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abstract

Aeolian sediments trapped in volcanically dammdteya on Lanzarote, Canary Islands, were
investigated in order to reveal environmental clegngyer the last 180 ka. Clay content and frequency
dependent magnetic susceptibility were used adgsdar pedogenesis and palaeo-soil moisture.
During the last 180 ka, these proxies showed argkpattern of enhanced soil moisture during
glacials and stadials and more arid conditionsrdpirterglacials and interstadials. Comparisons of
these results with proxies from regional palaecatarstudies identified a positive correlation with
proxies of trade wind strength off northwest Afreoad inverse correlations with both sea surface
temperatures in the northeast Atlantic and thentxiEMediterranean vegetation. Possible causes for
the observed pattern include a glacial enhancepfgrecipitation from westerly cyclones, a change
in relative humidity due to fluctuating air tempeenas and an occasional influence of the African
summer monsoon. Although it is not yet possiblel¢éarly differentiate among these factors, it &acl
that the first two factors must have been primatiyninant. These results represent the first quasi-
continuous terrestrial data testifying to enviromtaé changes in the northwest African coastal area
for the last 180 ka and complement the abundaatdiatived from marine cores of the region. High
latitude dynamics had a major influence in thisaaaed were intermediated by North Atlantic sea
surface temperatures. A possible negative coroglatan also be observed with the orbital obliquity
cycle with a 10 ka time lag, which is similar tetlag recorded from North Atlantic sea surface
temperatures.

1. Introduction

In light of the human-triggered climate change pted in the coming decades
(Intergovernmental Panel on Climate Change, 20@Y)ncreasing number of palaeoclimate
studies have been conducted in order to understenglobal climate system and its feedback
relationships with terrestrial and oceanic ecosystée.g., Farrera et al., 1999; Thompson et
al., 2000; Maslin et al., 2001; Battarbee et &1Q4). Special attention has been given to
naturally unstable and vulnerable environments sisctinose in semiarid and arid regions
(e.g., desert-margins), which often have a highupadon density (cf. Mabbutt, 1989;
Mountney, 2003; Lioubimtseva, 2004). However, méistate and ecological conditions are
not always well understood in these regions. Tk bf understanding strongly complicates
local climate prognoses and especially holds toue¢hfe arid and semiarid regions of
northwest Africa that stretch from the Saharan deeg¢he Mediterranean Sea. Today, the
climate of this region is influenced by three diéfiet wind systems: Atlantic westerlies, the
Hadley circulation and the African summer monsogstem. Atlantic westerlies and
monsoon circulation advect precipitation into thediflerranean area during winter and into
the Sahel during summer, respectively, the Hadleylation is responsible for the northeast
trade winds that cause dry conditions in the Sahaegion (Nicholson, 2000).

Some aspects of the Late Quaternary palaeoclinfaterthwest Africa are well known from
marine studies carried out in the Northeast Attaatid the Alborean Sea (e.g., Hooghiemstra,
1988; Dupont, 1993; Moreno et al., 2001; Bozzarmal.eR002; Freudenthal et al., 2002;
Kuhimann, 2003; Bout-Roumazeilles et al., 2007;z+dlal., 2007). Most of these
investigations focused on reconstructing palaeowysiems for the past 250 ka (Moreno et



al., 2001; Bozzano et al., 2002; Bout-Roumazedkesl., 2007; Freudenthal et al., 2002) but,
apart from some pollen records (Hooghiemstra, 188iont, 1993), found it difficult to
derive terrestrial palaeohumidity and precipitattegimes from marine archives. More
recently, some studies tried to infer Holoceneifilgctivity from marine cores (e.qg.,
Kuhimann, 2003; Holz et al., 2007). Although pala@midity and precipitation are generally
better recorded in terrestrial than in marine aresj to our knowledge, no terrestrial study
from the Northwest African region has yet presem@atinuous records of precipitation
regimes or landscape geomorphic reactions to ptattgn changes. Instead, most terrestrial
archives only record events limited to the Holocentatest Pleistocene (e.g., Rohdenburg,
1977; Gasse et al., 1987; Petit-Maire et al., 1@9kddadi et al., 1998; Lancaster et al.,
2002). The next archives that continuously coveeasdt the last glacial cycle are only found
in the northern Mediterranean area (e.g., PondRamite, 1988; Allen et al., 1999; Narcisi,
2001). Due to this lack of data, no regional clienatodel can yet be validated for the
northwest African region (e.g., Cheddadi et al98)9

The Canary Islands are located at the southernmagjin of the westerly-influenced
Mediterranean climate zone and are strongly infbeerby Saharan air from northwest Africa.
Therefore, they are regarded as a key locationriderstanding climate changes in the
transitional area between the Mediterranean clirnate with winter precipitation and the
climate of the year round hyperarid Sahara (Mead.ef1992; Kuhlmann, 2003).

Furthermore, given that numerous palaeoclimataesuthve indicated that monsoonal
summer precipitation penetrated far into the Satarang certain periods of the Quaternary
(e.g., Lézine and Casanova, 1991; Petit-Maire.efl894; Kuper and Kropelin, 2006), a
monsoonal influence may have temporarily reachedatitude of the Canary Islands in the
past.

Terrestrial palaeoenvironmental studies from thea@alslands (dune-palaeosol sequences,
marine terraces with underlying palaeosols, cadevsents), such as those on the nearby
African continent, are typically discontinuous aaré mostly restricted to the period from
approximately 40 ka to the Holocene, likely du¢h® limits of**C-dating (e.g., Meco and
Pomel, 1985; Petit-Maire et al., 1986; Rognon andd&-Gaussen, 1987; Rognon et al.,
1989; Damnati et al., 1996; Meco et al., 1997; ©@oef al., 1999). Furthermore, according to
Meco et al. (2002), Late Pleistocefi€ ages obtained from these islands have generdiy b
equivocal, and therefore, Pleistocene palaeoclimetenstructions based &iC-dating

should be considered with care. In difference, UAd luminescence dating are regarded as
more reliable thah’C-dating. However, only a small number of palaeiremvnental studies
have used age models based on these methodsdmel €t al., 1985; Hillaire-Marcel et al.,
1995; Rognon and Coudé-Gaussen, 1996a; Meco 208R). In other words, due to these
problems the Late Pleistocene palaeoenvironmerdiri of the islands remains largely
unknown. In contrast with the other islands of @anarian archipelago, the northeasternmost
island of Lanzarote hosts several Miocene to Phiecalleys that are dammed by Quaternary
lava flows. Locally, these valleys are called ve@@@arracedo et al., 1998; Zdller et al., 2003).
After damming, the valleys filled with several nmstef sediment consisting of Saharan dust
and local volcanic material. Luminescence dating supporting correlations with nearby
marine proxies showed that this material yieldsfits¢ almost continuous record of terrestrial
palaeohumidity from the northwest African area. Téeord stretches from at least early
Marine Isotope Stage (MIS) 6 tothe Holocene (Suoheid et al., 2008). Quantitative
estimates of palaeo-soil moisture were derived ftioeintensity of pedogenesis (Suchodoletz
et al., 2009a). Similarly to the present studymfer palaeoenvironmental studies from other
regions deduced palaeo-soil moisture from clayamrand/or frequency dependent magnetic
susceptibility (e.g., Forster et al., 1994; Chldalet al., 1998; Dearing et al., 2001; Sun et al.,
2006; Zech et al., 2008). These methods exploitatis that weathering processes lead to the
production of clay minerals (e.g., Bronger et B98; Sr6don, 1999; Gillot et al., 2000) and



that so-called superparamagnetic particles areygrarameters for the intensity of
pedogenesis. Superparamagnetic particles can betel@étby environmental magnetic
methods, especially the method called frequency@gnt magnetic susceptibility. Details

of our environmental magnetic approach, a desonptf the data and discussion are found in
Suchodoletz et al. (2009a). Our published integti@t is summarised as follows:
Superparamagnetic magnetite/maghemite particles preduced either by low temperature
oxidation of coarser magnetic particles with diéfetr origins (e.g., bacterial or detrital)
(Maher, 1998; Van Velzen and Dekkers, 1999) or égfarmation of extremely fine and
therefore superparamagnetic particles through tleeotye-induced precipitation of magnetite
or the transformation of poorly crystalline ferke-(oxy)hydroxides by Fe-reducing bacteria.
Superparamagnetic particles composed of magheiaite-arystals are thought to be the main
carriers of magnetic susceptibility in loess, |elss sediments and paleosols (e.g., Chen et
al., 2005). As proven by the clear negative coti@tan all sections between a remanence
controlled parameter and the frequency-dependegheti& susceptibility, a non-remanence-
carrying but highly susceptible mineral fractiomys an important role in variations of
magnetic mineralogy. This fraction is most likeyngposed of superparamagnetic particles
that derived from weathering of the primarily detriferrimagnetic minerals (Suchodoletz et
al., 2009a). Time resolution of the archives istiét and restricted to the time scale of
Marine Isotope Stages (MIS), at least for largespaf the Pleistocene sequences. This is due
to the fact that the chronological pattern is l@drdue to the close interfingering of material
that was directly deposited as aeolian fallout wiidterial that was originally deposited in the
catchment area and subsequently derived as cdlinpiat from the slopes, although the time
lag was not more than some ka (Suchodoletz 2G@09b).

In this article, we compare the soil moisture pesxirom Lanzarote with other palaeoclimate
data from the Canary Islands, the northwest Africeangin and the Mediterranean area. We
propose possible scenarios that help to explaiobiserved soil moisture pattern by
considering the influences of western cyclonesNbgh African summer monsoon and
changes in sea surface temperatures. Furthermersuggest a tentative correlation of our
results with the orbital obliquity signal.

2. Study area

Lanzarote is the northeasternmost member of theamat Canary Island, and is located130
km off the coast of northwest Africa between 28°6029°13'N and 13°25’ to 13°52'W (Fig.
1). Basic volcanism started during the Miocene uali®.5Ma ago (Carracedo et al., 1998;
Geldmacher et al., 2001), and the latest erupti@osrred in 1730 - 1736 and 1824 (Rothe,
1996). Both the northern and the southern partseofsland are dominated by volcanic
massifs of Miocene to Pliocene age, which have shaobconcave slopes due to strong
erosion under subtropic summer-humid conditionsnguthe Neogene (Héllermann, 2006).
Several phases of pedogenesis caused the polygeaktietes that have been exposed along
the slopes by erosional processes. The centrabptre island between the volcanic
complexes in the north and south exhibits a smoatipography, whereas the massifs are
dissected by numerous U-shaped valleys and sngallées. Some of the large valleys were
dammed by lava flows and pyroclastica during thevéioand Middle Pleistocene and thus
served as sediment traps for Saharan dust andyloealorked volcanic material (Romero,
2003).

The climate of Lanzarote is maritime-semiarid. Tilean annual temperature at sea level is
19.9° + 3°C with only minor fluctuations causedthg influence of the cold marine Canary
Current (Jahn, 1988). Year-round, the island clanaidominated by northeasterly marine
trade winds (Fig. 1). During winter, these winds accasionally interrupted by northwesterly
winds caused by boreal cyclones and easterly Salaardow (Calima winds). Precipitation
values range from 100 to 250 mm/a and decreaseHhrgimto low altitudes. In contrast to the



western Canary Islands, Lanzarote receives noptation from orographically raised rade
winds due to its low elevation (max. 670m). Prdeifpon originates from boreal winter
cyclones that follow extremely southern tracks (EigVegetation is very sparse and disperse,
and the current vegetation cover is strongly distdrby anthropogenic activity (Jahn, 1988;
Kunkel, 1993). Shrubs are dominated by xerophyit laalophytic species.

Saharan dust is brought to Lanzarote mainly dusggdifferent synoptic situations. During
winter, Calima events advect dust at low altitu@@esL500 m) to the archipelago. Calima-
winds are continental African trade winds (Harm@ttdat are deflected towards the west by
Atlantic cyclones near the Canary Islands (cf. @viand Dorta, 2003). During summer, dust
is transported to latitudes north of the Canargrids by the northern branch of the Saharan
Air Layer originating from the Sahel region, whishactive within an altitude of about 1500
to 5500 m a.s.l. There, the material sinks intoldmeermost troposphere and is finally
transported towards the island by the marine naghigade wind (cf. Koopmann, 1981,
Bozzano et al., 2002). Finally, dust sedimentatiocurs either by dry or wet deposition
(Criado and Dorta, 2003; Menéndez et al., 2007).

3. Material and methods

3.1. Studied sites

We studied sediment sequences from three vegashwiare formed by volcanic damming
during the Lower and Middle Pleistocene (Fig. DeBtudied sections in the valley floors
were located far from geomorphically active slog&slygenetic calcretes indicated that the
smooth valley slopes underwent long-term alteratvih several soil-forming periods. Valley
floor sediments were characterised by alternatygns of reddish, clayey material and loess-
like, yellowish, silty material. They contained axtare of in-situ and colluvially reworked
fluvioaeolian material consisting of both allochtisois Saharan dust and autochthonous
volcanic material (Suchodoletz et al., 2009b). Bib#hreddish, clayey layers and the
yellowish, loess-like layers had high quartz cotg€dahn, 1988; Suchodoletz et al., 2009b),
demonstrating the steady accumulation of Saharan @be variability of pH-values between
the different layers was low (between 7.6. and ®ify one exception of 6.6), although
partially carbonate-free layers demonstrate thabtiginally carbonate-rich Saharan dust
material must have been decalcified in the pa$in(JB995; Menéndez et al., 2007). The
loess-like layers in particular were characterisgdecondary carbonate nodules with
diameters up to 2 cm, calcified root channels artical cracks, which were hardened in
places into calcrete horizons. Ferromanganese etoics of up to 2 cm in diameter were also
preferentially found in the loess-like layers. Téésatures probably developed after
sedimentation in the valley floors. Palaeosol settits displayed greater amounts of clays
with moderately strong vertic properties as weltkay illuviation. Although clay illuviation
was detected by clay cutans during micromorphobigio/estigations, this observation did
not complicate the interpretation of clay contdrgsause most cutans were broken and thus
indicated that clay illuviation occurred on thepds prior to redeposition of the material into
the valley floors. Furthermore, environmental mdignend sedimentologic proxies showed
smooth patterns, suggesting no more than a miasrfom clay illuviation (see Suchodoletz
et al., 2009a). General features of the loessdile palaeosol sediments are listed in Table 1.
In the upper parts of the profiles, we observetirampogenically-influenced colluvial deposits
of various thicknesses, some of which containedapsnd bones (Zoller et al., 2003;
Suchodoletz et al., 2008) (Fig. 2).

3.2. Methods

3.2.1. Chronostratigraphy

Chronostratigraphies were developed for the vegasdon optically stimulated
luminescence (OSL) dating of fine (4 - 11 um) aodrse (63 - 200 um) quartz grains and



infrared stimulated luminescence (IRSL) datinginéfgrained polymineral samples. Samples
were prepared under subdued red light (wavelerd@ht620 nm) in the Bayreuth
luminescence laboratory (Germany). Standard préparmethods were used, including
etching with HCI and kD, to remove carbonate and organic matter and siendg
sedimentation in settling tubes to separate firteaarse grains. In order to obtain coarse
guartz grains, density separation was conductdd avitthium heteropolytungstate solution
and by etching with HF. Fine-grained quartz wasioigtd by etching with hexafluorosilicic
acid (Fuchs et al., 2005). Luminescence measuremate carried out with two Risg-
Readers TL/OSL-DA-15 by applying the single aliqueeneration (SAR) protocol (Murray
and Wintle, 2000) for coarse- and fine-grained tm@sL; the multiple aliquot additive
protocol of Lang et al. (1996) was used for finaiged IRSL. Dose rates were determined by
thick sourcen—counting at the University of Bayreuth (Germarnydiuctively coupled plasma
source mass spectrometry (ICP-MS) at the Bayreetitr€ for Ecology and Environmental
Research (BAYCEER, Germany), and atomic adsor@@ttrometry (AAS) at the

University of Marburg (Germany). Chronostratigragghwere further corroborated based on
interprofile correlations as well as correlatiom$vireen kaolinite contents from the vegas and
proxies from nearby marine cores (Suchodoletz.eP@08).

3.2.2. Frequency-dependent magnetic susceptibility

Dry sediment aliquots were collected from all veggS-cm intervals and filled into plastic
boxes. The frequency dependence of magnetic suisitigp(k ;) was determined using a
MAGNON Susceptibility Bridge (MAGNON, Dassel, Germ@a at AC-fields of 80 A/m at 1
and 8 kHz (k = (k@1kHz - k@8kHz)/k@1kHz * 100 in %) with a neitevel of about 1%.

3.2.3. Grain size analyses

In order to evaluate grain sizes, sediment san{fl@g each) were collected from all three
vegas at 5-cm intervals. The material was treatiéd 10% and 30% HCI at 65°C to remove
Ca-carbonate and dolomite. Subsequently, orgamimoavas destroyed using 32%®4.

Sand was removed by wet sieving, and the fractié ggm was treated for several hours in
an ultrasonic bath in order to disintegrate thendlant aggregates of clay and ferromanganese
oxides and hydroxides, which would have stronglsbd the grain size results (cf.
Suchodoletz et al., 2009a). After 0.1 M sodium pyasphate was added and the material
was shaken for 24 h in order to disperse clays#mple was analysed with a Malvern 2600C
Laser Analyser at GFZ Potsdam/ Germany. To fatglitae interpretation of results, the
means of three successive measurements were @kéd frain size classes. Following the
method of Konert and Vandenberghe (1997), we usexhgpicuous inflection point of the
grain size distributions to separate the first dwant grain size peak from the following peaks
and thus obtained a limit clay/silt of 6.18 umohder to clarify the pedogenetic signal, we
removed the signal of the coarse silt fraction by@ the clay ratio for the < 42 um fraction.
Coarse silt and fine sand showed a similar distidinuover the studied depth interval and, due
to their smaller specific surface area, are betideemake only a minor contribution to
weathering, far smaller than the contribution mefmiddle silt (cf. Helgeson et al., 1984).

4. Results

4.1. Chronostratigraphy

Aggregation and iron staining have often been eyldior Saharan dust grains (e.g.,
Koopmann, 1981; Evans et al., 2004), which hasezhages to be overestimated by several
ka for fine grains (4 - 11 um) of quartz and felaisgue to insufficient bleaching of the
luminescence signal during aeolian transport. mrest, quartz coarse grains (63 - 200 um)
were mostly transported as single grains and were most likely only slightly affected by
age overestimations due to aggregation. Furthernagra result of strong anomalous fading



(an unpredictable loss of the luminescence sigital time), IRSL ages for fine grains are
often strongly underestimated and must be regandtbdcaution. Finally, the effects on
coarse-grained quartz OSL ages of insufficientdile®y during fluvial transport into the
valley bottoms after aeolian deposition was largelyrected using the statistical technique of
Juyal et al. (2006), as modified by Fuchs et &l0{). Thus, the coarse-grained quartz OSL
technique, which showed an average error of 13r8f#d vegas, was selected. Unfortunately,
guartz OSL ages only extend back to 125 ka, whdeddspar IRSL ages stretch into the
Middle Pleistocene. However, due to the low religbof the IRSL ages, the age model
beyond the range of the coarse-grained quartz @8& @eyond 125 ka) was established by
correlating the kaolinite contents measured inviigas with those measured in nearby marine
cores (see Suchodoletz et al., 2008).

Sediment ages of the investigated vega sectionggedabetween Middle Pleistocene and
Holocene in Femés and Teguise and between Uppistdelene and Holocene in Guatiza Il
The highest average sedimentation rates were fagehét Guatiza lll, followed by Femés and
Teguise. All vegas showed a hiatus between abokaEHnd 30 ka, concurrent with a
“geomorphological crisis” on Fuerteventura and WMorocco that was characterised by
strong erosion and described by Rognon and Coudés@a (1987). Chronostratigraphy was
described in detail in Suchodoletz et al. (2008).(&).

Because the sediments are complex mixtures otunasiolian and reworked colluvial

material from the slopes, there is a small disarepdetween the time when sediment
properties were obtained and the time measuredtiygdmethods. This effect, in
combination with the complex chronostratigraphiormation collected from luminescence
dating, interprofile correlation and correlationshanearby marine proxies, means that no
exact error of the age model can be given. ThezeBmme parts of the Pleistocene sequences
have time resolutions in the range of several khcam only be used to identify Marine
Isotope Stages (MIS) and substages.

4.2. Clay content and magnetic susceptibility

Although samples were given extensive ultrasomiattnent before laser analysis, a clear and
continuous clay signal was recognisable throughltfmisequences and was comparable to the
results of parallel pipette analysis for samples tiere not treated in an ultrasonic bath (cf.
Suchodoletz et al., 2009a). Clay contents angdues also exhibited nearly parallel
behaviour over time among the vegas, indicatingraraon climatic impact on the island
(Figs. 2 - 4). Minor differences among the vegdif@® probably resulted from different time
resolutions and colluvial perturbation of the clotmgical pattern (cf. Suchodoletz et al.,
2008). Glacials and stadials (parts of MIS 2, @and 6) generally showed enhanced clay
contents andgkvalues; the highest values were found for theggerbetween 145 and 125 ka
and between 75 and 45 ka. Cold periods were therefmaracterised by higher soil moisture.
By contrast, the proxies showed that warmer ingaigls and interstadials (most parts of MIS
1, 3, and 5 as well as the period between 170 d4Bka in MIS 6) experienced conditions

that were at least as dry as the present. Apart &@ossible hiatus between 15 and 25 ka, the
profile of Femés showed an almost complete sequendke last 180 ka (Figs. 3, 4). Due to
both its completeness and its consistently interatedemporal resolution, the Femés
sequence was identified as the most appropriatdepfor palaeoclimatic interpretation in

this study.

5. Discussion

5.1. Comparing soil moisture proxieswith palaeoclimate studies from the Canary | slands,
Northwest Africa and the Mediterranean

Palaeoclimatic studies from the Eastern CanarndslgMeco and Pomel, 1985; Petit-Maire
et al., 1986; Rognon and Coudé-Gaussen, 1987; Roginal., 1989; Damnati et al., 1996;



Meco et al., 1997; Coello et al., 1999) (Fig. 3ydnased various archives mostly based on
C-dating methods to identify several palaeosols/een 40 and 25 ka. However, no
consistent pattern exists among palaeosols froferdiit archives, which may be due to the
general problems witH'C-dating reported by Meco et al. (2002). Furtherenpgalaeosols
dated to 40 ka may be somewhat older than repddedo the large uncertainty at the upper
limit of **Cdating. In general, the climate of the period eem>40 and 25 ka appears to
have been generally wetter than in the presenaddycharacterised by unstable climate
conditions. Investigations based on U/Th and egfigciL dating (Rognon and Coudé-
Gaussen, 1996a; Pomel et al., 1985; Hillaire-Magtall., 1995) are regarded as relatively
reliable. These studies interpreted the period éetwb0 ka and the Last Glacial Maximum
(LGM, ca. 21 ka) as a time of a generally wetterumstable climate, whereas the period
prior to 50 ka was characterised by increased hityradd a stable climate. Soil moisture
proxies from the vegas also indicated that theopdoetween 75 and 25 ka was generally
wetter than the Holocene. Furthermore, the stofinfivet to somewhat drier and instable
conditions (which were nevertheless wetter tharHbkecene) around 50 ka was manifested
in the soil moisture proxies from the Guatiza hidaFemés vegas as a decreaseyiand clay
content; particularly low values were found for gfexiod between 40 and 30 ka (Fig. 3).
Thus, although we encountered problems Wi@dating and somewhat masked by
inconsistent time resolutions between the diffestatlies, our findings were generally
consistent with previous studies from the easteana@y Islands.

A comparison of the soil moisture proxies from Larate with other palaeoclimatic proxies
from the northwestern African and Mediterranearagaigroduced three notable observations
(Fig. 4):

— Elevated soil moisture was inversely correlatedhhie extent of arboral vegetation in
the Mediterranean area, which was reconstructed marine and terrestrial pollen
studies conducted off Iberia and northwest Afridadghiemstra et al., 1992) and in a
lake from northern Greece (Tzedakis et al., 2003).

— Elevated soil moisture generally correlated wethwiigh organic carbon and pollen
levels, which indicate stronger trade winds offtherest Africa, in marine cores that
were collected near the coast of northwest Afrivd the Canary Islands (deMenocal
et al., 1993; Freudenthal et al., 2002). It was atsrelated with lower sea surface
temperature (SST), which was inferred from distiidns of foraminifera in marine
cores retrieved near Cap Blanc/Mauritania (Croni€g1).

— Periods of enhanced soil humidity on Lanzarote wemssal with most sapropels in
the Eastern Mediterranean Sea (S1, S2, S4, S5TB&pnly exception is sapropel S3,
which formed during a generally dry period on Laota (Kallel et al., 2000).
Although the northward advance of the African summensoon into the Sahara has
not been well studied over the last 200 ka, theogagds in the Eastern Mediterranean
Sea reflect high Nile river discharge, which dikgcelates to the effect of the African
monsoon on the upper catchment of the Nile. Theselts indicate that the
occurrence of sapropels in the Eastern MediterraSea can be used as a proxy for
the northern migration of the monsoon front inte 8ahara.

5.2. Palaeoclimatic scenarios for periods of enhanced soil moisture on Lanzarote

Based on a comparison with Mediterranean and neshifrican palaeoclimatic proxies,
three possible palaeoclimatic scenarios for perad@dsihanced soil moisture on Lanzarote
during the Late Quaternary are discussed belowh Eeenario is based on a factor that could
have triggered a more positive hydrologic budgetlie vegas and thereby enhanced soil
moisture.

Scenario | higher precipitation due to more intensive NorthaAtic winter cyclones. As in

the Mediterranean region and southern Moroccoatheunt of precipitation on the Canary



Islands is currently negatively correlated with Narth Atlantic Oscillation (NAO) (Garcia-
Herrera et al., 2001). During negative NAO phasdiantic cyclone tracks shift southward
(Hurrell, 1995; Knippertz et al., 2003) and pretafion is enhanced (Garcia-Herrera et al.,
2001). Thus, actual precipitation on the Canargnigs similar to that in the Mediterranean
region, is linked to the pressure distributionted tNorth Atlantic.

Although some palaeoclimatic studies reported gdlyetry glacial conditions in the
Mediterranean and contrastingly wet interglaci@ledring et al., 2001; Woodward, 1999),
others assumed that the westerlies shifted southéaing glacial periods and advected
moist air into parts of the Mediterranean regiod Aorth Africa (Fig. 5a). High lake levels in
Italy during the Last Glacial Maximum (LGM) werdréiuted to wetter winters (Narcisi et
al., 1992; Narcisi, 2001), and contemporary hidgde levels in the central Saharan Hoggar
Massif were ascribed to a southward shift of thbtfypical Jet Stream (Maley, 2000).
Accordingly, the recharge of groundwater aquifaerthe Northern Sahara from 45 to 23.5 ka
was attributed to southerly-shifted Atlantic webésr (Edmunds et al., 2004). Rognon and
Coudé-Gaussen (1996b) reported a large-scale adstwigration of dune sands in the
eastern Canary Islands and coastal Morocco at di#oks, which they attributed to strong
westerlies; sand mobilisation was ascribed to saadability from the shelf rather than to
aridity. Likewise, modelling studies showed a sa#hd shift of winter westerlies under
“glacial-like” boundary conditions in Europe (Garudgki et al., 1998; Kageyama et al.,
1999). Altogether, this work provides a strong dasencreased westerly cyclonic activity
connected with precipitation in some Mediterranaad North African regions, including the
Canary Islands, during glacial periods. Howevemagollen studies (Hooghiemstra et al.,
1992; Tzedakis et al., 2003) (Fig. 5, columns 4gpprted that arboreal Mediterranean
vegetation was limited in extent during the morenfdiglacial and stadial periods on
Lanzarote. To evaluate these contrasting obsenstige treated cold Heinrich events as
extreme glacial periods. Pollen studies from theliiéeranean area showed that, during these
events, steppic vegetation prevailed over arbaegdtation (Sanchez-Goiii et al., 2000;
Boessenkool, 2001; Turon et al., 2003). Althougmas@uthors assumed generally dry
conditions during Heinrich events (Sanchez-Gofdl ¢2000; Turon et al., 2003), others
suggested wet and very cold winter conditions witlieased runoff and enhanced
anticyclonic-driven summer aridity (e.g., Boessanka001). The latter scenario was
supported by Ruddiman and Mcintyre (1981), who ps&gl that a southward shift of the
Arctic Front in the North Atlantic during these davents pushed the trajectories of winter
cyclones off Iberia southward to latitudes of ab®QitN.

Extrapolating this scenario from extreme Heinrigkrds to glacial periods in general, the
limited extent of thermophilous arboreal vegetaiiothe Mediterranean region was caused
by lower winter temperatures, and contemporaneaasdconditions on Lanzarote were due
to enhanced winter precipitation from southerlyfshi winter cyclones (Fig. 5a). The
stronger trade winds observed off northwest Afdoang cold periods (Freudenthal et al.,
2002; deMenocal et al., 1993) (Fig. 4, columns)Xauld thus have been caused by enhanced
anticyclonic circulation with stronger trade windisring summer; the trade winds were
shifted to the south by North Atlantic cyclonesidgrwinter.

Scenario l1: higher precipitation due to a northern advancehefAfrican summer monsoon.
Apart from sapropel S 3, which formed about 80 @ during a dry period on Lanzarote,
sapropels in the eastern Mediterranean Sea forim@ugdoeriods of enhanced soil moisture
on Lanzarote, indicating that strong monsoonalipretion occurred in the Nile catchment
(Fig. 5, column 6). Based on terrestrial inputs northwest African continental margin,
Kuhimann (2003) assumed that the African summersoon advanced to the Canary Island
area for the Early Holocene and MIS 5e (Eemiarg.(6b). Similarly, Tjallingi et al. (2008)
applied a grain-size-based humidity index and modgestudies and found that most humid
monsoonal conditions off Cape Blanc/Mauritania ecsth during MIS 1 and, to a lesser



degree, during warm substages 5a and 5c. This ddrated that the African summer
monsoon reached its northernmost advance off negh@frica during warm periods, with
maximal values during the Holocene. The African sienmonsoon generally advanced and
retreated from south to north and back again (¥an,and Petit-Maire, 1994); it arrived later
at and retreated earlier from its northernmost goiim the Early Holocene, Hoelzmann et al.
(2004) demonstrated that the most humid conditomasirred in the Sahara/Sahel zone
around 9.5 ka. Vega sediments from Lanzarote, piatBnthe northernmost point in the
monsoonal area, indicated dryness from about 8(Skehodoletz et al., 2010). Thus, the
monsoonal influence could not have lasted longan etbout 2 ka and was, if present at alll,
restricted to the interval between about 10.5 aBk8. Because the more humid periods on
Lanzarote had much longer durations of up to 35tkaclear that these periods cannot be
exclusively explained by monsoonal influence. Omdkther hand, our results do not exclude
the assumption of Kuhlmann (2003) that the Afrisammer monsoon may have progressed
to the latitude of the Canary Islands during sohwtsperiods of the Quaternary, where it
could have contributed to the observed increaseiirmoisture (Fig. 5b). If this is true, a
monsoonal influence coeval with sapropel S 5 cpolskibly explain the intermediate soil
moisture found on Lanzarote for at least early léSbetween 126 and 115 ka) (Fig. 5,
column 6), a period expected to be dry based ogeheral pattern of low soil moisture
during the Upper and Middle Pleistocene (Fig. d)géneral, monsoonal influences seem to
have been too brief to be well resolved in the vegdiments (Suchodoletz et al., 2008).
Scenario lll: a decrease of air temperature causirglative increase of soil moisture. Today,
the Canary Current transports relatively cold wétem High Northern Latitudes to the
Canary Islands. In a core collected off Cap Blaraukitania (around 650 km south of
Lanzarote), Crowley (1981) showed that this curvess also active during the Pleistocene
(Fig. 5, column 3), when it experienced glacial sedace temperatures (SST) 5 - 7°C lower
than today. From a core off southern Iberia (10@0north of Lanzarote), Cayre et al. (1999)
reported a general decrease of glacial SST of aif@liand a decrease of about 10°C during
Heinrich events.

A low SST directly lowered overlying air temperauand probably caused the following
effects for the vega sediments: (i) reduced evapspiration from soils (Holting, 1996) and
(ii) a lower altitude of condensation. Recentlye thinimum altitude of trade wind clouds is
about 1000 m, which affects the highest peaksefdmara Massif (altitude 670 m) during
only some days of the year (Kammer, 1974). As redwgtacial air temperatures caused a
parallel lowering of the condensation altitude #meltrade wind inversion layer (T. Foken,
oral communication; Schubert et al., 1995), tradedwlouds on Lanzarote may have
experienced a moisturising effect similar to treatently observed on the northeastern slopes
of the higher western Canary Islands (Fig. 6). lienmore, increased glacial trade wind
speeds (deMenocal et al., 1993; Freudenthal €G@02) (Fig. 5, columns 1, 2) should have
increased the amount of trade wind cumulus cloAtlsécht, 1981), although this effect was
probably somewhat neutralised by the reducedwatgowr content of the atmosphere, which
caused the trade wind clouds to have lower desq#igy., Ganopolski et al., 1998; Clark et
al., 1999). The lowered SST probably had a thifdotfon vega sediments: (iii) in
combination with a relatively warm land surfaceidgrsummer, a low SST would have
fostered the formation of coastal fog such asridently seen on the southern Moroccan
coast (Kammer, 1974).

None of the presented scenarios for enhanced Qaayesoil humidity on Lanzarote can be
excluded at this time. It is not yet possible tecdiminate among the effects of different
scenarios for specific time periods, as shown énftllowing example from the Lower
Holocene. Proxies from the vega sediments indicatsaid conditions from about 15 to 8.5
ka, which were followed by continuous aridity. Venaren et al. (2004) showed that most
studies from the westerly-influenced Mediterranasea witnessed fairly humid conditions



between ca.10 and 4 ka, and Cheddadi et al. (¥888hstructed higher westerly
precipitation in the Atlas Mountains from 7 to & These observations exclude a scenario
in which the shift at 8.5 ka ago towards lower sodisture on Lanzarote was caused by
reduced precipitation from westerly cyclones. Usiayelet-analyses, Kuhimann (2003)
reported a major change in the sedimentation patt#ithe Canary Islands ca. 8.5 ka ago,
which was ascribed to the end of monsoonal infleenchis region. Consequently, humid
conditions in the Lanzarote vegas during the LoM@locene could have been caused by
monsoonal precipitation. On the other hand, Bodss#r{2001) reported that SST in the
Canary Current, about 1000 km north of the Canslantls, increased steeply to recent values
at about 8.7 ka. A parallel SST rise was seen lao#t al. (1995) about 900 km downstream
off Cap Blanc between 10 and 7.5 ka, but Kim ef2007) were not able to confirm this rise
close to the Canary Islands. Hence, either decde®Sa@ and air temperatures or a northern
expansion of the African summer monsoon could exle humid conditions in the vegas
until about 8.5 ka.

This example demonstrates that it is not yet ptessiodetail the different causes for
enhanced soil humidity on Lanzarote during the IQu@ternary. However, some
combination of increased precipitation from westesiclones and lowered SST and air
temperature probably triggered the increased soisture on Lanzarote during most of the
glacial periods. Precipitation from a northwardfsgud African summer monsoon may have
amplified this increase in soil humidity during seal short periods or may have prolonged
moist phases by several ka into warm stages subi&se or early MIS 1.

Due to the complex character of our age modelxaateerror can be given (see Section 4).
However, a periodic cyclicity of about 40 ka waggested in the soil humidity pattern from
Lanzarote, with minimum pedogenesis during the Néilcate Holocene and during periods
of 40, 80, 120 and 160 ka during the Upper PleestedFig. 4). This cyclicity was most
clearly recognisable in Femés and in the lowerspafriTeguise and in Guatiza (Figs. 3, 4) and
was hardly recognisable at the upper part of ttguiBe profile due to its low time resolution
(cf. Fig. 2). The cyclicity was reminiscent of th& ka obliquity cycle (e.g., Zachos et al.,
2001) and was obviously negatively correlated whik astronomic parameter when
accounting for a time lag of about 10 ka betwedigally maxima and pedogenesis minima
(Fig. 4, arrows). The correlation in the Upper Hape was biased due to anthropogenic
colluvia consisting of eroded soil material, whgimulated strong pedogenesis in place of the
expected minimum. The case for correlation is gftteened by the facts that the
chronostratigraphy of the vegas was constructeejpeddently of tuning to Milankovich
parameters and that the cyclicity is present thnougthe whole sequence. Due to the
chronostratigraphic uncertainty, the roughly 1Qikee lag can only be approximated.
However, because this phenomenon was present tiwatithe sequence, it appears to be a
real phenomenon rather than an artefact. In nartNerth Atlantic cores, Ruddiman and
Mcintyre (1984) found a 41-ka cyclicity in SST theas positively correlated with the
obliquity cycle with a lag of 9e13 ka, similar teetlag observed on Lanzarote. Thus, the
assumed negative correlation between pedogenasishdiquity was probably transmitted by
SST, which was also negatively correlated with getesis on Lanzarote (Fig. 4). Obliquity
triggers changes of global ice volume, which imtoontrols North Atlantic SST (e.g.,
Ruddiman and Mcintyre, 1984; deMenocal et al., J9B8ddiman (2003) confirmed this
observation with a model incorporating the maivehs of the climate system and found a
time lag of 6.5 + 1 ka between the obliquity cyete sheet growth and SST. In spite of the
uncertainties inherent in both this model and agaschronostratigraphies, it appears that the
obliquity signal was transferred to the vega sedisef Lanzarote by way of the Northern
Hemisphere ice sheets and the related North AUS®IT. The SST influenced the sediments
either by changing the evaporation rate and thdisgatly enhancing soil moisture or by
changing the track of the North Atlantic westerlefich depend on the temperature of the



North Atlantic (Ruddiman and Mcintyre, 1984). Comggently, we can confirm the hypothesis
of Moreno et al. (2002), that most of the Late @uadry climate variability in the northwest
African region at the latitude of the Canary Islaneas controlled by northern high latitude
dynamics.

6. Conclusions

Investigations of soil moisture in sediments deatif®m Saharan dust and local volcanic
material in volcanically dammed valleys of Lanzardemonstrate that this unique terrestrial
archive documents changes in environmental comditio the northwest African region. The
sediments can be used to trace the influencesacflgéace temperatures and westerly
cyclones on this island during the last 180 kaagreement with former studies, the results
showed that environmental conditions in this areaevcontrolled primarily by northern high
latitude rather than low-latitude dynamics, witle thbliquity cycle as a possible trigger.
However, our findings did not exclude an occasiomiience of the low-latitude African
summer monsoon as previously assumed by Kuhima@t8j2although the duration of this
influence was barely resolvable in our archives.

Although it was not possible to sufficiently disarnate among the factors influencing soil
moisture on Lanzarote, our results represent teedetailed description of the environmental
conditions of the coastal area of northwest Afdaaing the last 180 ka. Recent arid/semiarid
conditions on Lanzarote were the exception rathan the rule during the Late Quaternary,
when most glacials and stadials had a positivedigdic landscape budget than today.
Nevertheless, our conclusions are tentative arttiduinvestigations are needed in order to
understand the climate system of the northwestaifriarea.
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Table

Tablel
General features of loess-like and palaeosol sedifagers from the Lanzarote vegas. Data taken
from Suchodoletz et al. (2009b).

general properties loess-like layers palaeosol sediments
colour reddish yellowish-brownish
clay content (%)* 2341 59-80

pH 7.6-8.2 6.6-8.2

vertic properties - +/++
iron-manganese concretions +/++ -/+

secondary calcification +/++ -+

clay illuviation -+ +/++

-, No occurrence; +, slight/medium occurrence; stfgng occurrence.
* Data only from Femés.




Figures

Figurel

Overview of North Africa and surrounding areas. Phosition of Lanzarote is marked with a blank
circle. Main atmospheric circulation systems (wegteinter cyclones, trade winds and African
summer monsoon) are indicated by arrows with aicoats line, and the marine Canary Current is
indicated by an arrow with a dashed line. The looatof palaeoclimatic studies that were compared
with soil moisture proxies from Lanzarote are repreed by filled circles with numbers. Round inset:

Lanzarote, showing the locations of the studiedi@es: Femés, Teguise and Guatiza llI.
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Figure2

Correlation of Guatiza Ill, Femés and Teguise pesfivith humidity proxies for clay content (a),
magnetic frequency-dependent magnetic susceptilidif) (b), and luminescence dating. Clay content
is given as the ratio (fraction< 6.18 um)/(wholkection < 42 um) in arbitrary units, and frequency-
dependent magnetic susceptibility is given in %.
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Figure3

Proxies for soil moisture on Lanzarote, adapteaht@bsolute time scale and compared with the
results of former palaeoclimatic studies from tkestErn Canary Island$C ages were calibrated
using calpal-online. Dark grey layers indicate pési of enhanced soil moisture, middle grey layers
indicate medium soil moisture and light layers @adé arid soil moisture regimes. MIS means marine
isotope stage. 1) Meco and Pomel (1985); 2) Mead. ¢1997) + Damnati et al. (1996); 3) Coello et
al. (1999); 4) Petit-Maire et al. (1994); 5) Rograomd Coudé-Gaussen (1987); 6) Rognon et al.
(1989); 7) Rognon and Coudé-Gaussen (1996a); 8gPamal. (1985); 9) Meco et al. (2002); 10)
Hillaire-Marcel et al. (1995).
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Figure4

Proxies for soil moisture on Lanzarote, adapteaht@bsolute time scale and compared with the
obliquity cycle and proxies from other palaeoclimatudies in the Mediterranean and northwest
African areas. Note the inverse scale for the wiS&&T in the northeast Atlantic, which shows high
values to the left. Dark grey layers indicate p#siof enhanced soil moisture, middle grey layers
indicate medium soil moisture and light layers aadé arid soil moisture regimes. MIS means marine
isotope stage. 1) Zachos et al. (2001); 2) Fretnbet al. (2002); 3) deMenocal et al. (1993); 4)
Crowley (1981); 5) Hooghiemstra et al. (1992); @gdakis et al. (2003); 7) Kallel et al. (2000).
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Figure5
(a) Assumed shift of westerly cyclones during glhperiods as compared to the recent situation. (b)
Two possible positions for the maximal northerduehce of the African summer monsoon during

warmer periods as compared to the recent situation.
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Figure6
Above: Modern situation in the Lanzarote area, shgwarmer SST and air temperature than glacial
periods (below).
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