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Abstract

The island of Gran Canaria is regularly affected by dust falls due to its proximity to the Saharan desert. Climatic
oscillations may affect the Saharan dust input to the island. Geochemical, mineralogical, and textural analysis was
performed on a well-developed and representative early Pleistocene paleosol to examine Saharan dust contribution to
Gran Canaria. Significant and variable Saharan dust content was identified in addition to weathering products such as iron
oxides and clay minerals. Variations in quartz and iron oxide concentrations in the paleosol likely reflect different Saharan
dust input in more/less-contrasted rhexistasic/biostatic climatic conditions. Linking the quartz content in Canarian soils,
the Ingenio paleosol, and two Canarian loess-like deposits to different ages from the Quaternary, we hypothesized that the
dust input should be lower (about 33—-38%) throughout the early to middle Pleistocene than during the late Quaternary.

The Saharan dust input to the Gran Canaria profile in the Pleistocene persisted in spite of climatic variations.
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INTRODUCTION

The Pleistocene Epoch is characterized by a cyclic growth
and decline of continental ice-sheets that can be identified by
benthic §'%0 records (Fig. 1; Lisiecki and Raymo, 2005).
Regarding the starting point of this epoch, the International
Union of Geological Sciences (IUGS) ratified the Gelasian
Stage with an onset 2.58 Ma ago as the basal stage of the
Pleistocene (Gibbard and Head, 2009). The base of the
Gelasian is detectable in marine and continental records, and
characterized by the appearance of loess sedimentation in
China (Kukla and Han, 1989) and the decrease of tropical
forest (Leroy, 2007). The most accepted worldwide proxy
datum for the Plio-Pleistocene boundary, however, is based
on reversals of the earth magnetic field (Cita and Pillans,
2010). During Marine Oxygen Isotope Stages (MIS) 100 and
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98, around 2.5 Ma ago, the establishment of the Saharan
desert and the onset of trade winds took place, setting
important changes in the climate of northwest Africa. This
was coincident with the stepwise intensification of the
Northern Hemisphere ice sheet buildup (Dupont and Leroy,
1995). During these times as well as during all Gelasian-
Calabrian stages, climatic cycles were primarily driven by
obliquity-paced (41 ka) variability (Shackleton et al., 1995).
Afterwards, the Gelasian-Calabrian stages with a relatively
high frequency and short time span of glacial-interglacial
cycles were replaced by the Ionian Stage with longer glacial
and short interglacial periods (Cita and Pillans, 2010).
Regarding the general climate conditions during the Gela-
sian—Calabrian stages, pollen spectra from the ocean core of
Ocean Drilling Program site 658 (21°N, 19°W) indicate that
glacial periods corresponded to strong aridity even in north-
west Africa (Dupont and Leroy, 1995; Hooghiemstra et al.,
2006).

Beside marine records, terrestrial archives likewise pro-
vide an important proxy for the Quaternary. In this sense, the
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Figure 1. Benthic 5'%0 records from the upper Pliocene to Holocene, compiled and published by Lisiecki and Raymo (2005). The yellow
shaded square marks the Lower Pleistocene age of the Ingenio paleosol. In blue, Marine Oxygen Isotope (MIS) interglacial Stage 63
attributed to Agaete deposits. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

intensification of aeolian activity and the higher production
of windblown deposits (e.g., continental dune fields and
loess) are often regarded as indicators of serious aridity. This
has been shown by numerous studies that associated aeolian
deposits from continental environments with drier episodes
during glacial, but also during interglacial, periods or even
during the Holocene (Forman et al., 2001; Wolfe et al., 2004;
Kiister et al., 2006; Mason et al., 2007; Muhs et al., 2007,
Wolfe and Hugenholtz, 2009; Lu et al., 2010; Yu and Lai,
2012; Qiang et al., 2013, 2016; Lehmkuhl et al., 2014; Zhang
et al., 2015). When focusing on coastal environments, it has
been shown that coastal dune fields expand as sea- and lake-
water levels fall during glacial periods (Loope and Arbogast,
2000; Arbogast and Packman, 2004; Timmons et al., 2007,
Hansen et al., 2010; Campbell et al., 2011). This relation also
applies to the Canary Islands, however, where glacial periods
are partly linked to more humid environmental conditions
(Suchodoletz et al., 2009b; Roettig et al., 2018). This dis-
crepancy illustrates that the accumulation of aeolian deposits
might be strongly influenced by local or regional conditions
such as the presence of unconsolidated sand- and silt-sized
material/deposits, topography, wind speed, hydrology con-
ditions, and vegetation status (Ujvari et al., 2016; Liu et al.,
2017).

Another consequence of aridity is the intensification of the
aeolian flux into the sea (lithogenic flux). In the Eastern
Mediterranean, as well as in the Canary Basin (Henderiks
et al., 2002) and northwestern Africa, cold and dry conditions
favored the dust flux (Hamann et al., 2008) and resulted in
higher dust deposition during glacial times. On the other
hand, higher lithogenic fluxes into the Mediterranean Basin
have also been registered in relation to warm and dry condi-
tions (Ehrmann et al., 2017). From this, it follows that dry-
ness, rather than temperature, seems to be an enhancing
factor of dust enrichment in marine deposits, which may be
modified by local or regional conditions and the latitudinal
range. Dust input likewise has a strong impact on terrestrial
environments since aeolian sediments are one of the main
components of arid soils (Offer et al., 1998; Neff et al., 2008)
and other soils affected by dust plumes in areas adjacent to
deserts. This is undoubtedly the case in the Canary Islands,
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located in close proximity to the Sahara (Criado and Dorta,
2003; Menéndez et al., 2007; 2009b; Suchodoletz et al.,
2008, 2009a, 2009b, 2013), and even in the more distant
Caribbean (Prospero and Lamb, 2003; Muhs et al., 1990,
2007).

When attempting to reconstruct climatic conditions based
on the appearance and characteristics of soils, it is essential to
consider the dust input that may have strongly influenced
secondary mineral enrichment. A number of valuable proxies
can be used to characterize pedogenesis and related envir-
onments. In particular, iron oxides are constantly present as
secondary minerals in soils, and their typology and amount
are good proxies for climate (Barrén and Torrent, 2013; Long
etal., 2016; Zhao et al., 2017). Common iron oxide phases in
well-aerated soils and sediments are hematite (Hm,
a-Fe203), goethite (Gt, a-FeOOH), and maghemite (Mgh,
v-Fe203). The Hm / (Gt+ Hm) ratio demonstrates a mono-
tonic correlation with rainfall across a wide range of climate
regimes (Schwertmann, 1985; Ji et al., 2001; Balsam et al.,
2004; Zhang et al., 2009; Long et al., 2011, 1016). Moreover,
iron and manganese minerals were found to influence the
distribution of rare earth element (REE) distribution, due to
the higher adsorptive affinity of light REE to soil minerals in
comparison with heavy REE (Chang et al., 2016). REEs have
been widely used to trace fundamental geochemical pro-
cesses in soils, with a focus on weathering, the transformation
and formation of REE-bearing minerals, adsorption, solubi-
lity and transport factors, and REE vertical distribution
(Tyler, 2004; Sadeghi et al., 2013; Santana et al., 2015; Bern
et al., 2017). All of these parameters, however, may also be
modified by aeolian sediment input. Thus, a major concern is
to evaluate the quantity of dust input to the soils and its
impact on soil properties.

The aim of our study is to contribute to the understanding
of aeolian input on soils and related climatic conditions dur-
ing the early Pleistocene on the Canarian archipelago. We
examine a complex polygenetic paleosol on Gran Canaria
that was preserved by a basaltic lava flow during the lower to
middle Pleistocene. Based on a number of geochemical
and mineralogical analyses of different secondary soil
products and allochthonous inputs, we identify different soil-


https://doi.org/10.1017/qua.2018.64

Aeolian influx and related environmental conditions on Gran Canaria during the lower Pleistocene 37

)

Gran
Canaria

15.565082°

127.9664770 =

Gran
Canaria

Figure 2. (a) The location of the Ingenio paleosol in Gran Canaria. (b) Typical Saharan plume dust in summer conditions. (c) Typical
Saharan plume dust in winter conditions. (d) Oblique Google image of the Ingenio paleosol. The outcrop is marked in red dots. (e) A
photograph of the Ingenio paleosol outcrop. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

formation processes and assess the quantity of Saharan
dust input together with its implications for soil-profile
development.

Study area

Gran Canaria is located off the west coast of North Africa
(Fig. 2b) and is consequently affected by the sediment fluxes
from the Sahara, which is a major source of natural mineral
particles (NMP). On average, the island is impacted 30% of
the time by Saharan dust (Criado and Dorta, 2003). These
dust events are known locally as “calima” and usually last
from 3 to 5 days (http://www.calima.ws/). The annual
deposition rate of Saharan dust in this region is 15.6 g/m?
(Prospero, 1996; Goudie and Middleton, 2001). The mean
grain size of dust particles on Gran Canaria is about 15 pm,
but ~20% are <5 pm (Menéndez et al., 2009b). High pres-
sure at high altitude over the Sahara in the summer leads to
the deflection of Saharan dust in a hook-shaped transport
pathway towards the Canary Islands (Fig. 2b; Faust et al.,
2015). The Saharan Air Layer (SAL) simultaneously moves
towards higher “subtropical” latitudes (15-30°N; Engel-
staedter et al., 2006; Sunnu et al., 2008; Rodriguez et al.,
2011). Likewise, the easterly and low-level winds carrying
warm-dry air masses from the Saharan Desert during the
summer are due to low Saharan thermal pressures (Fig. 2b).
In contrast, during winter (Fig. 2¢), calima winds blow out of
thermal, low-level, high-pressure cells located over the
Western Sahara towards the Atlantic Ocean. These winds are
often linked to low-pressure cells close to the Canary Islands.
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This is reinforced by high thermal pressures over central and
western Europe because, on the southern edge of those high
pressures, a wind flow from east to west can be generated,
crossing over the northern part of the Saharan Desert
and dragging the Saharan dust towards the Canary Islands
(Dorta, 1999; Menéndez et al., 2017). During these events,
dust is transported towards the Canary Islands generally at
altitudes <2000 m above sea level (asl).

The Canary Islands are a geologic hotspot-derived
intraplate archipelago settled over Jurassic oceanic lithosphere
(Schmincke and Sumita, 2010). The silica sub-saturated nature
(a feature of any oceanic intraplate island) of the alkaline vol-
canic rocks in Gran Canaria precludes the presence of quartz in
their paragenesis. Hence, any quartz particles found in any
natural deposits on this land must have been transported from
outside of the Canary Islands. The subaerial growth of Gran
Canaria is characterized by a succession of two main magmatic
phases (the shield building and rejuvenation stages), separated
by an erosional gap between 8.5 and 5.3 Ma. The rejuvenated
volcanism was comprised of three main phases: (1) Roque
Nublo; (2) Post-Roque Nublo; and (3) recent volcanism and
mainly focused in the northern sector of the island. The Roque
Nublo volcanism (5.3-2.7 Ma) corresponded to the evolution
of a complex stratovolcano in the central area of the island
(Carracedo et al., 2002). The Post-Roque Nublo volcanism
(3.5-1.5 Ma) was characterized by Strombolian activity from
vents aligned with a northwest-southeast rift, with the emission
of basaltic lava flows, forming the so-called “platform forming
lavas” (Balcells et al., 1992). Finally, the most recent volcanism
(<1 Ma) involved spatially and temporally dispersed
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Strombolian and phreatomagmatic eruptions of highly alkaline
magmas over the northern sector of the island (Mangas et al.,
2002).

Little information exists regarding climate conditions
on Gran Canaria during the early and middle Pleistocene.
For instance, warm marine fauna were found in deposits from
Agaete, Gran Canaria, and attributed to the early Pleistocene
(interglacial MIS 63; Meco et al.,, 2002). These deposits
represent the upper limit of the Gelasian Stage. A continuous
dust layer was deposited during the early/middle Pleistocene
in a valley close by Femés (Lanzarote Island). The dust-
accumulation rate in that case, however, was lower than the
average accumulation rate calculated for the last 1.0 Ma
(Suchodoletz et al., 2009a).

METHODOLOGY

According to field observation, Ingenio paleosol indicates a
lateral extension of about 20 km? (Fig. 2 and 3). Information
regarding the time period of soil formation has been provided
by Guillou et al. (2004) and points towards a maximum
duration of 840 ka between 2.3 +0.05 and 1.46 +0.03 Ma
during the early Pleistocene. Each layer and horizon was
sampled for geochemical and mineralogical analysis. Two
samples were collected in the upper part of the B horizon
(1Bty;), and three more in the thicker lower part of the
B horizon (2Bt;_3). Furthermore, two samples were obtained
from the capping basalt flow and the underlying basaltic
bedrock (Fig. 4). The colors of the samples were defined
using Munsell color charts.

Grain-size analyses were carried out at the GEOGAR/
IOCAG Laboratory, University of Las Palmas de Gran
Canaria. Previously, sodium hexametaphosphate (0.5%;
Kettler et al., 2001) was added to the soil sample as a dis-
persing agent in a ratio of 2:1 and then stirred for 48 hours at
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room temperature. Clay fractions were obtained by the
Robinson pipette method, in the upper 10cm of the water
column, after 8 hours of decantation from shaking beakers.
Silt, sand, and gravel fractions were collected by dry-sieving
of the residue from the extraction of the clay fraction.

A total of 53 elements from the 2Bt horizon and some
present-day Saharan dust collected in Gran Canaria were
analyzed. Major elements (SiO,, Al,O3, Fe,0;, TiO,, K,0,
MgO, Na,0, CaO, P,0s, and MnO) were analyzed by fusion
inductively coupled plasma mass spectrometry (ICP-MS),
organic content was analyzed by loss on ignition (LOI), and
Ba, Be, Sc, Sr, V, Y, and Zr trace elements were analyzed by
fusion ICP-MS; Ag, Bi, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Ga,
Gd, Ge, Hf, Ho, In, La, Lu, Mo, Ni, Pb, Pr, Rb, Sb, Sm, Tb,
Th, T, Tm, U, W, Yb, and Zn elements were analyzed by
FUS-MS; As, Au, Br, Hg, Ir, Sc, Se, and W elements were
analyzed by total digestion ICP-MS; and Cd, S by instru-
mental neutron activation analysis (INAA). All of these
analyses were performed at the ACTLABS Activation
Laboratories Ltd., Ontario (Canada), with a Perkin Elmer
Sciex Elan 6100 for fusion ICP-MS analysis and a Canberra
Lynx Multi Channel AnalyzermOrtec GE Detector for
INAA. Major element detection limits range from 0.01 to 0.1
wt% and trace element detection limits range from 0.01 to 1
ppm, except those for gold (Au) and iridium (Ir), expressed in
ppb, with a detection limit of 1 ppb. Bi, In, Au, Br, Hg, and Ir
concentrations fell below detection limits.

Mineral determination of all samples was made by ana-
lyzing thin sections using a petrographic microscope (Leitz
Orthoplan) at the GEOGAR/IOCAG Laboratory, Uni-
versity of Las Palmas de Gran Canaria. The X-ray diffrac-
tion, scanning electron microscopy with energy-dispersive
X-ray spectroscopy (SEM-EDX) analyses were performed
at the Unitat de Microscopia Electronica de Rastreig, Uni-
versitat de Barcelona. Complementary method for mineral
determination was X-ray powder diffraction (XRPD), that
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Figure 3. (a) The geological map of the study area (IDE Canarias, http://visor.grafcan.es/dgse/). (b) West-east cross section of the Ingenio
paleosol, marked in the dashed red line. (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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Figure 4. (color online) The column section of the Ingenio paleosol, showing some examples of the texture and minerals identified in the

thin-section images.

was conducted at the Unitat de Microscopia Electronica de
Rastreig, University of Barcelona. Data were collected with
a Panalytical X’Pert PRO MPD X-ray diffractometer with
monochromatized incident Cu Kal radiation at 45kV and
40 mA, and equipped with a PS detector with amplitude of
2.113°. The patterns were obtained by scanning random
powders from 4° to 80° (20) on samples crushed in an agate
mortar to a particle size below 40 pm. Data sets were
obtained by a scan time of 50 seconds at a step size of
0.017° (20) and variable divergence slit. Mineral identifi-
cation and semi-quantitative results were facilitated using
the X’Pert search-match software with Powder Diffraction
File, version 2 from JCPDS. When quartz was present in
the sample, it was used as an internal standard to correct
diffraction patterns for instrumental shifts in (20) position.
Quantitative mineral phase analyses were obtained by full
refinement profile. The software used was TOPAS V4.2.
Fe-oxides were measured at the Department of Agronomy
Laboratory, University of Cérdoba. Three types of Fe-
oxides were sequentially extracted, the first being ferrihy-
drite (Fh). The sample was dissolved in acid ammonium
oxalate using the Schwertmann (1964) method (Fe). Sec-
ondly, Mgh from the Fe was extracted using sulfuric acid
(Fey); and thirdly, the Fe in Hm plus Gt was extracted using
sodium dithionite in a hot (75°C) sodium citrate and sodium
bicarbonate solution (Feq; Mehra and Jackson, 1958). If we
assign Fey to the combination of Fe in stoichiometric Hm
(Fe>0O3) and Gt (FeOOH), we can estimate the Gt content
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as follows (Scheinost et al., 1998):
Gt=1.59x (Feq—Hm / 1.43) [1]

To solve this equation, it is necessary to use the diffuse
reflectance spectra technique (DRS; Scheinost et al., 1998;
Torrent and Barrén, 2002; Torrent et al., 2007). The DRS is a
precise and non-destructive method to quantify soil proper-
ties. The DRS can detect the presence of either Hm or Gt at
<0.1% in mixtures with other soil minerals. The DRS spectra
of the Bt samples was recorded at a scan rate of 30 nm/min
from 380 to 770 nm in 0.5-nm steps using a Varian Cary 5000
UV-Vis-NIR spectrophotometer equipped with a diffuse
reflectance attachment. From the calculation of the second
derivative amplitude peaks in the Kubelka-Munk function
(Ag and Ayy), it is possible to estimate the relation between
Hm and Gt. According to Scheinost et al. (1998), to complete
the calculation of Hm and Gt contents, the following equation
can be used:

Hm / (Hm+ Gt) = —0.068 + 1.325 [Aym / (Aum +Act)]
(2]

The iron concentration in all extracts was determined by
Atomic Absorption Spectroscopy (AAS) using a Perkin-
Elmer 420 instrument. The total Fe content (Fe,), expressed
as an ion weight percentage, was calculated from the Fe,O3
weight percentage.

The extent of weathering for Bt and current dust was
quantified by the chemical index of alteration (CIA), with
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high values denoting more intense weathering (Nesbitt and
Young, 1989; McLennan et al., 1993; Price and Velbel,
2003):

CIA = [ALOs / (Al,03 +K,0+Na,0 +Ca0)] x 100 [3]

where major element oxides are divided by their molar mass.
The CaO represents calcium in the silicate fraction. The Bt
horizon is carbonate free, but the current dust has a carbonate
content of about 20%. In the latter case, CaOygjjicae Was cal-
culated as:

Caosilicale = (Caototalfcaco3) x 56.1 / 100.1 [4]

where 56.1 and 100.1 are the relative molar weights of CaO
and CaCOQ0s;, respectively.

RESULTS

This paleosol is located at the excavation of the Carrizal-
Ingenio ring road inaugurated in 2007 (X, 458.568; Y,
43.088.062; Z, 180 m asl; Fig.2). The outcrop is 0.5 km long
and the visible extension of the paleosol in the field and

silt %
100 0O 50

100 o
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satellite image is about 20 km?. The paleosol developed on a
basaltic lava that has a presumed age of 2.3+0.05 Ma
(rejuvenation stage of the island), and the paleosol was cov-
ered by a later basaltic lava flow dated to 1.46+0.03 Ma
(Fig. 3; Guillou et al., 2004). This results in a maximum time
period for profile development of ~840ka during the Gela-
sian and Calabrian stages. This profile is a complex sand-
wiched paleosol, developed on a basaltic platform originating
from the rejuvenation stage of the island (Fig. 3). The
underlying bedrock consists of olivinic basalt, with iddingsite
rims on the olivine phenocrysts, and a matrix of volcanic
glass, augite, Fe-oxides, and olivine (3R; Fig. 4). A petro-
calcic horizon forms the first layer of this paleosol, infilling
and expanding on the bedrock (3B¢,). The calcification fea-
tures, in the form of micritic infillings, were fragmented,
dissolved, and covered by sparitic infillings. Phenocryst
phases in this petrocalcic horizon are, aside from calcite,
minerals such as plagioclase and basaltic rock fragments. On
top of the B¢, horizon there is some weathered basaltic lava
(2C), with a different composition from the olivine basaltic
bedrock, and it can be classified as an augitic olivine-basalt,
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Figure 5. (color online) Bar-and-whisker plots showing the sand-silt-clay percentages and the texture classification of each sample from
the Bt horizons of the Ingenio paleosol profile. The grey dot line represents the stone-line.
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Figure 6. (color online) Bar-and-whisker plots showing the main mineral composition, the kaolinite versus illite (k / [k +1]), quartz versus
anidine (q / [q+s]), and the hematite versus goethite (Hm / [Hm + Gt]) ratios, from the Bt horizons of the Ingenio paleosol. The grey
dotted line symbolizes the stone-line.
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Figure 7. (color online) (a) A photograph of the stone-line of the Ingenio Paleosol.

gravels from the stone-line in which iron coatings can be observed.
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Figure 8. Scanning electron microscopy (SEM) images of the main minerals identified in the Bt horizons of the Ingenio paleosol profile.

with phenocrysts of olivine-augite and a matrix of augite,
olivine, Fe-oxides, and less volcanic glass than 3R. The fol-
lowing layers are two textural B-horizons (1Bt;_, and 2Bt _3;
Fig. 4), which have a distinctive color and a discontinuous
basalt stone line between them. The 1Bt;_,, horizon is strong
brown (7.5YR 5/6), and the 2Bt;_; horizon is red (10R 4/8-6;
2Bt 3, Fig. 4). Textural horizons were characterized by illu-
viated clays, observed both in the field and under the micro-
scope. The basaltic bedrock weathering products observed in
Bt horizons, the sand and gravel content (Fig. 5), and the
presence of aeolian quartz (from the Saharan dust; Fig. 6)
suggest that 1Bt;, is also comprised of relocated slope
deposits. The stone line consists of rounded gravel and cob-
bles with black-reddish clayey-Fe coatings (Fig. 7). The 1Bt,_
> horizon has hardened. Higher Fe-oxides content (7.5-7.8
versus 6.0-5.8%), and more hematite (5.3-5.9 versus 1.9-
3.1%) in 2Bt;_3, account for the color differences of those Bt
horizons. The hematite versus hematite and goethite ratio,
Hm / (Gt + Hm), is also higher in 2Bt;_3 (0.9 versus 0.6-0.8).
More differences in mineralogy were obtained between those
Bt horizons: 2Bt;; revealed more quartz (23-30 versus
16-28% in 1Bt1-2), more kaolinite (6—-11 versus 2-4%
in 1Btl1-2), more illite (21-32 versus 3-4%), and more

https://doi.org/10.1017/qua.2018.64 Published online by Cambridge University Press

montmorillonite (9-11 versus 1-2% in 1Bt1-2), but less
sanidine (5-16 versus 9-18%), and less anorthite (16-20
versus 62-64% in 1Bt1-2; Fig. 6-8).

The total geochemical composition of 2Bt; 3 and current
Saharan dust is shown in Figure 9. Most of the elements
analyzed (34 of 53) were more abundant, a two- to three-fold
increase, in the paleosol. Besides this difference, the con-
centrations of CaO, Na,O, Sr, P,Os, Zn, Sb, and Mo were
double that 2Bt;_5 in the current dust. The levels of Si, K>O,
MgO, Ba, Mn, Cu, Y, Sn, Cs and U, aside from LOI, how-
ever, remained constant in both samples. The REE con-
centration was significantly higher (about twice; Fig. 10) in
the paleosol than in the present-day Saharan dust. The geo-
chemical index of weathering (CIA) for 2Bt; 3 was 80,
whereas for the Saharan dust it was 43.

DISCUSSION

Paleosol classification

We used the property-based paleosol classification system
linked to genetic processes proposed by Nettleton et al.
(2000). This is based on enduring properties such as
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Figure 9. Geochemical composition of the 2Bt horizon from the Ingenio paleosol, the present-day Sahara dust collected in Gran Canaria.
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of ratios=100 [(Rg, -

Raust) / Raust])- The chemical elements are ordered accordingly to their abundance. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

-=&-- % change Bt vs. Saharan dust
—e— Bt

Saharan dust | 200

R A T

100 o

r 100

REE concentration, ppm

% change Bt vs. Saharan Dust

10 T T T T T T T T T T T T T 0

© o = T 3 U o2 > 0 N5 L 3
—’UQ-ZguJ(D)—DI“",§>-—J

Figure 10. Chondrite normalization of the rare earth elements
(REE) concentration, in ppm, of the Ingenio paleosol and the
present-day Saharan dust samples collected on Gran Canaria. The
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between such element in the Bt horizon and in the Saharan dust
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the references to color in this figure legend, the reader is referred to
the web version of this article.)

horizonation, soil fabric, root and worm casts, redoximorphic
features, the proportion of resistant minerals, and the degree
of mineral weathering.

The Ingenio profile was truncated, having lost all or part of
the upper horizons. The lower ones were preserved due to the
basaltic flow covering them. This paleosol has over 10%
weatherable minerals in the sand-silt fractions (i.e., anorthite
and sanidine). The clay mineral suite is dominated by illite,
kaolinite, and montmorillonite in the Bt horizons, which are
also accumulatively formed by volcanic minerals (e.g.,
anorthite), Saharan dust (e.g., quartz), and local minerals
(e.g., sanidine). Accurately measuring a total extension of
this paleosol is not possible, but it covers at least 20 km?. The
paleosol has textural horizons and abundant Fe-oxides
(6-8%). Although this paleosol has both volcanic bedrock
and textural horizons with clay skins, required for Paleoan-
disol and Paleoeldisol definitions, respectively, it also has a
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petrocalcic horizon. This classification system (Nettleton
et al., 2000) places all paleosols with petrocalcic horizons in
the Paleoaridisol order, prioritizing this feature above the
previous ones. Consequently, our final classification of the
Ingenio complex paleosol describes it as accretionary, oxi-
dized, truncated, carbonate-enriched, Krypt Paleoaridisol,
and aeolian/pyroclastic.

The Ingenio profile is a buried paleosol largely preserved
because of burial, but post-burial changes and alteration such
as oxidation and loss of organic matter have occurred (Olson
and Nettleton, 1998). Moreover, the paleosol is a relict and
polygenetic and, by definition, has persisted through a num-
ber of climatic cycles. We agree with Nettleton et al. (2000)
about the dilemma that occurs in matching morphological
features to cycles, the concern about if one of the cycles had a
dominant influence on paleosol development, and if the
inherited features that we see and describe originate in the
dominant cycle or a combination of all cycles.

We suggest that the Ingenio paleosol could reflect different
paleoenvironmental conditions that may be linked to several
climatic cycles: soil formation (Bt horizons) linked to
biostatic (Erhart, 1955) wetter periods and soil erosion
(stone-line formation) linked to rhexistasic drier and more
contrasted periods. The calcic material in-between the
basaltic bedrock (Bc,) likely formed earlier in the course of
basalt weathering and is decoupled from the formation of the
overlying Bt material. Since we interpret the B¢, as an older
formation that preceded the formation of the 2Bt, 3, all sub-
and topsoil horizons that belonged to the B¢, (and that were
formed during a biostatic period that was more contrasted
than Bt-formation periods) ought to have been completely
eroded in a subsequent rhexistasic period. Aridity regimes
are normally associated with more soil erosion and, conse-
quently, more clays (such as kaolinite) are found in oceanic
sediment records (Ehrmann et al., 2017). Furthermore, the
capping basaltic flow would have formed during or shortly
after a biostatic wet-warm period (interglacial 47 MIS;
Fig. 1), which could, in part, have protected the paleosol from
erosion. B¢, could have been partially dissolved during
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biostatic periods, however, and the current B¢, might be the
remains of the original one.

Stone-line and erosion facts

Stone lines, or stone layers, have been accounted for in three
different ways (Goudie, 2013). (1) They can be the results of
residual surface accumulations (paleo-pavements), which
were later covered by colluvial-like finer sediments. Such a
stone line might represent drier cool conditions (Runge,
2001). (2) They can be parts of paleo-channels that were
formed by the redistribution and concentration of gravel by
surface water flows and related colluvial activity. (3) They
can be the result of bioturbation by termites, ants, worms, and
even roots (Wilkinson et al., 2009). This selective zoogenic
uptake of fine material in a soil could lead to a concentration
of coarser material at lower depths.

Stone lines may well be the result of abrupt truncation in
soils. Apart from this, the covering material raises questions
about its autochthonous versus allochthonous origin (John-
son et al., 2005; Morras et al., 2006; Fedoroff et al., 2010).
Without going into what type of material covers the stone
line, we hypothesize that two periods of pedogenic occurred
at the Ingenio profile, in two biostatic phases (1Bt;, and
2Bt;_3) separated by a possible rhexistasic episode (stone
line) as well as continuous aeolian input from local and
Saharan sources. The suggestion concerning aeolian input is
based on the pervasive presence of minerals and rock frag-
ments that do not originate from the basaltic bedrock (e.g.,
quartz, sanidine, and felsic rocks fragments; see Fig. 4).
Previous work showed that the presence of quartz in Canarian
soils is the result of the input of Saharan dust (Menéndez
et al., 2007; Suchodoletz et al., 2013).

Stone-line formation is significant in tropical geomor-
phology because it shows that there is relative landscape
stability with ongoing moderate erosion but also that a con-
temporary interfluvial position might have once occupied a
lower landscape position (Brown et al., 2004). The Ingenio
profile is located in an interfluvial position, surrounded to the
west by the well-developed Guayadeque ravine and to the
north by the Los Romeros tributary (Fig. 2d). The capping
basalt covers a wavy surface sloping down seawards, how-
ever, which could be the result of incipient fluvial-colluvial
erosion.

In summary, we do not reject the possibility of the three
stone-line interpretations in unison for the Ingenio profile,
assuming that they might not be mutually exclusive. Firstly,
and perhaps the most likely, the stone line could mark some
selective soil erosion due to aridification conditions (case 1).
Secondly, despite the fact that the Ingenio profile is currently
in an interfluvial position, the stone line could be linked to
fluvial-colluvial activity (case 2). Finally, the covering
material may be autochthonous, as it has minerals in it that
are different from the bedrock (quartz, sanidine, and trachytic
fragments from colluvial-aeolic sources). Nonetheless, it
contains an edaphic imprint (case 3).
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We also tried to compare it to modern conditions for a
more thorough interpretation of the Ingenio profile. Since the
earliest human occupation of Gran Canaria, around the third
to fourth centuries BC, however, extensive deforestation has
led to strong and widespread soil erosion. Erosion was
accelerated with the occupation of the island by the Spanish
Royal Crown at the end of the fifteenth century (Morales
et al., 2009). This has brought about the arid character of
nearly the whole surface of Gran Canaria today, most of the
soils of the island being deforested, truncated, and in non-
equilibrium with their edaphic secondary products (Fe-
oxides and clays). In addition, the considerable impact of
human activity on this limited territory makes it difficult to
compare the current environment and its associated climatic
conditions with other environmental and climatic conditions
in the past.

Geochemistry and weathering intensity

Higher REE concentration in soils was found to be linked to
secondary phosphates (Sadeghi et al., 2013). Industrial
activities in northwest Africa seem to be the main con-
tributors of the phosphate content in the Saharan dust that
reaches the Canary Islands (Rodriguez et al., 2011). REE
content in the Ingenio paleosol, however, is double that in the
current aeolian Saharan dust, while the phosphorous content
is 75% higher (Fig. 9 and 10). This could mean that the
aeolian Saharan dust in Gran Canaria does not increase the
amount of REE in soils, but improves the soil nutrition, as
was determined in La Palma Island (Suchodoletz et al.,
2013).

The geochemical index of weathering for the 2Bt
(CIA =80) was in the range of laterites measured in China
(CIA =79-88; Zhao et al., 2017), where it was interpreted as
a strong chemical weathering process. The present-day dust
(CIA =43), however, showed a markedly lower value. Con-
sequently, the high CIA value of the Ingenio paleosol cannot
be caused by the Saharan aeolian input alone. Clay mineral
assemblages also provide information about weathering
intensity that should help to better characterize the Ingenio
profile.

The amount of kaolinite in Saharan dust ranges from 0O to
8% (Scheuvens et al., 2013). In present-day Gran Canarian
soils, itis about 0.2 + 0.3% (Menéndez et al., 2007), while the
kaolinite content in the Ingenio paleosol is higher (2—-11%).
These results could mean that the kaolinite in the paleosol
was mainly formed in sifu, or that the amount of kaolinite in
early Pleistocene dust was greater than in the present-day
dust. Kaolinite found in Bt horizons is a common pedogenic
clay mineral formed as the end-product of intense in-situ
chemical weathering under hot-moist climate conditions
(Chamley, 1989; Hong et al., 2010). In contrast, the pre-
dominance of illite is characteristic of cooler-drier climates,
with lower weathering rates (Hallam et al., 1991; Hong et al.,
2013). Another clay mineral found at the Ingenio profile,
montmorillonite, is known to be formed in poorly drained
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soils of tropical or subtropical regions subject to strongly

seasonal rainfall (Chamley, 1989).

The clay content in 1Bt;_; is lower than in the 2Bt 5 (7-1%
versus 36-49%; Fig. 5). However, the kaolinite / (illite +
kaolinite) ratio in 1Bt is higher than in 2Bt; 5 (0.3-0.5%
versus 0.2-0.3%). This ratio could reflect more weathering

intensity in 1Bt;_,.

Iron Oxides

The Fe-oxide content in Saharan dust is about 4% (Lafon
et al., 2004), which is a lower proportion than the Fe-oxides
from Bt horizons in the Ingenio paleolosol (6-8%). This
suggests that aeolian inputs have been limited but not negli-
gible and, as Figure 6 suggests, with the presence of quartz
and new hematite formed in the paleosol. In addition,
Saharan dust contains fewer minerals that will produce Fe-
oxides through weathering in comparison with the basalt
bedrock below the paleosol. Conversely, the fact that the
1Bt;, has a lower Hm / (Hm + Gt) ratio than the 2Bt;_5 is
coherent with two hypotheses: (a) a 1Bt;_; pedogenesis in a
more humid and less seasonally contrasted environment, or/
and (b) a lower dust content. The latter hypothesis is partly
supported by the statement that the quartz content as well as
the Hm / (Hm+ Gt) ratio decrease from 2Bt; ; to 1Bt
(Fig. 6). On the other hand, the circumstance that the Hm /
(Hm + Gt) ratio decreases substantially from 2Bt;_3 to 1Bt

is also compatible with the first hypothesis.

Hematite is the main Fe-oxide at the Ingenio profile. The
presence of hematite in the Bt horizons in large amounts (2—
6%) implies weathering under warm and seasonally dry cli-
matic conditions during the formation of this horizon. The Hm
/ (Gt+Hm) ratio increases with the intensification of alter-
nating wet and dry environmental conditions and mild and hot
temperatures (Cornell and Schwertmann, 2003; Torrent et al.,
2007; Zhao et al., 2017). Since the Hm / (Gt+Hm) ratio in
1Bt;; is lower than in 2Bt; 3, and based on the assumption
that the Fe-oxides indicate in-situ weathering conditions, the
upper Bt horizon should reflect a moister and less-contrasted
regime. Zhao et al. (2017) found that the correlation between
Hm / (Hm + Gt) and kaolinite was weak. The same tendency
was observed between kaolinite / (illite + kaolinite) and Hm /

(Hm + Gt) ratios at the Ingenio profile (Fig. 6).

The Hm / (Gt + Hm) ratio at the Ingenio profile (0.82 +0.13)
is almost twice than that from the current Saharan dust collected
on Gran Canaria (0.47 +0.12; Lazaro et al., 2008). Assuming
that the hematite proportion in the Saharan paleo-dust is similar
to the present Saharan dust, a major in-sifu edaphic hematite
formation at Ingenio paleosol could reflect that there was less
aridity during the early Pleistocene than at present (Yang et al.,

2006; Zeng et al., 2017; Zhao et al., 2017).

Aeolian accumulation on the Ingenio paleosol

Two distinctive mineral sources can be attributed to aeolian
input at the Ingenio paleosol: long-distance Saharan
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goethite ratio) from the Bt horizons of the Ingenio paleosol.
Further details in the text.

provenance for quartz, and local for sanidine. These two
minerals could be used to measure the autochthonous and
allochthonous accumulation rate (quartz versus sanidine, q /
[q +s]; Fig. 6). This rate was the same throughout the profile
(0.6), but higher in 2Bt, (0.9). Our interpretation is that the
Saharan versus local input might have been equal during the
development of the paleosol, except for during the 2Bt, for-
mation when Saharan dust might have been increased or the
local input decreased.

The existence of quartz in the Bt horizons could be the
consequence of continuous aeolian input during their for-
mation, provided that lateral supply due to slope processes
can be ruled out. This aeolian material may be produced
either by the seasonal wet-dry conditions in Gran Canaria or
by the dry-dusty conditions in the Sahara, as happens at
present (Fig. 2b and c). The increase in quartz through the
profile may possibly be due to a rise in Saharan dust input
and/or reinforced by soil weathering. This weathering could
reduce the concentration of the more labile primary minerals
(feldspars) and, consequently, might increase the proportion
of the more resistant ones, such as quartz. Gathering now
previous interpretations we suggest that: (1) there was less
aeolian input during the formation of 1Bt than 2Bt (quartz
proportion is lower in 1Bt, 16-28% than in 2Bt, 23-30 %);
(2) the climate was less contrasted during the formation of
1Bt than 2Bt ([Hm / (Gt + Hm)] ratio is 0.6-0.8 in 1Bt and 0.9
in 2Bt samples); and (3) weathering was more intense in 1Bt
than in 2Bt (kaolinite vs. illite ratio is higher in 1Bt, 0.3-0.5,
than in 2Bt, 0.2-0.3; Fig. 11).

Two loess-like silty deposits were identified in Gran
Canaria (Jindmar and Géldar profiles; Menéndez et al.,
2009a) with ages of 1.96-0.01 Ma (Pleistocene) and <0.4
Ma (middle Pleistocene to late Quaternary). Dating of
those loess-like deposits is wide-ranging, although it is
highly probable that the Jindmar profile started its forma-
tion earlier than the Galdar profile, since there was a time
lag of 1.56 Ma (63% of the Pleistocene) between them.
Those deposits showed a mean quartz content of 49 and
79%, respectively. The mean quartz content of the Ingenio
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Figure 12. (color online) Reconstruction of the hypothetical
Saharan paleodust amount regarding the actual Saharan dust
collected in Gran Canaria. Calculations are based on the quartz
percentage in northeast Gran Canaria soils, the Ingenio paleosol of
this study, and two loess-likes of Gran Canaria (Jinamar and
Galdar). Further details in the text.

paleosol and in Holocene Gran Canarian soils was on
average 25 and 38%, respectively (Menéndez et al., 2007),
which could be defined as Qpaieosor and Qgpii. Assuming
that the 42% of quartz content in Saharan dust remains
constant at Gran Canaria over time (Fig. 12; Menéndez
et al.,, 2007), the amount of hypothetical Pleistocene
Saharan dust (qD) relative to the present amount (D) could
be estimated. Hence, the amount of present Saharan dust
(D) and quartz content (Qqys,) are related as:

Qqus =0.42D [5]

Additionally, the amount of a Pleistocene Saharan dust
(gD) and quartz content (Qgys) relationship would be:

Qpaleodusl =0.42 qD [6]

Where q is a change factor of the amount of Saharan paleo-
dust regarding Saharan dust.

Concerning soil and paleosol dust input, another assump-
tion is that quartz contents remained constant for calculating
dust amounts:

Qdust / Qsoil = Qpaleodust / Qpaleosoil = constant [7]

Thus, q can be estimated as:

038 _ 025
0.42D — 0.42qD
Present = 238 4
Past = 025 042D 0.38
0.42qD
q=0.66

As a result, the amount of the Saharan paleo-dust that hypo-
thetically reached Gran Canaria would be 34% less than
present Saharan dust.

In the same way, loess-like dust inputs in the Pleistocene
(1.96-0.01 Ma, Jindmar) and middle to late Quaternary (<0.4
Ma, Géldar), need a similar assumption of constant quartz

https://doi.org/10.1017/qua.2018.64 Published online by Cambridge University Press

contents for calculating dust amounts:

Qdust /QGaldar—loess—like = Qpaleodust / QJinamarfpaleosol =constant

[9]
Thus, q can be estimated as:
0.79 _ _0.49
— 079 0.42D ~ 0.42gD
Present = 5255

0.49 2B _ 049 [10]

Past= 3.42qD 0428 T 0.79

q=0.62

As a result, the amount of the Saharan paleo-dust that
hypothetically reached Gran Canaria would be 38% less the
present Saharan dust. Remarkably, this result is very close to
the quartz content calculated with the lineal relationship
between the quartz content in those soils (33%). This differ-
ence (33-38% lower in Saharan paleo-dust) could be
explained in two ways. One possibility is that the proportion
of quartz in dust has changed over time (then, our first
assumption should be wrong), while the other possibility is
that the amount of dust that reaches Gran Canaria is higher
nowadays than it was for most of the Pleistocene.

The current Saharan dust-sedimentation rate in the Canary
Islands area was calculated by Prospero (1996) and Goudie
and Middleton (2001) as 1.56 g/cm*/ka. Considering this dust
sedimentation rate, the maximum time span at the Ingenio
paleosol (~840 ka™), the dust density (1 g/cm3) and the fact
that only 50% is finally stabilized (Cattle et al., 2002), the
potential Saharan dust deposited on this profile should be
about 6.6 m. Likewise, as the estimated dust deposition for
the Pleistocene is 33-38% lower than measured today, the
Saharan dust potentially deposited during the early Pleisto-
cene would be about 4.4—4.5 m. Nevertheless, the Bt thick-
ness of the Ingenio paleosol is about 1.2m (Fig. 4). This
substantial reduction in the thickness of the aeolian input
could be explained by several factors: (1) subaerial erosion;
(2) compaction of the Saharan dust when it becomes inte-
grated into the soil; and (3) the pressure of the overlying
basaltic flow.

A PALEOCLIMATE INTERPRETATION OF
THE INGENIO PALEOSOL

Cyclical aridification of North Africa began by at least 3.8 Ma,
with an increase in the severity of arid events by ~2.3-2.5 Ma
(Pokras, 1989; Goudie and Middleton, 2001). This period
coincided with a higher amplitude of glacial-interglacial MIS
oscillation (Fig 1). Furthermore, the frequency of glacial-
interglacial cycles was 2.5 times higher in the Upper Pliocene—
lower Pleistocene than in the middle—upper Pleistocene,
although difference between cycles was less extreme (with
lower oscillations) than in the middle—upper Pleistocene owing
to the less drastic glacial periods (Leroy, 2007). Meco et al.
(2015) estimated the presence of the Canary Current as an
eastern branch of the North Atlantic subtropical gyre between
42 and 2.9 Ma, based on records of tropical fauna. The
appearance of this cold stream intensified the Gelasian (2.6-1.8
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Ma) cold cycles, at least regionally. The aridification of north-
west Africa was probably due to the increasing strength of the
trade winds (Leroy and Dupont, 1997).

The basaltic lava flow that covered the Ingenio paleosol
(1.46 +0.03 Ma; Guillou et al., 2004), corresponds to the
period of MIS 47 to 49 (Fig. 1). Despite all the uncer-
tainties discussed earlier, we would suggest that this
polygenetic paleosol could reflect at least three different
climatic/environmental configurations. 1Bt;_, and 2Bt;_3
horizons may be linked to biostatic (more moisture) per-
iods, and a residual 3B, may indicate strong erosion
dynamics in the course of a rhexistasic (drier) period. The
2Bt;_3, might be consistent with more contrasted climate
conditions (higher Hm / [Hm + Gt] ratio) and more aeo-
lian input (higher quartz content). This 2Bt;_; could have
ended with the stone-line formation. The following per-
iod, 1Bt 5, could possibly reflect the less-contrasted cli-
mate conditions (lower Hm / [Hm+ Gt] values), less
aeolian input (the lower quartz proportion) and more
weathering intensity (the higher kaolinite / illite+
kaolinite ratio). This younger horizon (1Bt;,) is trun-
cated and hardened. Volcanic activity often permits the
use of radiometric dating, which allows for stratigraphic
hypotheses. Local volcanic activity, however, can have
an effect on the local climate. The main factor that
accelerates the hardening process in soil is the erosion
resulting from the removal of the forest cover (Mbagwu,
2008). Thus, the hardening process of 1Bt;_, could have
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been due to a regional climate aridification and/or to the
local volcanic activity around MIS 47. At this point,
however, we have no comprehensive explanation for this.

CONCLUSION

Although the Ingenio profile may have been influenced by a
number of local and site-specific factors, we would suggest that
this lower Pleistocene complex paleosol shows the imprint of at
least three different climatic episodes (Fig. 11-13). The residue
of the oldest one could be a petrocalcic horizon (3B¢,), which
determines its paleosol classification and, might represent ves-
tiges of a contrasted rhexistasic period linked to intense surface
erosion. Afterwards, the overlapping of a new basaltic lava
flow may have taken place (2R horizon). This 2R horizon
developed into a 2C because of the formation of 2Bt; 3, which
occurred under new biostatic conditions. The 2Bt;_; may have
been formed from the accumulation of aeolian input and soil
secondary soil products (i.e., illite, kaolinite, and Fe-oxides
such as hematite and goethite) resulting from moderate
weathering and contrasted climate conditions. This biostatic
situation might have concluded with the formation of a stone
line. Another biostatic period would have started with the for-
mation of 1Bt that probably developed within a material that
has the character of a slope deposit with aeolian admixtures.
This period could have been characterized by moderate aeolian
inputs, intense weathering, and less-contrasted climate condi-
tions than the previous biostatic period. It may have ended with
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Figure 13. (color online) Hypothetical paleoclimatic evolution in Gran Canaria during the lower Pleistocene, accordingly to the global
Marine Oxygen Isotope (MIS) glacial-interglacial stages, based on the variation of the climatic horizon imprints from the Ingenio paleosol.

Further details in the text.
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intense erosion and the 1Bt;_, hardening. At this point, the soil
evolution could have been interrupted and the soil fossilized by
a basaltic lava flow dated to 1.46 +0.03 Ma.

Several erosive periods may be deduced from this profile.
Firstly, the residual occurrence of 3B, probably resulted
from the erosion of this soil in a rhexistasic period. Secondly,
the stone line between the Bt horizons could be the result of
an erosive interval. Thirdly, the 1Bt;, hardening could be
due to the erosion of the vegetal cover.

Assuming a linear relationship between the quartz contents
of the Ingenio paleosoils, the incorporated Saharan dust, as
well as some loess-like deposits from Gran Canaria for which
we expect that Saharan dust was incorporated from the early
Pleistocene through the late Quaternary, we calculated the
supposed Pleistocene Saharan dust input. Hence, during the
lower to middle Pleistocene the dust input in the Gran
Canaria profile might have been about 33—-38% lower than
during the middle—upper Pleistocene to late Quaternary.
In addition, during the Gelasian and Calabrian periods (lower
Pleistocene), we assume that the Saharan dust input on Gran
Canaria has decreased, but has not disappeared entirely dur-
ing the biostatic wet-warm episodes (16-30% quartz con-
tent). Finally, with respect to the early Pleistocene age, we
propose that there is a direct relationship between the higher
amplitude of the oxygen isotope glacial-interglacial stages
and more contrasted climate conditions, as well as a higher
degree of aridity, as shown in Figure 13.
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