing sediments with an
absence of quartz, the 8.9� (001) mica peak is typically higher than
the 26.6� (003) mica peak (Moore and Reynolds, 1997). The heights
of the peaks at 26.6� in many of the paleosols studied here are
higher than the 8.9� mica peaks. Thus, this higher 26.6� peak in the
paleosols indicates the presence of some clay-sized quartz as well
as mica. Overall, the results indicate that much of the enrichment of
Al2O3, Fe2O3, and REE in the paleosols is likely due to the presence
of smectite, mica, kaolinite, and possibly some chlorite.

Identification of mica in the paleosols is also supported by other
major element (K) and trace element (Ba, Rb, Cs) concentrations.
Althoughmany of the volcanic rocks on Lanzarote are alkali basalts,
concentrations of K2O are typically low (Fuster et al., 1968a). In
contrast, concentrations of K2O are high in the paleosols and low in
the aeolian sands in the section at Mala (Fig. 15). Thus, the depth
function for this element closely parallels those of Al2O3, Fe2O3, and
SiO2 (Figs. 12 and 13), supporting an inference of mica as the main
carrier of K2O in the paleosols. Three trace elements, Ba, Rb, and Cs,
commonly substitute for K in K-bearingminerals, such asmicas and
K-feldspar. Depth functions of these three trace elements closely
parallel that of K2O, providing additional geochemical support for
the presence of mica in the clay fraction of the paleosols.

4.2.2. La Rosa Negra quarry, Fuerteventura
Much of what is observed in the way of mineralogy and com-

plementary geochemistry in the aeolian sediments and paleosols at
Mala on Lanzarote is also seen in the composition of sediments and
paleosols at La Rosa Negra on Fuerteventura. Bulk mineralogy in
aeolian sediments at La Rosa Negra shows a somewhat simpler
composition, however. Sediments at all depths host aragonite,
calcite, and plagioclase. A minority of aeolian sediments have
detectable quartz but only a few depth intervals contain pyroxenes
that are detectable by XRD. The high aragonite and calcite content
of the aeolian sediments is apparent in the high CaCO3, CaO, and Sr
concentrations (Fig. 16). Similar to the section at Mala, a correla-
tion/regression analysis of CaCO3 content vs. CaO content yields a
regression equation of Y ¼ 0.439X þ 8.460, where “Y" ¼ CaO con-
tent and “X"¼ CaCO3 content, with a coefficient of determination of
r2 ¼ 0.97.

Paleosols at La Rosa Negra host calcite, aragonite, plagioclase,
and quartz, also similar to what is observed at Mala. Paleosols at La
Rosa Negra show higher SiO2 contents and higher quartz-to-
aragonite and quartz-to-calcite values (Fig. 17). Higher concentra-
tions of Al2O3, Fe2O3, and REE are also found in the paleosols at La
Rosa Negra (Fig. 18). We hypothesize that here too, higher con-
centrations of Al2O3, Fe2O3, and REE in the paleosols are due to
enrichment of phyllosilicate clay minerals.

Unfortunately, clay separates from paleosols at La Rosa Negra

did not yield particularly satisfactory mounts, despite multiple at-
tempts using a variety of methods. Nevertheless, resultant XRD
patterns do confirm that smectite, mica, kaolinite, and possibly
clay-sized quartz are the dominant minerals in the <2 mm fraction,
similar to Mala (Fig. 19). Thus, the presence of smectite, mica, and
kaolinite likely explainmuch of the enrichment in Al2O3, Fe2O3, and
REE that is apparent in the paleosols. One differencewe note here is
that smectite appears to be in lower abundance compared to mica
and kaolinite, in contrast to paleosols at Mala, but this could in part
be a function of the poor mounting and subsequent higher
background.

As with the section at Mala on Lanzarote, the presence of mica in
the paleosols at La Rosa Negra is supported by concentrations of
K2O, Ba, Rb, and Cs. All four elements show relatively high values in
the paleosols with lower values in the aeolian sands (Fig. 20). The
depth functions for K2O, Ba, Rb, and Cs at La Rosa Negra parallel
those for Al2O3, Fe2O3, and SiO2 (Figs. 17 and 18), supporting an
inference of mica as the main carrier of K2O in the clay fraction of
the paleosols.

4.3. Major element geochemistry as a source-area indicator

Major element geochemistry can provide insights for dust
source areas provided that such regions have a variable enough
mineralogy that major elements can distinguish them. Chiapello
et al. (1997) pioneered this approach for identifying specific dust
source regions in Africa. These investigators showed that dust
derived from the northwestern Sahara (PSA 2 in Fig. 3), the south-
central Sahara (northern part of PSA 3 in Fig. 3), and the Sahel
(southern parts of PSA 2 and PSA 3) have distinctive Si/Al, Ca/Al, Fe/
Ca, and K/Ca values. Higher Fe/Ca values in Sahel dusts are related
to higher abundances of pedogenic Fe-oxyhydroxides, particularly
hematite, in lower-latitude soils, whereas higher K/Ca values in
Saharan dusts are linked to higher mica and lower kaolinite con-
tents in desert soils farther north. Mineralogical data for dust from
these three regions reported by Caquineau et al. (1998) are
consistent with this geochemistry. Unfortunately, because of the
high carbonate mineral content of the host aeolian sediments on
the Canary Islands, use of Fe/Ca and K/Ca values is precluded, as the
high Ca contents from the marine carbonate particles dominate
these elemental ratios, even in the paleosols. Dr. Isabelle Chiapello
(LOA, CNRS/Universit�e Lille) and Dr. Gilles Bergametti kindly sup-
plied Si, Al, and K data from a study of theirs (Chiapello et al., 1997),
conducted at the Laboratoire Interuniversitaire des Syst�emes
Atmosph�eriques. Using these data, Si/Al and K/Al ranges can be
plotted for the three dust source regions in Africa identified by
Chiapello et al. (1997), along with the ranges of these values for
local basalts on Lanzarote and Fuerteventura.

Results indicate that although the south-central Sahara region
has considerable overlap with the geochemical fields defined by the
northwestern Sahara and the Sahel, there is a general trend of a
north-to-south decrease in K/Al values, consistent with the
decreasing mica (rich in K) abundances and increasing kaolinite
(rich in Al) abundances going north to south (Fig. 21). As shown
previously by Chiapello et al. (1997), there is also an overall north-
to-south decrease in Si/Al values, which is consistent with the
change in mineralogy, because micas have higher Si/Al values than
kaolinite (Weaver and Pollard, 1973). Further, all three dust source
areas have geochemical fields distinctive from those defined by the
local Canary Islands basalts (Fig. 21).

Later studies by Formenti et al. (2008, 2011, 2014), Klaver et al.
(2011), McConnell et al. (2008), and Scheuvens et al. (2013) also
have demonstrated that dust collected from many potential source
areas in Africa have distinctive major element ratios, again using Si/
Al and K/Al. Using data reported in or compiled by Formenti et al.
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(2008, 2011, 2014), Klaver et al. (2011), and McConnell et al. (2008),
we plotted Si/Al vs. K/Al values for airborne dust samples collected
above various PSAs across Africa, as well as the composition of local
Canary Islands basalt (Fig. 22). We also plotted Si/Al vs. K/Al values
for Bod�el�e Depression sediments (within PSA 5), collected on the
ground (Fig. 3), reported by Abouchami et al. (2013). Results again
show distinctive geochemical signatures for a number of the PSAs
(Fig. 22). Western Saharan sources (PSA 2 and PSA 3) have the
highest K/Al values, consistent with the data of Chiapello et al.
(1997). Dust samples from PSA 5, where the Bod�el�e Depression is
situated, have a geochemical signature that is distinctive from that
of PSA 2 and PSA 3, as do dust samples derived from a combination
of PSA 5 and PSA 6. Ground-collected Bod�el�e Depression samples
have lower K/Al values and a wider range of Si/Al values than
airborne dust samples from PSA 5. The higher range of Si/Al values
in ground-collected Bod�el�e Depression samples could be due to the

presence of high-silica diatomite as well as quartz (Abouchami
et al., 2013; Formenti et al., 2014). Nevertheless, it would appear
that much of the dust from PSA 5 does not include material from
the Bod�el�e Depression, at least at the time of sampling represented
by the materials plotted in Fig. 22.

Sahel dust collected over Niger overlaps much of the composi-
tional field of dust from PSA 5 and PSA 6, areas which include parts
of the Sahel. The field defined by these Sahel dust samples have
considerable overlapwith the geochemical field for Sahel dust from
the Chiapello et al. (1997) data (compare Fig. 21 with Fig. 22b,d, but
note horizontal scale change). As noted above, the generally lower
K/Al values in both Sahel dust and Bod�el�e Depression sediments
likely reflect relatively lower amounts of mica (rich in K) and higher
amounts of kaolinite (rich in Al). The geochemical fields from most
of the PSAs do not overlap substantially with the field defined by
local basalt on Lanzarote (Fig. 22a and b) and have only partial

Fig. 11. Composite stratigraphy of aeolian sands (stipple pattern) and paleosols (brown shades) at Mala (see Figs. 7 and 8 for location of sections 1, 2, and 3) and concentrations of
CaCO3, CaO, and Sr as a function of depth. Numbers to the left of the section are age estimates in thousands of years (ka), based on radiocarbon, 40Ar/39Ar, and Sr isotope methods
(Tables 1e3). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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overlap with the field defined by local basalt on Fuerteventura
(Fig. 22c and d). Interestingly, the Bod�el�e Depression has the only
substantial overlap in composition with basalts on both islands.

With compilations of Si/Al vs. K/Al compositional fields for
various PSAs defined, it is possible to make comparisons with
aeolian sands and paleosols from the Canary Islands. Aeolian sands
from theMala and Rosa Negra sections plot within or just above the
fields for the local volcanic rocks and have substantially lower K/Al
values than all of the paleosols (Fig. 21). Using either set of PSA
compositional fields, paleosols from both the Mala and Rosa Negra
sections plot between the dust PSAs and volcanic fields (Figs. 21
and 22). K/Al values in paleosols from both sections are similar to
those for dust samples from PSA 2, PSA 3, and PSA 4, and have
partial overlap with K/Al values for Sahel dust collected over Niger
(Figs. 21 and 22). The compositions of the paleosols differ from
those of most of the PSAs with higher Si/Al values, which overlap

those of the island basalts. K/Al values in the paleosols all plot
above the field for the Bod�el�e Depression but have overlap with Si/
Al values from this dust source.

4.4. Trace element geochemistry as a source-area indicator

Trace element abundances can be powerful tools for deter-
mining soil or sediment provenance. Muhs et al. (2010) used Sc-Th-
Ta, Cr-Hf-Th, LaN/YbN-Eu/Eu*, and GdN/YbN-Eu/Eu* successfully to
distinguish late Quaternary basalt on Lanzarote fromAfrican dust in
a study of the origin of modern soils on that island. Such an
approach was also used by Huerta et al. (2015) in determining the
influence of African dust in the origin of calcretes on Lanzarote and
Fuerteventura. Here, we use similar geochemical indicators to
evaluate the relative contributions of local volcanic rocks and Af-
rican dust to the paleosols at Mala and La Rosa Negra.

Fig. 12. Composite stratigraphy of aeolian sands (stipple pattern) and paleosols (brown shades) at Mala (see Figs. 7 and 8 for location of sections 1, 2, and 3), concentrations of SiO2,
quartz-aragonite bulk XRD peak-height values, and quartz-calcite bulk XRD peak-height values as a function of depth. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Unfortunately, there are few REE or other trace element data
available for most of the PSAs shown in Fig. 3. An exception is the
Bod�el�e Depression, for which Abouchami et al. (2013) reported
some REE data for a few samples.

For the Mala quarry, we compared the trace element composi-
tion of the paleosols with (1) the volcanic rocks collected at Famara
and Arrieta and (2) African dust collected on Barbados (Muhs et al.,
2007, 2010) and Bermuda (Muhs et al., 2012). Dust collected on
Barbados and Bermuda is derived from a mix of source regions in
Africa, as shown by the HYSPLIT-derived back trajectories (Fig. 4).
On a Sc-Th-Ta x 10 ternary plot, African dust and local volcanic rocks
have distinctive compositions (Fig. 23a). With one exception (for
which we have no explanation), paleosols fromMala have Sc-Th-Ta
x 10 compositions that fall between the geochemical fields defined
by the two sources. On a Cr/10-Hf-Th ternary plot, local volcanic

rocks from Lanzarote and dust collected on Barbados and Bermuda
show an even greater compositional difference (Fig. 23b). As ex-
pected, based on known compositions of average ocean crust and
average upper continental crust (Taylor and McLennan, 1985),
volcanic rocks from Lanzarote are enriched in Cr and depleted in Hf
and Th, similar to oceanic crust. African dust collected on Barbados
and Bermuda, in contrast, falls near the center of the plot, showing
relative enrichments in Hf and Th and depletions in Cr, similar to
average upper continental crust. Some paleosols from Mala fall
within the range for local volcanic rocks whereas most plot be-
tween the fields defined by the two sources (Fig. 23b), consistent
with the Sc-Th-Ta x 10 plot (Fig. 23a).

In an extensive review, McLennan (1989) noted that the REE can
be sensitive indicators of sediment provenance. Here, a comparison
is made between the REE composition of the paleosols with the

Fig. 13. Composite stratigraphy of aeolian sands (stipple pattern) and paleosols (brown shades) at Mala (see Figs. 7 and 8 for location of sections 1, 2, and 3), and concentrations of
Al2O3, Fe2O3, and total REE (La, Ce, Nd, Sm, Eu, Gd, Tb, Ho, Yb, Lu) as a function of depth. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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volcanic rocks collected at Famara and Arrieta and African dust
collected on Barbados (Muhs et al., 2007, 2010) and Bermuda (Muhs
et al., 2012), plus dust trap REE data from Barbados reported by
Pourmand et al. (2014) and REE data derived from shipboard dust
collections made in the Atlantic Ocean (Van der Does et al., 2018).
We also make comparisons with REE data from the small collection
from the Bod�el�e Depression reported by Abouchami et al. (2013).

As with the other trace elements, local volcanic rocks on Lan-
zarote and African dust display geochemical fields that are distinct
from one another for overall REE composition (Fig. 23c and d). The
REE element data from Pourmand et al. (2014) overlap the field
defined by mixed-source African dust reported by Muhs et al.
(2007, 2010). Bod�el�e Depression sediments overlap much of this
field as well. Thus, REE do not allow for a clear distinction between
Sahara and Sahel sources of dust. For both LaN/YbN vs. Eu/Eu* and
GdN/YbN vs. Eu/Eu*, some paleosols from Mala have compositions
that are intermediate between those of African dust and local
volcanic rocks, but most either fall directly within the fields for
African dust or very close to them.

For comparison of paleosol compositions in the quarry section at
La Rosa Negra on Fuerteventura, we use the same data sources for
African dust as described above, along with published data for local
bedrock on this island. Although rocks on the island of Fuerte-
ventura are dominated by basalt, a substantial area of what has
been called the Basal Complex, as noted earlier, has a considerably

more diverse composition (Fuster et al., 1968b; Carracedo and Troll,
2016). The composition of the Basal Complex is important because
this formation is rich in quartz (Carracedo and Troll, 2016, p.
535e537). Thus, in comparing the trace element composition of
paleosols at La Rosa Negra with potential source sediments, it is
necessary to consider the compositions of both the extensive Ter-
tiary and Quaternary basalts and the diverse lithologies of the Basal
Complex. For the Tertiary and Quaternary basalts, we use trace
element data reported by Schneider et al. (2014) and Tornare et al.
(2016). For rocks of the Basal Complex, we use trace element data
reported by Holloway and Bussy (2008) and Allibon et al. (2011).

Tertiary and Quaternary basalts from Fuerteventura have a
broadly similar composition to basalts from Lanzarote but with a
greater range of variability (Fig. 24). Nevertheless, these rocks have
a range of compositions that are distinct from African dust for all
trace elements considered. Similar to the paleosols at Mala on
Lanzarote, on a Sc-Th-Ta x 10 plot, paleosols from La Rosa Negra plot
between the compositional fields for volcanic rocks and African
dust (Fig. 24a). On a Cr/10-Hf-Th plot, some paleosols plot within
the field for local volcanic rocks, but most plot between this field
and the fields for African dust (Fig. 24b). On the two REE plots, LaN/
YbN vs. Eu/Eu* and GdN/YbN vs. Eu/Eu*, results for La Rosa Negra are
also similar to those for the paleosols at Mala: some samples plot
between the volcanic rock and African dust fields (but closer to
African dust), whereas others fall directly in the fields defined by

Fig. 14. Composite stratigraphy of aeolian sands (stipple pattern) and paleosols (brown shades) at Mala and X-ray diffraction patterns of glycolated clay samples from paleosol
separates, showing mineralogy of the <2 mm fraction. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

D.R. Muhs, J. Meco, J.R. Budahn et al. Quaternary Science Reviews 265 (2021) 107024

20



African dust (Fig. 24c and d).
For all trace elements considered, Basal Complex rocks and in-

trusions also show a wide range of variability (Fig. 25). Neverthe-
less, the trace element compositions of these rocks do not overlap
with those of African dust, which allows us to assess the impor-
tance of these rocks to the composition of paleosols at La Rosa
Negra. Results are similar to those in the comparison with the
Tertiary and Quaternary volcanic rocks: paleosols from La Rosa
Negra plot between the fields for Basal Complex rocks and African
dust for Sc-Th-Ta x 10 (Fig. 25a). For Cr/10-Hf-Th, some paleosols
overlap the Basal Complex field, but most plot between this field
and that of African dust (Fig. 25b). On the REE plots, some paleosols
fall between the two fields, but others plot squarely within the
African dust fields (Fig. 25c and d). None of the paleosols plot
within the fields defined for Basal Complex rocks.

5. Discussion

5.1. Alternation of carbonate aeolian sand deposition and paleosol
formation

The age estimates of carbonate aeolian sands and paleosols re-
ported here are evaluated in the context of how we envision the
timing of these deposits with respect to sea level history. Rognon
and Coud�e-Gaussen (1987) were among the first investigators to
note that Fuerteventura hosts aeolian sands, locally derived from
marine bioclasts, and alternating with paleosols. These workers

presented a model showing that when aeolian sand sedimentation
ceased, African dust was trapped on the island bywhat had become
a denser vegetation cover. Rognon et al. (1989) expanded this
concept to point out that aeolian sands, recognized to be detrital
bioclastic sediments, were derived from the insular shelves
(Fig. 10). These investigators proposed that at the close of the last
glacial period, vegetation cover increased, aeolian sand was stabi-
lized, and the enhanced vegetation cover allowed trapping of Af-
rican dust. This sequence of events was developed further by
Coud�e-Gaussen and Rognon (1993) and Rognon and Coud�e-
Gaussen (1996a, 1996b).

Specifically for the sections at Mala and La Rosa Negra, Bouab
and Lamothe (1997), Damnati (1997), Meco et al. (1997), and
Damnati et al. (2005) provided descriptions of the stratigraphy and
also proposed that these sequences represented alternations of
insular-shelf-derived bioclastic sands and paleosols derived from
African dust. Importantly, Meco et al. (1997) also pointed out that at
least some of the bioclastic sands within the Quaternary aeolian
sequences had their origins from bioclastic materials of Tertiary
age, found on the insular shelves. Indeed, later Meco et al. (2006,
2008) described a model of aeolian sand formation for Fuerte-
ventura during the Pliocene, where marine skeletal sands accu-
mulated on the insular shelf (Fig. 10) during a relatively high stand
or stands of sea. Remnants of carbonate-rich aeolian sands dating to
the Pliocene have been reported by Lomoschitz et al. (2016) on the
northern part of Lanzarote. During a subsequent sea-level regres-
sion (or regressions), these newly exposed sands were entrained by

Fig. 15. Composite stratigraphy of aeolian sands (stipple pattern) and paleosols (brown shades) at Mala (see Figs. 7 and 8 for location of sections 1, 2, and 3), and concentrations of
K2O, Ba, Rb, and Cs as a function of depth. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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wind and deposited on Fuerteventura.
Following from Meco et al. (2006, 2008), Meco et al. (2011)

inferred that a similar sequence of events took place in the Qua-
ternary on Lanzarote, using the Mala section as a case study. The
cycle they envisioned was one of deposition of carbonate aeolian
sands derived from bioclastic insular shelf sands during a glacial
period of lowered sea level, formation of a paleosol during an
succeeding interglacial period, derived at least in part from African
dust, and burial of this paleosol during a succeeding glacial period,
when sea level falls again. Meco et al. (2011) used the Mala section,
with the same stratigraphy as presented here, to show that this
cycle could have occurred numerous times during the Quaternary.

Criado et al. (2012) also noted the alternations of bioclast-derived
aeolian sands alternating with African-dust-derived paleosols. For
the sequence at Mala described by Meco et al. (2011), Muhs (2013)
proposed that the African-dust-derived paleosols appear to have
grown upwards by dust accretion, rather than having developed
downward, by weathering of the carbonate aeolian sands. In a
similar line of reasoning, Roettig et al. (2019) also thought that little
or no chemical weathering was responsible for the paleosols and
that African dust deposition was the dominant process of soil for-
mation. Further, these investigators added detail to the models
described above by pointing out that the optimal time for aeolian
sand accumulation would be at the start of glacial-period sea-level

Fig. 16. Composite stratigraphy of aeolian sands (stipple pattern) and paleosols (brown shades) at La Rosa Negra (see Fig. 9 for location of sections 1 and 2) and concentrations of
CaCO3, CaO, and Sr as a function of depth. Numbers at left are age estimates in thousands of years (ka), based on radiocarbon ages (Table 1). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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regressions, whereas times of surface stability would occur when
sea-level transgressions occur, at the start of interglacial periods.

Here we evaluate the chronology reported in the present study
in the context of the models of alternating periods of aeolian sand
deposition and stability with paleosol formation. Noting the ob-
servations of Meco et al. (1997, 2006, 2008), it is expected that the
Sr isotope compositions of aeolian sands will represent a mix of
skeletal fragments of different ages, including carbonate grains
inherited from sediments that may have formed as far back as the
Tertiary. In the Quaternary, depending on carbonate production
rates during each successive interglacial period when sediments
are accumulating on the insular shelf, a wide variety of grain ages
could also be expected. In addition, it is not expected that insular
shelf sediments will be completely removed by aeolian transport
during each glacial-regressive period of exposure. Hence, subse-
quent periods of aeolian transport will almost certainly include

older skeletal grains as well as younger ones. If this reasoning is
correct, then Sr-isotope age estimates of aggregates of skeletal
grains should be regarded as maximum-limiting ages of aeolian
packages only.

Given the high content of marine invertebrate carbonate skel-
etal grains in the aeolian sands, we infer that deposition of the host
sediments likely took place primarily when sea level was low and
insular shelves were exposed, in agreement with most previous
workers cited above. On the island of Bermuda, in the western
Atlantic, Rowe and Bristow (2015a, 2015b) pointed out that the
optimal time of carbonate aeolian sand entrainment would have
been during the transition between an interglacial high-sea stand
and a glacial period, when sea level is beginning to regress and
expose insular shelf sands. In agreement with this, on the California
Channel Islands, Muhs et al. (2018) found that the most recent
period of carbonate aeolian sand deposition began shortly before

Fig. 17. Composite stratigraphy of aeolian sands (stipple pattern) and paleosols (brown shades) at La Rosa Negra (see Fig. 9 for location of sections 1 and 2) concentrations of SiO2,
quartz-aragonite bulk XRD peak-height values, and quartz-calcite bulk XRD peak-height values as a function of depth. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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the end of the last high-sea stand of interglacial marine isotope
stage [MIS] 5, at about 80 ka, and continued, episodically, through
the last glacial-interstadial-glacial periods, MIS 4, 3, and 2. Working
on Fuerteventura in the Canary Islands, Roettig et al. (2019, 2020)
inferred a similar timing for carbonate aeolian sand entrainment,
with aeolian sand entrainment beginning as sea level starts to fall
(start of a glacial period) and stability beginning as sea level begins
to rise (start of the next interglacial period).

Based on the Sr-isotope geochronology presented here, the
Quaternary paleosol record on Lanzarote could conceivably span
much of the past ~400 ka and possibly as much as the past ~950 ka,
given the age uncertainties in the Sr isotope data presented here
(Table 1). If our 40Ar/39Ar age (Table 2) is correct, then somewhat
less than half of the section at Mala could represent the past ~200
ka, conceivably spanning the penultimate glacial period, MIS 6, as
well as MIS 5, 4, and 3, and the Holocene (MIS 1). There does not

appear to be a record of the last glacial period, MIS 2 at Mala, at
least in the sections studied here.

Unfortunately, we have no Sr isotope or 40Ar/39Ar data for the
aeolian sequence at La Rosa Negra. The upper meter or so of the
section is Holocene (Table 3), but we regard all of the land snail
radiocarbon ages below this depth as minima. Luminescence ages
reported by Faust et al. (2015) and Roettig et al. (2019, 2020) show
that elsewhere on Fuerteventura, there were several cycles of
aeolian sand deposition alternating with times of paleosol forma-
tion during the past ~500 ka. Set in this context, the minimum-
limiting radiocarbon ages presented here for La Rosa Negra could
represent a wide range of age possibilities.

If the inferences made above about the optimal times of aeolian
sand entrainment and deposition are correct, then the paleosols
intercalated within the aeolian sands represent periods of relative
landscape stability, most likely forming during the beginning and

Fig. 18. Composite stratigraphy of aeolian sands (stipple pattern) and paleosols (brown shades) at La Rosa Negra (see Fig. 9 for location of sections 1 and 2) and concentrations of
Al2O3, Fe2O3, and total REE (La, Ce, Nd, Sm, Eu, Gd, Tb, Ho, Yb, Lu) as a function of depth. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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main parts of interglacial or interstadial periods, when offshore
sand supplies were diminished and vegetation could colonize
dunes or sand sheets. Under these conditions, pedogenesis, domi-
nated by LRT dust accretion, could take place. On both Lanzarote
and Fuerteventura, this inference is supported by the presence of
modern soils dating to the Holocene (based on radiocarbon ages)
and stratigraphically deeper soils having ages greater ~45 ka, pre-
ceding the last glacial period.

5.2. Mineralogy of aeolian sands and paleosols on the Canary
Islands

Because the Canary Islands are composed dominantly of basalt,
the presence of quartz in soils and sediments of these islands
logically could be used to infer exotic, LRT mineral additions from
Africa. As noted earlier, it has become a commonpractice, therefore,
to assume that if quartz is present, there must have been externally
derived, probably African dust additions to the soils or sediments
under study. Furthermore, many studies have assumed that not
only does quartz indicate an African origin, but the presence of this
mineral indicates derivation specifically from the Sahara. We
consider that the assumptions of quartz on the Canary Islands
having an exclusively exotic origin, and strictly from the Sahara, are
oversimplified views. Fuster et al. (1968a, 1968b), Carmona et al.
(2009), and Carracedo and Troll (2016) have all pointed out that
quartz, while rare on the eastern Canary Islands, can be found in
rocks of these islands, particularly in the Basal Complex of Fuerte-
ventura (see Fig. 8.4 of Carracedo and Troll [2016]), but also in the

igneous rock suites. In our own studies, reported here, we found
quartz in modern beach sands on the northeastern coast of Lan-
zarote, near Arrieta (Fig. 5). The same concern applies to an inter-
pretation of mica as an exotic mineral. Although mica is rare in
Canary Islands rocks, biotite has been reported in several rock types
on Fuerteventura (Fuster et al., 1968b). Quartz and mica are the two
most important minerals in LRT African dust (see Glaccum and
Prospero, 1980). Thus, while there is no question that the pres-
ence of these minerals in Canary Islands paleosols permits an
interpretation of an African dust origin, in principle, both minerals
could be locally derived.

The results presented here show that aeolian sands in the sec-
tions of both islands have likely experienced little or no chemical
weathering, either diagenetically, such as during slow aeolian sand
accretion (syndepositional weathering), or pedogenically, during
periods of stability. All aeolian sand units and even all the paleosols
contain aragonite and high-Mg calcite, two minerals that are very
susceptible to loss by dissolution in a subaerial environment.
Geochemical data are consistent with the mineralogy. Total CaCO3
and CaO contents are high throughout the sections (Figs.11 and 16).
Furthermore, Sr, which substitutes for Ca in aragonite and high-Mg
calcite skeletons of marine organisms, has concentrations that
differ little or not at all from what is found in the skeletons of
modern marine organisms. Because the Sr concentrations,
measured in bulk carbonate sands, are similar to those of modern
marine organisms, this implies little or no loss of Sr fromwhat was
originally in the bioclastic sands. From this and the survival of the
metastable minerals aragonite and high-Mg calcite, even during

Fig. 19. Composite stratigraphy of aeolian sands (stipple pattern) and paleosols (brown shades) at La Rosa Negra (see Fig. 9 for location of sections 1 and 2) and X-ray diffraction
patterns of glycolated clay samples from paleosol separates, showing mineralogy of the <2 mm fraction. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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soil formation, we infer that little chemical weathering has taken
place during the long history of sedimentation and pedogenesis.

We confirm that quartz (in bulk analyses) is present in all the
paleosols at both Mala and La Rosa Negra. We stress that the
presence of quartz as a dust accretion indicator needs qualification
due to the presence of this mineral in rocks of both islands, and our
own findings that it is present in modern beach sands of Lanzarote.
Nevertheless, the relative abundances of quartz are highest within
the paleosols on both islands, and these concentrations increase
upward through the soil profiles, in parallel with depth functions of
SiO2 (Figs. 12 and 17). Concentrations of SiO2 are, in part, a
geochemical proxy for quartz.

Two other major elements, Al2O3 and Fe2O3, also show distinct
enrichments in the paleosols of both sections (Figs. 13 and 18). It
has long been recognized that in many sediments concentrations of
Al2O3 and Fe2O3, are positively correlated with phyllosilicate clay
mineral content, because Al and Fe are found in the octahedral
layers of clay minerals (Weaver and Pollard, 1973; Birkeland, 1999).
Taylor and McLennan (1985) also noted that REE are concentrated
in clay minerals. The inference of Al and Fe in Canary Islands
paleosols as proxies for clay minerals is supported by parallel plots
of total REE concentrations at both Mala and La Rosa Negra, where
the REE are enriched in the buried soils (Figs. 13 and 18).

Clay mineralogical analyses confirm the presence of clay-sized
(<2 mm) smectite, mica, and kaolinite in all paleosols of both sec-
tions (Figs. 14 and 19). Although smectite and kaolinite could
conceivably form from chemical weathering of primary minerals in
detrital basalt particles of local origin, a similar inference cannot be
made for micas. True cases of pedogenic mica are extremely rare

and occur only under particularly favorable circumstances (Fanning
and Keramidas, 1977). Mica is present in very small amounts, as
biotite, in some of the rocks of the Canary Islands, as noted earlier.
However, if mica in these sections had a local, detrital origin, we
would not expect to see geochemical proxies for this mineral to
have any systematic depth function. We observe just the opposite,
with K2O, one of the major constituents of all micas, showing en-
richments in the paleosols and depletions in the subjacent aeolian
sands (Figs. 15 and 20). On both islands, Ba, Rb, and Cs, three trace
elements that substitute for K, also show enrichments in the
paleosols, with depth functions closely paralleling those of K2O,
SiO2, Al2O3, and Fe2O3. Thus, the clay mineralogy and concentra-
tions of K2O, Ba, Rb, and Cs in the paleosols all support the
conclusion of an exotic origin for mica.

With the evidence for a minimal amount of chemical weath-
ering, as indicated by the presence of primary carbonate minerals
in all paleosols, then the presence of kaolinite (Figs. 14 and 19) must
also be explained. Plagioclase is abundant in the basaltic volcanic
rocks of the Canary Islands and its presence is documented in all
aeolian sands and paleosols studied here. Kaolinite can be an
alteration product of plagioclase by hydrolysis, a process which is
observed in many soils worldwide (Birkeland, 1999; Brady and
Weil, 2002; Schaetzl and Thompson, 2015). Hydrolysis is not,
however, a process that is expected to occur at any substantial rate
in an arid climate. Both Lanzarote and Fuerteventura currently
receive only 100e200mmof precipitation annually (García Herrera
et al., 2001). Furthermore, the Canary Islands were probably arid
during the last glacial period as well (Hooghiemstra et al., 2006).
Thus, it seems possible that both Lanzarote and Fuerteventura

Fig. 20. Composite stratigraphy of aeolian sands (stipple pattern) and paleosols (brown shades) at La Rosa Negra (see Fig. 9 for location of sections 1 and 2) and concentrations of
K2O, Ba, Rb, and Cs as a function of depth. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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could have been relatively arid islands during both interglacial and
glacial periods, climatic conditions not conducive to plagioclase
alteration to kaolinite. Even if one assumed past periods of higher
precipitation, weathering as an origin for kaolinite is unlikely. If
kaolinite owed its origin to alteration of plagioclase under past
periods of higher rainfall, both aragonite and high-Mg calcite would
be expected to have been depleted first, yet both minerals are
present in all paleosols. Thus, kaolinite in the paleosols of Lanzarote
and Fuerteventura, in addition to quartz and mica, is considered to
have an external, aeolian origin.

5.3. Geochemical evidence for African dust inputs for Canary
Islands paleosols

Thus far, we have emphasized the mineralogical evidence for
aeolian inputs to the paleosols of the Canary Islands, but our
cautionary statements about mineralogy lead us to examine the
geochemical evidence. Comparison of Lanzarote paleosol compo-
sitions to those of local basalt and PSAs allows inferences about
possible soil parent material, assuming there has been no loss of Si,
K, or Al in the Canary Islands aeolian sections during pedogenesis.
Loss of these elements due to chemical weathering is unlikely,
given that all three constituents are found dominantly in alumi-
nosilicate minerals. As just noted with regard to plagioclase,

weathering of any aluminosilicate minerals would have almost
certainly have been preceded by loss of less-stable minerals,
aragonite and calcite. The paleosols have Si/Al and K/Al composi-
tions that do not overlap those of the local island basalt, and those
that are close to the basalt geochemical field are transitional BC or
lower Bw horizons that contain higher proportions of locally
derived volcanic grains (Fig. 21). These observations indicate that
the non-carbonate components of the paleosols cannot be derived
solely from the local island basalts.

The Si/Al and K/Al values in the paleosols not only imply an
exotic origin for many of the paleosol constituents, but also can be
used to make some inferences about what PSAs in Africa (Fig. 3)
could have been contributors. Along with some inherited compo-
nents from the local island basalt, the paleosols at Mala on Lan-
zarote have compositions with Si/Al and K/Al values that permit an
inference of contributions from PSA 2 (northwestern Sahara and
western Sahel), PSA 3 (central Sahara), PSA 4 (Libyan Sahara), PSA 5
(south-central Sahara and Sahel), and PSA 6 (southeastern Sahara)
or combinations of these sources (Fig. 21). With these geochemical
fields, it is possible to propose a variety of hypotheses about relative
contributions of source sediments to the paleosols. For example,
dust from PSA 2 (northwestern Sahara), combined with the local
volcanic rocks, could account for many of the observed paleosol
compositions. A mix of sources from PSA 2 (northwestern Sahara)

Fig. 21. Comparison of ranges Si/Al and K/Al values in dust samples whose origins are in the northwestern Sahara, south-central Sahara, and Sahel (colored shaded areas; data
courtesy of Dr. Isabelle Chiapello; see also Chiapello et al., 1997), local basalt on Lanzarote and Fuerteventura (data from Fuster et al., 1968a, 1968b), and paleosols from sections
exposed in the quarries at Mala and La Rosa Negra [(a) and (c)] and aeolian sands from these same sections [(b) and (d)].
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and PSA 5 (south-central Sahara and Sahel), along with small, local
volcanic contributions could also explain the composition of most
of the paleosols. Many of the paleosols at Mala have a composition
that could be explained simply by a mix of dust from PSA 5 and PSA
6, which would imply both Saharan and Sahel sources. Interest-
ingly, paleosols at Mala fall farthest from the geochemical field
defined by Si/Al and K/Al values of sediments collected from the
Bod�el�e Depression, but data from this area are limited.

As with the paleosols at Mala, none of the paleosols at La Rosa
Negra have Si/Al vs. K/Al compositions that fall within the field
defined by the local basalt, which requires at least some derivation
from exotic sources (Fig. 22). As with the paleosols on Lanzarote,
contributions from a number of PSAs are possible, however, such as
a mix of contributions from both the northwestern and central
Sahara (PSA 2 and PSA 3) along with local volcanic rocks. Other
combinations of sources are possible, with a mix of dust from PSA 3
(central Sahara) combined with more easterly sources from PSA 5
(south-central Sahara and Sahel). Overall, at both Mala and La Rosa
Negra, it seems likely that more than one external (i.e., African dust)
source is responsible for the composition of the paleosols, based on
the Si/Al and K/Al data.

Trace element geochemistry is complementary to the major
element geochemistry in understanding of the genesis of Canary
Islands paleosols. Ternary plots of Sc-Th-Ta and Cr-Hf-Th for both
the Mala and La Rosa Negra paleosols show that these soils have
compositions that are intermediate between African dust from

mixed Sahara-Sahel sources and local rocks (Figs. 23e25). On
Lanzarote, the Sc-Th-Ta plot indicates about equal contributions
from local island basalt and African dust, whereas the Cr-Hf-Th
plots imply a broad continuum, with varying degrees of influence
from African dust and local island volcanic parent materials
(Fig. 23). The same conclusions would apply to paleosols at the
quarry at La Rosa Negra on Fuerteventura (Figs. 24 and 25). Here,
however, comparisons hold for both the local island basalt and the
Basal Complex rocks with a much more diverse mineralogy.
Whereas the Sc-Th-Ta and Cr-Hf-Th plots imply contributions from
both local rocks and African dust to the paleosols on both islands,
the REE imply a much greater influence from African dust
(Figs. 23e25). Plots of GdN/YbN vs. Eu/Eu* indicate that African dust
from mixed Sahara-Sahel sources is more important than local
rocks as a parent material for paleosols on both Lanzarote and
Fuerteventura. In fact, plots of LaN/YbN vs. Eu/Eu*would imply that
African dust is absolutely dominant as a parent material. Unfortu-
nately, too few trace element data are available from various PSAs
across Africa to make confident inferences about which specific
dust-source regions are most important for Canary Islands paleo-
sols. Bod�el�e Depression sediments, for example, have considerable
overlap in REE composition with African dust collected on
Barbados, which has both Sahara and Sahel sources.

Fig. 22. (a) (b) Comparison of the Si/Al and K/Al values of paleosols at the Mala quarry on Lanzarote (brown filled circles) with those in local Lanzarote “Series I00 basalt (data from
Fuster et al., 1968a) and various PSAs and other source areas of African dust (data courtesy of P. Formenti; see also Formenti et al. (2008, 2011, 2014, Klaver et al., 2011, and McConnell
et al., 2008). (c) (d) Same as for (a) and (b), but showing data for paleosols from the quarry at La Rosa Negra, and local Fuerteventura “Series I00 basalt (data from Fuster et al., 1968b).
Note horizontal scale change from Fig. 21. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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5.4. Evidence for multiple aeolian sources for paleosols from clay
mineralogy

A distinct north-to-south change in the geography of soil clay
minerals in northern Africa has long been recognized (Fig. 26).
Walker (1979) conducted a study of soils (Aridisols and Entisols)
and modern alluvium in an ~800-km-long north-south transect
(from ~33�N to ~27�N) across the Sahara in western Libya. He re-
ported that mica (illite) is dominant over kaolinite all along this
traverse. Paquet et al. (1984) studied a north-south transect of
Aridisols and Entisols across the Sahara in Algeria, from ~35�N to
~19�N. They report that mica and chlorite are dominant at higher
latitudes, consistent with the Walker (1979) findings. These in-
vestigators, however, report greater amounts of kaolinite at lower
latitudes. Still farther south, soils in the Sahel region (Alfisols,
Ultisols, Oxisols) have relatively high kaolinite contents and high
Fe-oxyhydroxide contents (e.g., Ambrost et al., 1986; Faure and
Volkoff, 1998; Ducloux et al., 2002).

The changes in clay mineralogy as a function of African soil
geography are mirrored in dust collections made off the west coast
of Africa. Chester et al. (1972) and Stuut et al. (2005), in shipboard
studies of African dust, reported a decrease in the mica/kaolinite
ratio of offshore dust from the Canary Islands southward. The
decrease in mica and increase in kaolinite contents of dust

southward probably reflect the decreasing mica and increasing
kaolinite content of adjacent African soils, moving from the Aridi-
sols and Entisols of the Sahara to the Alfisols, Ultisols, and Oxisols of
the Sahel and tropical regions (Fig. 26). This conclusion is supported
by the back-trajectory analyses made by Stuut et al. (2005) in the
collections they made, where dust samples with high mica-
kaolinite values have origins in Algeria and Libya (Sahara) and
dust samples with low mica-kaolinite values have origins farther
south, in the Sahel region of Niger, Nigeria, and southern Chad
(Fig. 26).

Paleosols on both Lanzarote and Fuerteventura studied here
contain bothmica and kaolinite (Figs. 14 and 19). Stuut et al. (2005),
in studying shipboard dust collections off Africa, calculated mica/
kaolinite values by measuring XRD peak heights at 8.92� 2-theta
(mica/illite) and 12.38� 2-theta (kaolinite) (J-B. Stuut, written
communication, February 5, 2019). Their results indicate that for
dust originating in the Sahara, mica/kaolinite values range from
~1.35 to ~0.8, with one exceptionally high value of ~2.3 (Fig. 26). In
contrast, mica/kaolinite values for dust originating from the Sahel
range from ~0.65 to ~0.35. For the paleosols on Lanzarote and
Fuerteventura, we calculated mica/kaolinite values using this same
method. Results indicate that some paleosols have mica/kaolinite
values that fall into the range for Sahel dust, some have values in
the range of Saharan dust, and several have intermediate values

Fig. 23. Plots of (a) Sc-Th-Ta x 10, (b) Cr/10-Hf-Th, (c) LaN/YbN vs. Eu/Eu* and (d) GdN/YbN vs. Eu/Eu* for paleosols at the Mala quarry, Lanzarote (light brown circles) compared to
African dust collected on Barbados (data fromMuhs et al., [2007, 2010] and Pourmand et al., 2014), Bermuda (data from Muhs et al., 2012), the Bod�el�e Depression (Abouchami et al.,
2013), and in the Atlantic (data from Van der Does et al., 2018) and Quaternary and Miocene volcanic rocks (SP-300, SP-310, SP-477; see Fig. 5 for localities) collected from Famara
and Arrietta beaches (data from this study). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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(Fig. 27). Withmica dominant in Saharan source areas and kaolinite
dominant in Sahel source areas, the presence of both mica and
kaolinite indicates that clays in the paleosols are likely derived from
both Sahara and Sahel sources, consistent with the geochemical
data.

Despite the common practice of researchers referring to dust
reaching the Canary Islands as “Saharan” (Damnati et al., 1996;
Williamson et al., 2004; Von Suchodoletz et al., 2008, 2009a;
2009b, 2013; Men�endez et al., 2009, 2019; Criado et al., 2012; Faust
et al., 2015; Varga and Roettig, 2018; Roettig et al., 2019), a number
of investigations have shown that modern African dust reaching
the Atlantic Ocean can have its origins in the Sahel. Indeed, several
decades ago, Prospero and Nees (1977) demonstrated that
increased African dust fluxes to Barbados in the 1970s were likely
related to a major drought period in the Sahel. A more recent study
has extended the time period of this relationship, showing that the
magnitude of African dust transport to South America over the
period 2002e2017 is negatively correlated with rainfall in the Sahel
(Prospero et al., 2020). A Sahel origin for some of the LRT dust
reaching Barbados and Bermuda is also demonstrated by the
HYSPLIT trajectory reconstructions shown in Fig. 4. Other studies,
using back-trajectory calculations, have shown that dust trans-
ported from Africa can have its origins in both the Sahara and Sahel
regions (Stuut et al., 2005; Engelstaedter et al., 2009; Skonieczny

et al., 2013; Patey et al., 2015; Bozlaker et al., 2018; Heinrich
et al., 2021). The geochemistry and clay mineralogy of Canary
Islands paleosols permit an interpretation of both Saharan and
Sahel sources of dust.

5.5. Implications for the “accretionary-inflationary profile” (AIP)
model of soil genesis

In a simple view, soil development in unconsolidated Quater-
nary sediments is often perceived to be a process that proceeds
dominantly in a downward direction. In this time-honored model,
pedogenesis begins after stabilization of a soil parent material by
cessation of sedimentation and vegetation colonization. Subse-
quently, as wetting fronts migrate downward through the sediment
repeatedly through time, mechanical movement of clays progresses
downward and chemical weathering alters the original parent
material to successively greater depths. Thus, B horizons become
thicker over time, increasing downward from the original land
surface (see Figs. 2.31 and 2.33 of Brady and Weil, 2002). Almond
and Tonkin (1999) refer to this model as “topdown pedogenesis.”
A number of soil chronosequence studies have demonstrated that
this concept has validity, at least in many humid climates (see re-
views in Birkeland, 1999 and Schaetzl and Thompson, 2015).
Importantly, however, as noted by Schaetzl and Thompson (2015),

Fig. 24. Plots of (a) Sc-Th-Ta x 10, (b) Cr/10-Hf-Th, (c) LaN/YbN vs. Eu/Eu*, and (d) GdN/YbN vs. Eu/Eu* for paleosols at La Rosa Negra quarry, Fuerteventura (light brown circles)
compared to African dust collected on Barbados (data from Muhs et al., [2007, 2010] and Pourmand et al., 2014), Bermuda (data from Muhs et al., 2012), the Bod�el�e Depression
(Abouchami et al., 2013), and in the Atlantic (data from Van der Does et al., 2018) and Quaternary and Miocene volcanic rocks on Fuerteventura (data from Schneider et al., [2014]
and Tornare et al., [2016]). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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this concept assumes that the original land surface is static or
unchanging.

In contrast, “accretionary” soils are those that develop as new
soil parent material is added while pedogenesis is ongoing
(Birkeland, 1999, p. 258), or what has been termed a soil “up-
building” process (Johnson, 1985). It has long been recognized that
hillslope erosion removes soil and/or sediment from the steepest
parts of slopes, with deposition of the erodedmaterial at the base of
the slope, thus increasing the thickness of the original parent ma-
terial at that lower slope position (Brady and Weil, 2002). Accre-
tionary soils can be the result of this kind of process and produce
what are also sometimes referred to as “cumulic” soil profiles.
However, accretionary soils can also develop without slopewash
inputs, from accumulation of aeolian deposits. Recognition that
both carbonate and clay particles are added to soils from airborne
dust in the arid southwestern USA (Gile et al., 1981) led to the
understanding that soils can grow upward over time (accretion)
and increase mass per unit volume (inflation). This concept has
been reviewed in detail by McFadden (2013; see his Fig. 1).

Muhs (2013) hypothesized that paleosols on the Canary Islands
also develop by an upward-growing process as long-term dust
accretion proceeds. If so, they are good examples of whatMcFadden
(2013) refers to as “accretionary-inflationary profile” (AIP) devel-
opment. Paleosols P2, P3, P6, P9, and P10 at Mala on Lanzarote are

particularly striking examples of this type of soil development,
where SiO2 (quartz, mica, kaolinite), Al2O3 (mica, kaolinite), K2O,
Ba, Rb, Cs (mica), and REE (all clay minerals) contents all show
distinct upward increases within each paleosol profile (Figs. 12, 13
and 15).

A rigorous test of hypothesized AIP development via dust ac-
cretion within an upward-growing soil can be made by plotting
element concentrations that proxy for exotic minerals, calculated
on a carbonate-free basis. As noted earlier, mica, as a K-bearing
mineral, can be proxied by K2O concentrations, as well as by Rb and
Cs concentrations, two trace elements that substitute for K. Using
the total CaCO3 contents, along with the bulk K2O, Rb, and Cs
abundances, we recalculated K2O, Rb, and Cs concentrations within
the non-carbonate fraction. Results indicate that K2O concentra-
tions in the aeolian sands at Mala, on a carbonate-free basis, have
values mostly within the range of local volcanic rocks (Fig. 28). In
contrast, paleosols at Mala generally have K2O concentrations that
are substantially higher than the range found in volcanic rocks on
Lanzarote. Further, most paleosols have K2O concentrations that fall
within the range of African dust (based on the composition of dust
collections made on Barbados, described earlier). Concentrations of
Rb and Cs, on a carbonate-free basis, parallel the depth function for
K2O values. These two trace elements show an even more distinc-
tive trend of low concentrations in aeolian sands (but within the

Fig. 25. Plots of (a) Sc-Th-Ta x 10, (b) Cr/10-Hf-Th, (c) LaN/YbN vs. Eu/Eu*, and (d) GdN/YbN vs. Eu/Eu* for paleosols at La Rosa Negra quarry, Fuerteventura (light brown circles)
compared to African dust collected on Barbados (data from Muhs et al., [2007, 2010] and Pourmand et al., 2014), Bermuda (data from Muhs et al., 2012), the Bod�el�e Depression
(Abouchami et al., 2013), and in the Atlantic (data from Van der Does et al., 2018) and Basal Complex rocks, dykes, and other intrusions (data from Ahijado et al., [2001], Holloway
and Bussy [2008], and Allibon et al., [2011]). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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range of Lanzarote rocks) and higher values (within the range of
African dust) in paleosols. Concentrations of all three elements
(K2O, Rb, and Cs) show the lowest values in the lower horizons of
each paleosol, and highest values in the upper horizons of each
paleosol, consistent with an accretionary, upward-growing soil.

6. Conclusions

Thick sequences of carbonate-rich aeolian sands are found on
the Canary Islands, examined here on Lanzarote and Fuerteventura.
Aeolian sand deposition was not constant, but episodic, with pe-
riods of sand stability marked by the development of reddish-
brown, silt and clay-rich paleosols. A combination of radiocarbon,
40Ar/39Ar, and Sr-isotope dating indicates that aeolian sand depo-
sition may have begun as long ago as ~400 ka to ~950 ka and has
continued into the Holocene. Most aeolian sands were likely
deposited when sea levels began to lower, during the start of glacial
periods, and insular shelf sands were freshly exposed. Paleosols
formed during periods when aeolian sand deposition ceased, likely
during the initial phases of interglacial or interstadial periods.

The paleosols were studied as possible archives of LRT dust
originating from Africa, because the presence of aragonite and
calcite throughout the sections indicates that little or no chemical
weathering has occurred to generate the fine-grained (silt and clay)

fractions of the paleosols. Although many previous investigations
have appealed to African dust as a parent material for such soils,
much of the evidence cited in support of this interpretation has
been based mainly on the presence of quartz, which is not typically
found in basalt, the main lithology of the Canary Islands. However,
previous studies have shown that quartz and even mica are present
in some of the rocks of the islands, so independent evidence must
be presented to confirm an African dust origin. Following from this,
opinions also have been divided as towhether sources in the Sahara
or Sahel regions could be the most important sources of African
dust on the Canary Islands.

The paleosols contain quartz and mica, present, though not in
abundance, in the local rocks of the Canary Islands, but common in
LRT dust from Africa. Kaolinite is also found in the paleosols.
Because of the evidence for little or no chemical weathering,
kaolinite is also likely derived from western African soils of the
Sahel region that are rich in this mineral. The presence of these
minerals in the paleosols is supported by major and trace element
geochemistry. High concentrations of SiO2 (quartz, mica, kaolinite),
Al2O3 (mica and kaolinite), K2O, Ba, Rb, and Cs (mica), and REE (all
clay minerals) are found in the paleosols, whereas these elements
show low concentrations in the aeolian sands.

Major element geochemistry also allows assessment of PSAs in
Africa because previous studies have shown that Si/Al and K/Al

Fig. 26. Soil geography of western Africa, redrawn and generalized from U.S. Department of Agriculture, Natural Resources Conservation Service “Global Soil Regions” map (http://
www.soils.usda.gov/use/worldsoils/mapindex/order.html), in turn derived from FAO-UNESCO Soil Map of the World (Food and Agriculture Organization of the United States,
UNESCO, 1974). Also shown are dust sampling localities of Stuut et al. (2005), their calculated back trajectories to dust sources in the Sahara (northern pathways) and the Sahel
(southern pathways), and approximate mica/kaolinite ratios in the collected dust samples (estimated from graphical presentation in Stuut et al., 2005). Note that samples with
higher mica/kaolinite values originate from dune fields, Aridisols, and Entisols in the Sahara, whereas samples with lower mica/kaolinite values originate from Inceptisols, Alfisols,
Ultisols and Oxisols in the Sahel and areas to the south of it.
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values are distinctive for many LRT dust source regions. Compari-
son of Si/Al and K/Al values in Canary Islands paleosols with pub-
lished data shows that a variety of combinations of different PSA
sediments can explain the composition of the soils, in addition to
inheritance of local volcanic particles. In all cases, major element
geochemistry shows that local rocks cannot be the only source of
non-carbonate minerals in the paleosols. Although it is not possible
with these data to identify a unique combination of source regions
to explain the composition of the paleosols, it appears likely that
more than one external source must be invoked.

Trace element geochemistry also supports the inferences made
from mineralogy and major element geochemistry that local rocks
are not the sole, or even the primary source of the non-carbonate
minerals in the paleosols. Plots of Sc-Th-Ta and Cr-Hf-Th for Afri-
can dust and local island rocks imply that the paleosols are derived
from a combination of the two sources. REE plots (LaN/YbN vs. Eu/
Eu* and GdN/YbN vs. Eu/Eu*) of African dust and local island rocks
show that African dust may actually be the most important
component of REE-bearing minerals, such as clay minerals.

Mica/kaolinite values have been shown to vary latitudinally in
shipboard dust collections along the western African coast, reflec-
tive of the changing soil geography from the hyperarid Sahara to
the semiarid/subhumid Sahel zones. Based on back-trajectory an-
alyses, high mica/kaolinite values are associated with Sahara

sources and lower mica/kaolinite values are associated with Sahel
sources. Calculation of these values in the clay fractions of Canary
Islands paleosols shows that some paleosols are derived domi-
nantly from Saharan sources, some from Sahel sources, and some
from both sources. These observations, along with the geochemical
data, indicate that both Saharan and Sahel sources of dust have
been important in the genesis of these paleosols over much of the
Quaternary. It follows from this that droughts of the Sahel, which
bring about conditions favorable for dust generation at present,
likely have been occurring over many hundreds of thousands of
years.

Paleosols in aeolian sand sequences on the Canary Islands show
a consistent pattern of gradual upward-increasing concentrations
of elements (SiO2, Al2O3, K2O, Ba, Rb, Cs, and REE) that proxy for
exotic minerals. This distinct form of depth function can be
explained by increasing land-surface stability, vegetation cover, and
dust accretion as pedogenesis proceeds. Thus, these paleosols are
good examples of what has been called accretionary-inflationary
profile (AIP) development, a contrast to the classical model of
“topdown” soil development. As such, the paleosols of the Canary
Islands add to the growing body of evidence that LRT dust accretion
is an important factor in pedogenesis in many parts of the world.

Fig. 27. Stratigraphy of the Mala and La Rosa Negra quarry localities (brown shades are paleosols), with plots of ratios of mica to kaolinite in the clay (<2 mm) fraction of paleosols,
based on XRD peak heights (8.9� 2-theta for mica; 12.1� 2-theta for kaolinite) of glycolated samples, identical to the peak heights used by Stuut et al. (2005). Shaded areas show the
ranges of mica/kaolinite values in dust samples collected from the Sahara and Sahel (shown in Fig. 26) reported by Stuut et al. (2005). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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