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ABSTRACT:  Aminochronological and aminostratigraphical methods have been used to study the
Quaternary aeolian deposits from the islands located east of the Canary Archipelago (Fuerteventura
and Lanzarote islands and La Graciosa, Montana Clara and Alegranza islets). The extent of racemisa-
tion/epimerisation of four amino acids (isoleucine, aspartic acid, phenylalanine and glutamic acid)
was measured in land snail shells of the genus Theba. The age calculation algorithms of these amino
acids have been determined to permit the numerical dating of these deposits. Eight Aminozones, each
defining dune/palaeosol-formation episodes, have been distinguished and dated at 48.6 +6.4,
42.5+6.0,37.844.6,29.4+4.8,22.4+4.5,14.9+3.6,11.0+4.0and 5.4+ 1.1 ka BP, the first five
of them defining cycles of 5-7 ka.

The alternation of palaeosols and aeolian deposits, which are related to abrupt transitions from
humid to arid conditions, are the reflection of globally induced changes in North Africa palaeoenvir-
onmental conditions linked to the effect of African palaecomonsoons on the trade winds and the
Saharan Air Layer. Probably these aeolian cycles, with a recurrence period of 5-7 ka, are the expres-
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sion of multiples of the ~2.4 ka solar-cycle. Copyright © 2005 John Wiley & Sons, Ltd.
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Introduction

Fuerteventura and Lanzarote islands and La Graciosa, Montafna
Clara and Alegranza islets (north of Lanzarote Island) are
located in the east part of the Canary Archipelago (Fig. 1),
about 100 km off the coast of Africa. They are characterised
by an arid climate (annual rainfall is ca. 700 mm) and they
are considered to be the western outpost of the Saharan Zone.
This Archipelago is located in a region of strong interaction
between atmospheric and ocean circulation systems. The
major source of terrigenous sediments is the trade winds, which
drive seasonal coastal upwelling, and the dust storms from the
neighbouring Sahara Desert.

These islands and islets are composed of a variety of mostly
volcanic rocks. Likewise, Quaternary palaeosols interbedded
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with aeolian deposits (dunes) occur (Fig. 2), providing palaeo-
climatic information, i.e. they represent the alternation of
humid and arid episodes (Petit-Maire et al., 1986, 1987;
Rognon and Coudé-Gaussen, 1988, 1996a; Damnati et al.,
1996; Damnati, 1997; Castillo et al., 2002).

According to Damnati et al. (1996) and Damnati (1997), the
aeolian deposits consist mainly of carbonate sands, while the
palaeosols are dominated by lutites. The clay mineralogy sug-
gests an allochthonous origin to that part of the sediments
related to dust transport from the western Sahara Desert.
Previous studies have shown that some of the aeolian deposits
from Fuerteventura and Lanzarote Islands have been
accumulated during MIS 1 and 3 (Petit-Maire et al., 1986;
Hillaire-Marcel et al., 1995; Damnati et al., 1996; De La Nuez
etal., 1997; Meco et al., 1997). These dune-formations contain
abundant remains of land snails (Fig. 2) and vertebrates, some
of them extinct (Michaux et al., 1991; Boye et al.,, 1992;
Castillo et al., 1996), as well as abundant ichnofossils
(Fig. 2), mainly produced by hymenopters (Ellis and Ellis-
Adam, 1993; Edwards and Meco, 2000; Alonso-Zarza and
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Geographical location and geology of Fuerteventura and Lanzarote islands and La Graciosa, Montafia Clara and Alegranza islets with the

situation of the stratigraphic sections in circles (modified from Ancochea et al., 1996; 2004): (1) Barranco de los Encantados (FBE), (2) Montana de la
Costilla (FMC), (3) Barranco del Pecenescal (FBP), (4) Atalayeja Grande (FAG), (5) Montaiia Azufra (FMA), (6) Hueso del Caballo (FHC), (7) Mala
(LMA), (8) Loma de San Andrés (LLA), (9) Tao (LTA), (10) Morros Negros (GMN), (11) Caleta del Sebo (GCS), (12) La Cocina (GLC), (13) Caleta de
Guzman (MCG), (14) Montana Lobos (AML). Other sections cited in the text are also indicated in the figure (in squares): Jandia (A), Pozo Negro (B),
Corralejo (C), Teguise (D). Rosa Negra section is also called Montaia de la Costilla (2)

Silva, 2002) and coleopters (Genise and Edwards, 2003). High
degrees of species diversity and endemicity (Yanes et al.,
2004) characterise the land snail assemblages. However, geo-
chronological studies of these deposits are scarce and uncon-
nected.

Among the different dating methods applied, amino acid
racemisation has become increasingly common. The method
is based on the fact that living organisms contain only L-amino
acids which gradually racemise (epimerise) into D-amino acids
after death. Thus, the D/L ratio increases with time after death
until it is equal to 1 (1.3 for isoleucine), that is, when equili-
brium is reached. The racemisation/epimerisation process is a

Copyright © 2005 John Wiley & Sons, Ltd.

first-order-reversible chemical reaction, which is genus- and
temperature-dependent.

Amino acid racemisation dating has been successfully used
for the correlation and dating of aeolianites from different areas
around the world, such as Madeira (Goodfriend et al., 1996),
Bahamas (Kindler and Hearty, 1995; Hearty et al., 1999),
Bermuda (Vacher et al., 1995), islands close to Australia
(Murray-Wallace et al., 2001, Brooke et al., 2003; Hearty,
2003) and the Hawaiian islands (Hearty et al., 2000). This
method offers several advantages compared to other dating
methods: only a small sample is necessary for a single analysis
(20-60 mg), different kinds of samples are suitable, including

J. Quaternary Sci., Vol. 21(3) 287-306 (2006)
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Figure 2 Photographs of the Canary Islands aeolian/palaeosol sequences. A: aerial view of Montaia Clara (front) and La Graciosa (rear) islets, com-
posed of volcanic rocks. B: Upper part of the Mala stratigraphic section, Lanzarote Island (LMA), where palaeosols (P) interbedded with aeolian depos-
its (dunes-D) appear. C: Lower part of Morros Negros stratigraphic section, with palaeosols (P) and dune deposits (D). D: Land snail shells and insect
nests from bed GCS-1 (the scale is in cm). E: Middle part of Barranco de los Encantados section, Fuerteventura Island (FBE), with aeolian deposits (D)
and palaeosols (P). F: Lag deposit of land snail shells, consisting mostly in Theba geminata, from bed GCS-2 (grid size is 1 m?). Sampled horizons are

marked in the photographs

mollusc shells, and the method can be used beyond the range
of radiocarbon and partially beyond that of U/Th. Gastropod
shells are particularly useful for amino acid racemisation/epi-
merisation dating, as their non-porous shell structure minimises
contamination (Hare and Mitterer, 1968). Thus, it has been
successfully used for the dating of gastropod shells (Goodfriend,
1987a, 1991, 1992; Goodfriend and Mitterer, 1988; Meyer,
1992; Torres et al., 1997; Ortiz et al., 2002; Brooke et al., 2003).

Copyright © 2005 John Wiley & Sons, Ltd.

The aim of this paper is to define, correlate and date the
different aeolian episodes built up on the Fuerteventura and
Lanzarote islands and La Graciosa, Montana Clara and
Alegranza islets through amino acid racemisation analysis of
fossil land snails. We have selected shells belonging to the
genus Theba. Because the amino acid racemisation is not a
numerical dating method in isolation, it needs to be calibrated,
mainly by radiometric dating methods. In this paper, the age

J. Quaternary Sci., Vol. 21(3) 287-306 (2006)
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calculation algorithms for four amino acids (isoleucine, aspar-
tic acid, phenylalanine and glutamic acid) will be established
using samples previously dated by radiocarbon (De La Nuez
et al,, 1997) as well as new datings shown in this paper.
Our results will be compared with others previously published
in order to establish the stratigraphical framework of these
aeolian deposits. Finally, their palaeoclimatic significance will
be discussed.

Geographical location and geological context

Fuerteventura and Lanzarote islands and the Chinijo
Archipelago (La Graciosa, Montafia Clara and Alegranza islets)
are the easternmost islands of the Canary Archipelago. They
consist of volcanic rocks erupted in three main cycles (Coello
et al., 1992): the first one was of submarine character with
hyperabyssal roots (plutons and dykes) with successive subaer-
ial growth (Ancochea et al., 1996), and is called the ‘Basal
Complex’ accumulation; the second one produced subaerial
flows during the Miocene (20-12Ma), although volcanic
activity prevailed in Lanzarote Island until 5Ma; and finally,
after a period of volcanic inactivity and erosion, another
episode of subaerial eruptions (more limited than the previous
one) took place (Pliocene-Pleistocene-Holocene). These
islands and islets form part of the same insular shelf.

An important geomorphological feature is the development
of ‘jable’ (in local terminology), which consists of aeolian
deposits made of marine-origin bioclastic sand, in some cases
covering wide areas, such as on Fuerteventura Island and La
Graciosa Islet (Fig. 1). Many stratigraphic sections have been
studied and sampled (Fig. 1; Table 1). Each section was named
using three letters according to the island/islet on which it is
located and the initial letters of the section, e.g. Morros Negros
(La Graciosa Islet) is named GMN.

Fuerteventura Island is 1662 km?, with its major peak (Zarza
peak) reaching 807 ma.s.l. It is the oldest island of the Canary
Archipelago and one of the few where the ‘Basal Complex’
materials crop out (Coello et al., 1992; Ancochea et al.,
1996). Volcanic rocks erupted during the Miocene together
with basalts dated at Pliocene, Pleistocene and Holocene also
appear. Six stratigraphic aeolian sections have been studied
and sampled (Figs 1 and 3; Table 1): Barranco de los Encanta-
dos (FBE), Montaia de la Costilla (FMC), Barranco del Pecenes-
cal (FBP), Atalayeja Grande (FAG), Montana Azufra (FMA), and
Hueso del Caballo (FHC).

Table 1 Geographical location of the sections

Lanzarote Island is the second oldest island of the Canary
Archipelago, with an area of 833 km? and a highest elevation
of 670ma.s.l. (Riscos de Famara). Miocene to Holocene age
volcanic materials are commonly found here (Carracedo and
Rodriguez, 1993; Coello et al., 1992). Aeolian deposits are
observed only across the north part of the island and have been
studied (Figs 1 and 4; Table 1): Mala (LMA), Loma de San
Andrés (LLA) and Tao (LTA).

The Chinijo Archipelago is located north of Lanzarote Island
and comprises La Graciosa, Montana Clara and Alegranza
islets (Fig. 1). These islets are composed of Lower Pleistocene
and Upper Pleistocene-Holocene volcanic sequences, made
of cinder cones and hydromagmatic centres on a flat platform
(Faster et al., 1968; Quesada et al., 1992). La Graciosa is the
biggest islet (27 km?) where the oldest volcanic rocks appear
below more than 1 m of fossil beach (Series Il of Fuster et al.,
1968). Its most important geomorphological feature is the
development of ‘jable’ (De La Nuez et al., 1997). Three aeolian
localities have been studied and sampled (Figs 1 and 5; Table 1):
Morros Negros (GMN), Caleta del Sebo (GCS) and La Cocina
(GLC) stratigraphic sections.

Montafia Clara is the smallest islet (1.1 km?). It is made up of
Upper Pleistocene and Holocene volcanic deposits (Fuster
et al.,, 1968; De La Nuez et al., 1997). The non-volcanic
Quaternary deposits consist of talus debris and dunes contain-
ing abundant land snail shells and hymenopter nests. The
best-exposed aeolian deposits belong to the Caleta de Guzman
section (MCQ) (Figs 1 and 5; Table 1).

Alegranza is the craggiest islet and, therefore, the ‘jable’ is
less developed than on the other islets. The Montana Lobos sec-
tion (AML) (Figs 1 and 5; Table 1) has been studied and
sampled. Only a thin palaeosol has been observed at the top
of the section, being capped by pyroclastic materials from
recent volcanic eruptions of ‘La Caldera’ (Fig. 5).

Material and methods

Amino acid racemisation

For amino acid racemisation dating purposes samples were
collected with gloves and tweezers, excavating 30-50 cm deep
holes to avoid surface contamination and minimise the influ-
ence of air temperature. The sampled horizons are indicated
for each stratigraphic section according to Figs 3 to 5 and
Table 4. A total number of 237 Helicidae samples were

Island Islet Section Nomenclature Longitude Latitude Elevation (m)
Barranco de Encantados FBE 28° 38 12" N 13° 59 4" W 153
Montana de la Costilla FMC 28° 41" 16" N 13° 58 9" W 55
Fuerteventura Barranco del Pecenescal FBP 28° 7' 42" N 14° 16’ 49" W 95
Atalayeja Grande FAG 28° 8 53" N 14°17' 18" W 237
Montana Azufra FMA 28° 5" 41" N 14° 27" 52" W 90
Hueso del Caballo FHC 28° 10" 17" N 14° 14 33" W 100
Lomo de San Andrés LLA 29° 2" 12" N 13° 36’ 48" W 280
Lanzarote Tao LTA 29° 2" 36" N 13° 36’ 51”7 W 247
Mala LMA 29° 5" 43" N 13°27' 38" W 25
Morros Negros GMN 29° 15 22" N 13°29' 16" W 10
La Graciosa Caleta del Sebo GCS 29° 13/ 38" N 1330 12" W 2
La Cocina GLC 29° 13/ 8" N 13° 32" 6" W 25
Montana Clara Caleta de Guzman MCG 29° 16/ 35" N 13° 31" 46" W 3
Alegranza Montafa Lobos AML 29° 23 20" N 13°30 10" W 30

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 4 Composite stratigraphic sections of Lanzarote Island: Mala (LMA), Loma de San Andrés (LLA), and Tao (LTA). Sampled horizons are shown

analysed, belonging to Theba geminata (Mousson) and, in one
locality (MCG-1), Theba arinagae Gittenberger and Ripken.
This genus was selected because it is the most abundant ende-
mic one on the eastern Canary Islands (Gittenberger and Ripken,
1987; Gittenberger et al., 1992; Castillo et al., 2002). In order
to establish the lack of diagenesis in the shells, X-ray diffraction
studies were carried out, showing an aragonitic composition,
similar to the actual representatives (unpublished data). Both
species were used together because only monogeneric samples
produce taxonomically controlled variability in D/L ratios
(Murray-Wallace, 1995; Murray-Wallace and Goede, 1995).
Three living gastropods were also analysed to establish the
induced racemisation by the acid-hydrolysis during sample
preparation.

Samples were sieved under running water and dried at room
temperature. Gastropods were carefully sonicated and cleaned
with water to remove the sediment contained inside the shells.
Afterwards, they were cleaned in 2N HCI and 70-80 mg of
shell was selected.

The sample preparation protocol is described in Goodfriend
(1991) and Goodfriend and Meyer (1991) and involves:

1 Hydrolysis under N, atmosphere in a mixture of 12 NHCI
(2.9 pl/mg) and 6 N hydrochloric acid (100 pl) for 20h at
100 °C; desalting with HF, freezing and drying of the super-
natant under vacuum.

2 Derivatisation: amino acids were derivatised in a two-step
process, first involving esterification with 250 pl of 3 M thio-

Copyright © 2005 John Wiley & Sons, Ltd.

nyl chloride in isopropanol for 1h at 100°C under N,; the
samples were dried and acylated by reaction with 200 pl
of trifluoroacetic acid anhydride (25% in dichloromethane)
for 5min at 100 °C. Excesses of derivative and solvent were
evaporated under a gentle flow of nitrogen. The sample was
taken up in 100 ul of n-hexane.

1 pl was injected into a Hewlett-Packard 5890 gas chromato-
graph. The injection port was kept at 215 °C and set for splitless
mode for the first 755, at the beginning of which the sample
was injected, and later set to split mode. Helium was used as
the carrier gas, at a column head pressure of 5.8 psi, with a
Chirasil-L-Val fused silica column (0.39 mm x 0.25 um x 25 m)
from Chrompack. The gradients used were as follows: 50°C
(1 min), heating at 40 °C/minto 115°C, 12min at 115 °C, heat-
ing at 3°C/min to 190°C, 10 min at 190°C, cooling to 50°C
and remaining at this temperature between runs (at 80°C if
the time between runs was longer, typically overnight). The
detector used was an NPD set at 300 °C. Integration of the peak
areas was carried out using the HP PEAK96 integration program
from Hewlett-Packard.

Radiocarbon dating

Three samples (GMN-3, GCS-1 and MCG-1) were previously
dated in the Gliwice Radiocarbon Laboratory of the Silesian

J. Quaternary Sci., Vol. 21(3) 287-306 (2006)
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Figure 5 Composite stratigraphic sections of Chinijo Archipelago: Morros Negros (GMN), Caleta del Sebo (GCS), La Cocina (GLC), Caleta de
Guzman (MCQ) and Montaia Lobos (AML). The sampled horizons are shown. For legend see Fig. 4

University of Technology (Poland) by De La Nuez et al. (1997)
using the conventional radiometric technique (Table 6).

Additional AMS radiocarbon dating was undertaken on gas-
tropods from new collections from samples MGC-3, FMC-1,
FMC-3, FAG-1, FAG-3, LMA-2, LMA-7, and LLA-2 in the
Gliwice Radiocarbon Laboratory. The gastropods were treated
with 0.5 MHCl in order to remove the surface layer of carbo-
nate. Afterwards, the CaCO3; was decomposed with concen-
trated H3PO,, and released CO, was collected, purified and
graphitised. Radiocarbon concentration in produced graphite
targets was measured with use of a NEC Compact Carbon
AMS system.

Results and discussion

The D/L ratios of four amino acids (isoleucine, aspartic acid,
phenylalanine and glutamic acid), obtained from 237 analyti-
cal samples of Theba from the eastern islands and islets of
the Canary Archipelago, correlate strongly with each other
(Table 2) and can be directly related to the age of the sampled
horizon. The D/L ratios of leucine, alanine or valine, however,
do not behave similarly. They show low correlation coeffi-

Copyright © 2005 John Wiley & Sons, Ltd.

Table 2 Correlation coefficients (r) between D/L ratios of various
amino acids from Theba shells recovered in the eastern islands and
islets of the Canary Archipelago. All correlations are statistically signif-
icant at the level of p<0.001

D-alle/L-lle D/L Asp D/L Phe D/L Glu
D-alle/L-lle — 0.796 0.800 0.959
D/L Asp — 0.833 0.857
D/L Phe — 0.829

D-alle/L-lle: D-alloisoleucine/L-isoleucine; Asp: aspartic acid; Phe:
phenylalanine; Glu: glutamic acid.

cients, which suggests that not only age but also other factors
affect their racemisation ratios (Goodfriend, 1991).

The covariance patterns of the D/L ratios were analysed by
principal components analysis (Table 3). The first component
axis (eigenvector) accounts for ca. 96% of the covariation of
the D/L ratios, which represents the covariation in racemisa-
tion/epimerisation rates in the four amino acids measured in
Theba shells. This is why we used the D/L ratios of the four
amino acids together to establish the aminostratigraphy and
aminochronology of the aeolian deposits. In fact, according
to Goodfriend (1991), the analysis of more than one amino acid

J. Quaternary Sci., Vol. 21(3) 287-306 (2006)
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Table 3  Principal components analysis of the correlation matrix of the
D/L ratios of the four amino acids measured in Theba samples described
in Table 4, giving the first three eigenvectors (principal component axis)
and the proportion of the total variance in the data set

Eigenvector 1 Eigenvector 2 Eigenvector 3

D-alle/L-lle 0.949 0.279 —0.087
D/L Asp 0.923 —0.197 0.329
D/L Phe 0.911 —0.312 —0.269
D/L Glu 0.968 0.207 0.025
Proportion of 88.02 6.40 4.70
variance

D-alle/L-lle: D-alloisoleucine/L-isoleucine; Asp: aspartic acid; Phe:
phenylalanine; Glu: glutamic acid.

provides largely redundant information on sample age. The
mean D/L ratios of the different amino acids (isoleucine, aspar-
tic acid, phenylalanine and glutamic acid) in Theba shells are
given in Table 4.

Aminostratigraphy

Aminostratigraphy consists in ‘placing in stratigraphic order’
sets of geological or palaeontological localities according to
the D/L ratios measured from the same group of fossils (genera).
Fundamental to this exercise is the assumption that all samples
of the same age are preserved under similar environmental
conditions, inorganic geochemistry and thermal histories.
Therefore, each aminozone constitutes a dune/palaeosol
formation event.

Table4 Mean values and standard deviation of D/L ratios of isoleucine, aspartic acid, phenylalanine and glutamic acid obtained in Theba shells from
the eastern islands and islets of the Canary Archipelago and summary of the datings. n: number of samples analysed

Sample n D-alle/L-lle D/L Asp D/L Phe D/L Glu Age (ka BP)
Actual 3 0.001 £0.000 0.037+£0.013 0.020+0.002 0.022 +£0.002 —
FBP-1 5 0.293+0.033 0.492 +0.045 0.436 +£0.045 0.269 +£0.029 15.24+3.4
FBE-1 5 0.855+0.113 0.669 £+ 0.051 0.695+0.077 0.580+0.075 48.1£5.6
FBE-2 5 0.888 £0.056 0.647 +£0.049 0.703+£0.029 0.564 +£0.044 47.8+5.7
FBE-3 5 0.839 £0.056 0.635+0.065 0.748 £0.045 0.534+£0.070 46.6 £6.5
FBE-4 5 0.729£0.042 0.593 £0.041 0.667 +£0.053 0.533+0.022 38.9+6.4
FBE-5 5 0.659 £0.020 0.655+0.059 0.654 +0.045 0.483 +£0.043 37.6+49
FBE-6 5 0.658 £0.026 0.628 +£0.015 0.674+0.036 0.493 +£0.020 37.5+4.2
FBE-7 5 0.622 +0.008 0.641+0.033 0.637 £0.064 0.504 £0.019 39.3+£5.5
FHC-1 5 0.537 £0.088 0.544 +0.067 0.559+0.014 0.409 +£0.048 27.0+4.5
FHC-2 5 0.431£0.026 0.578+£0.016 0.506 £0.059 0.341£0.014 23.24+4.2
FMA-1 5 0.602 +£0.082 0.590+0.044 0.537 £0.055 0.420+0.069 29.7+5.0
FMC-1 5 0.813+£0.017 0.640+0.018 0.707 £0.045 0.555+0.018 47.2+4.6
FMC-2 5 0.761£0.045 0.669 £ 0.045 0.680+£0.053 0.534 £0.040 44.7 £6.5
FMC-3 5 0.156 +£0.044 0.416+0.054 0.250+0.020 0.168 +£0.035 6.3+2.4
FAG-1 5 0.830+£0.083 0.725+0.070 0.719+0.088 0.628 +0.064 55.7+5.5
FAG-2 5 0.388+£0.019 0.562+0.022 0.520+£0.034 0.317+£0.014 21.6+4.4
FAG-3 5 0.163£0.011 0.330+£0.033 0.195+0.024 0.134+£0.020 54+1.7
LTA-1 5 0.208 £0.018 0.434 +£0.046 0.401 £0.063 0.231£0.035 11.8+4.0
LTA-2 5 0.220+£0.024 0.470+£0.010 0.411+£0.021 0.239+0.028 12.3+2.8
LLA-1 5 0.682+£0.077 0.627 £0.037 0.660+£0.043 0.488 £0.037 38.0+4.0
LLA-2 5 0.576 £0.053 0.630+0.023 0.632+0.041 0.427 £0.033 33.5+3.2
LMA-1 5 0.684 £0.082 0.638 £0.046 0.639+£0.070 0.502 £0.041 38.6+6.9
LMA-2 5 0.625+0.026 0.666 +0.025 0.668 +0.038 0.502+0.023 39.8+4.6
LMA-3 5 0.590+£0.027 0.624 £0.031 0.667 £0.026 0.438+£0.019 34.94+5.3
LMA-4 10 0.538 £0.049 0.612+0.017 0.597 £0.029 0.416 £0.034 30.6+4.2
LMA-5 5 0.547 £0.052 0.603£0.012 0.602 £0.030 0.429£0.018 31.1+£3.2
LMA-6 5 0.435+0.029 0.566+0.034 0.602 +0.062 0.356 £0.024 27.4+4.4
LMA-7 5 0.450£0.033 0.604 £0.029 0.595+£0.047 0.390£0.014 28.2+5.1
GMN-1 6 0.720+£0.042 0.679 £ 0.065 0.643 +£0.063 0.534+0.053 43.0+7.8
GMN-2 6 0.725+0.039 0.673 £0.045 0.673 +£0.040 0.554 +£0.047 43.6 £6.3
GMN-3 6 0.734£0.071 0.671+£0.033 0.661+£0.038 0.520£0.032 42.2+5.2
GMN-4 5 0.679£0.027 0.661+0.030 0.656 +£0.057 0.506 +£0.020 40.2+4.8
GMN-5 6 0.801 £0.042 0.676 £0.024 0.665+0.032 0.516 £0.038 43.5+4.9
GMN-6 5 0.518 £0.067 0.614+0.028 0.554 +£0.080 0.406 +0.029 29.4+4.6
GMN-7 5 0.261+£0.032 0.498 +£0.038 0.480+0.054 0.264 +£0.012 16.5+3.9
GMN-8 5 0.272+£0.051 0.489 + 0.037 0.416 £0.067 0.252+0.079 17.6+3.3
GCS-1 6 0.452+0.017 0.626 +£0.032 0.624 +0.049 0.384+0.019 30.3+5.5
GCS-2 6 0.360+0.045 0.565+0.019 0.492+0.042 0.316 £0.014 20.6+3.4
GLC-1 5 0.537£0.037 0.594 +0.068 0.616+0.042 0.414+£0.034 31.5+5.7
GLC-2 4 0.457 £0.040 0.564 +0.047 0.510+£0.051 0.391 £0.029 24.8+4.4
MCG-1 6 0.698 £0.084 0.670+£0.049 0.644 +£0.076 0.535£0.049 40.2+7.9
MCG-2 5 0.473£0.061 0.611+0.064 0.583+0.089 0.415+0.057 28.5+6.4
MCG-3 6 0.113+£0.005 0.319+0.007 0.188+0.077 0.157 £0.068 4.6 0.7
AML-1 5 0.115£0.023 0.472+£0.059 0.373£0.053 0.176 £0.021 10.1+4.0

D-alle/L-lle: D-alloisoleucine/L-isoleucine; Asp: aspartic acid; Phe: phenylalanine; Glu: glutamic acid.

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 6 Dendrogram (complete linkage and Euclidean distance) of the D-alle/L-lle, D/L Asp, D/L Phe and D/L Glu values obtained in Theba snails
from diverse stratigraphic sections of the Canary Archipelago eastern islands. Each cluster was identified to an aminozone (A1, oldest, to A8, youngest)

Eight groups (aminozones) were established with the aid of
cluster analysis (complete linkage and Euclidean distance),
using the isoleucine, aspartic acid, phenylalanine and glutamic
acid D/L ratios (Fig. 6). The mean D/L ratios of each aminozone
are in Table 5. Aminozone 1, with the highest racemisation/
epimerisation ratios, groups the oldest deposits (earliest dune/
palaeosol-formation episode found on these islands), while
Aminozone 8 corresponds to the youngest beds (eighth dune/
palaeosol-formation episode).

In order to test the reliability of the aminozones we per-
formed multivariate analysis of variance (MANOVA). We
compared the mean square values through the variance ratio
F test. The results in Table 7 show that the significance level
(p) is much lower than 0.01. Likewise, the observed value of
F (24.87) is greater than the tabulated value (1.65) at the 95%
level of confidence and also greater than the tabulated F value
(2.06) at the 99% level of confidence, so the null hypothesis
(similarity of aminozones) can be rejected. Furthermore, the
Wilks” lambda value is 0.079, close to 0, meaning that a good
discrimination can be interpreted between aminozones. There-

fore, the MANOVA does clearly distinguish between the mean
D/L ratios of isoleucine, aspartic acid, phenylalanine and glu-
tamic acid that define the aminozones. We also calculated the
squared Mahalanobis distances between the group centroids to
compare the mean response between pairs of aminozones. The
Mahalanobis distance is similar to the standard Euclidean dis-
tance measure, except that it takes into account the correla-
tions between variables. The respective p-levels of the
squared Mahalanobis distances between pairs of aminozones
(Table 8) are below 0.05 (most of them even below 0.01)
and, therefore, the mean D/L values that define each amino-
zone are reliable.

There is close correspondence between the aminozones
and the stratigraphic position of the beds within each section
(Fig. 7). According to these results, the lower half of the
Barranco de los Encantados section (from FBE-1 to FBE-3) cor-
responds to the same (and oldest) dune-formation episode, and
correlates with the bottom of the Montafa de la Costilla
(FMC-1) and Atalayeja Grande sections (FAG-1), all of which
are located on Fuerteventura Island (Fig. 7).

Table 5 Mean and standard deviation values of isoleucine, aspartic acid, phenylalanine and glutamic acid D/L ratios that characterise the amino-
zones established in the eastern islands and islets of the Canary Archipelago. The average age of the different aminozones is also represented

Aminozones D-alle/L-lle D/L Asp D/L Phe D/L Glu Age (ka)
8 0.1394+0.018 0.3434+0.029 0.2014+0.030 0.1524+0.030 54+£1.1

7 0.173+0.056 0.459 +£0.044 0.384+0.051 0.209 +£0.040 11.0£4.0
6 0.2704+0.034 0.5054+0.035 0.4434+0.051 0.2624+0.025 149+3.6
5 0.4024+0.039 0.568+0.026 0.510+0.037 0.337+0.035 22.4+£45
4 0.589+0.064 0.603+0.037 0.586+0.040 0.395+0.040 29.4+£4.8
3 0.643 £0.055 0.640+0.034 0.653 +£0.040 0.484+0.038 37.8+4.6
2 0.7414+0.053 0.659+0.044 0.6584+0.039 0.5294+0.037 42.5+6.0
1 0.834+0.059 0.677 +£0.050 0.7194+0.062 0.576 +£0.060 48.6+£6.4

D-alle/L-lle: D-alloisoleucine/L-isoleucine; Asp: aspartic acid; Phe: phenylalanine; Glu: glutamic acid.

Copyright © 2005 John Wiley & Sons, Ltd.
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The lower half of the Morros Negros (La Graciosa Islet) strati-
graphic section, from set GMN-1 to GMN-5 with the exception
of set GMN-4, belongs to Aminozone 2, and correlates with the
bottom of Caleta de Guzman (MCG-1), located at Montana
Clara Islet, and the middle part of the Barranco de los Encanta-
dos (FBE-4) and Montania de la Costilla (FMC-2) sections, both
on Fuerteventura Island (Fig. 7). It is noticeable that set GMN-4,
which should be included within Aminozone 2, belongs to
Aminozone 3. This is due to the lower isoleucine D/L value
in GMN-4 than in beds GMN-1, 2, 3 and 5, while the racemi-
sation ratios of aspartic acid, phenylalanine and glutamic acid
are similar.

The top half of the Barranco de los Encantados section (FBE-5
to FBE-7) was deposited during the third dune-formation epi-
sode, together with beds from the Loma de San Andrés section
(LLA-1 and 2) and the bottom of the Mala section (LMA-1 to 3),
both from Lanzarote Island (Fig. 7).

The bottom of the Montana Azufrd section (FMA-1) and the
bottom of the Hueso del Caballo section (FHC-1), both on
Fuerteventura, correspond to the fourth dune-formation epi-
sode (Fig. 7). These beds correlate with the top half of the
Mala section (LMA-4 to 7), the middle of the Caleta de
Guzman section (bed MCG-2), the bottom of the Caleta del
Sebo section (CGS-1), the bottom of the La Cocina
section (GLC-1) and set GMN-6 of the Morros Negros section
(Fig. 7).

During the fifth dune-formation episode, the top of the
Hueso del Caballo (FHC-2), La Cocina (GLC-2) and Caleta
del Sebo (GCS-2) sections were deposited, as well as the inter-
mediate beds of Atalayeja Grande section (FAG-2) (Fig. 7).

The Tao section (LTA-1, 2) and the Montafa Lobos section
(AML-1) are grouped in Aminozone 6 (Fig. 7).

The top of the Morros Negros section (GMN-7, 8) and at least
the bottom of the Barranco del Pecenescal (FBP-1) section were
deposited during the seventh dune-formation episode (Fig. 7).

Unfortunately, the top of the Barranco del Pecenescal sec-
tion was strongly cemented and no amino acid racemisation
analysis on gastropods could be performed. We cannot rule
out the possibility that the uppermost part of this section
belongs to Aminozone 8, which includes the top of the Ata-
layeja Grande (FAG-3), Montana de la Costilla (FMC-3) and
Caleta de Guzman (MGC-3) sections (Fig. 7).

These results demonstrate that all the dune-palaeosol accu-
mulation episodes (aminozones) are nowhere recorded in the
same stratigraphic section. In some cases, there was a continu-
ity of several successive episodes (FBE, FHC, LMA, GCS and
GLC sections), whereas in other sections the amino acid ratios
suggest the presence of a hiatus (FAG, FMC, GMN and MCG
sections). In sections AML, LLA, LTA, FBP and FMA, only one
dune-formation episode is recorded.

The highly similar values of the D/L ratios (e.g. around 0.73
in D-alle/L-lle) of the different amino acids in samples from
palaeosols 1 to 5 of the GMN section suggest the stacking
of dune beds between periods of soil formation over a short
period of time. This alternating pattern of dunes and palaeo-
sols implies a rapid change in environmental conditions,
from more arid stages represented by mobile dunes to more
humid phases represented by palaeosols. This style of deposi-
tion also occurs in other aeolian formations on the island of
Lanzarote, where a D-alle/L-lle ratio of ~0.5 obtained in six
stacked palaeosols of a stratigraphic section (Hillaire-Marcell
et al., 1995) indicates rapid deposition. The greatest varia-
tions in the D/L ratios are found between palaeosols MCG-
2 and MGC-3 on the islet of Montana Clara, pointing to a per-
iod of dune activation that should be much longer than the
formation timespan of the first five palaeosol levels of Morros
Negros.

Copyright © 2005 John Wiley & Sons, Ltd.

Aminochronology

Aminochronology is a means of converting the relative D/L
ratios of the amino acids into numerical ages. However, the
amino acid racemisation method is not a numerical dating
method in itself and needs to be calibrated with either pre-
viously dated samples (i.e. through radiometric dating meth-
ods) or by ‘high’-temperature laboratory experiments to
determine the rate of natural amino acid racemisation/epimer-
isation in a particular genus.

As the racemisation process is both genus- and tempera-
ture-dependent, age calculation algorithms can only be
established from samples located in areas with the same ther-
mal history, e.g. Theba shells recovered in the Canary
Islands. Two models are commonly used for calibration:
first-order reversible kinetics (FOK) and apparent parabolic
kinetics (APK).

For calibration, several dated samples of different ages are
needed. When previously dated samples are scarce, the
calibration can be simplified by taking an FOK pattern
(Mitterer, 1975) that relates the expression In[(1+ D/L)/
(1 —D/L)] with time or the square root of time. According to
some authors, the racemisation/epimerisation reaction is pre-
sumed to follow reversible FOK kinetics only at initial stages
of diagenesis (Masters and Bada, 1977; Kriausakul and
Mitterer, 1980; Miller and Brigham-Grette, 1989; Wehmiller
and Hare, 1971; Bada and Schroeder, 1972). Nevertheless,
the best correlations between D/L ratios (up to 1.0) of different
amino acids and time and/or the square root of time were
obtained with FOK by Miller et al. (1991, 1992), Torres et al.
(1997) and Ortiz et al. (2004).

Mitterer and Kriausakul (1989) modelled racemisation/epi-
merisation reactions in terms of APK, a procedure that gener-
ates a linear relationship between the square root of time and
D/L ratios. However, the applicability of the parabolic
approach at very low or high D/L ratios may be questionable
(Mitterer and Kriausakul, 1989; Murray-Wallace and Kimber,
1993). Other relationships between age and D/L ratios have
also been proposed (Goodfriend et al., 1992, 1995; Ellis
et al., 1996; Csapo et al.,, 1998; Kaufman, 2000; Manley
et al., 2000).

In short, since no model seems to describe satisfactorily the
patterns of each of the amino acids, a model must be chosen
empirically for each data set based on the goodness of fit
(Goodfriend, 1991). In fact, in the studies by Goodfriend
(1991) and Ortiz et al. (2004), the patterns of some amino acids
linearised better with apparent parabolic kinetics, while for
others the ‘first-order kinetics’ trend was the best one. For the
calculation of algorithms, the radiocarbon data of Table 6 were
used. It must not be overlooked that in carbonate areas, land
snails ingest old carbonates (deficient in '*C) and incorporate
this carbon into their shells during growth (Goodfriend and
Hood, 1983). Thus, ages can be anomalously old and range
up to ca. 3ka (Goodfriend and Stipp, 1983; Goodfriend,
1987b; Goodfriend et al., 1999). This age anomaly can be cal-
culated from radiocarbon analysis of modern, live-collected
shells or shells collected alive before thermonuclear bomb tests
in the 1950s.

In our case, we used the age anomaly of an actual gastropod
(Theba) from the Canary Islands (Table 9). For the calculation of
the age anomaly of the live-collected gastropod Goodfriend’s
(1987a) equation was employed:

s C
m m 1000
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Table 6 '*C datings of fossil gastropod samples from the stratigraphic sections studied from the eastern Canary Islands. Analysis of GMN-3, GCS-1,
and MCG-1 were obtained by De La Nuez et al. (1997) using a conventional radiocarbon technique. Analysis of the rest of the samples were per-

formed in an AMS. See text for details of correction procedures

Sample Material C age (yr BP) Corrected '*C age (yr BP) Calibrated age (yr BP)
MCG-3 GdA-391 5770+£35 3046 £47 3250£70
FMC-3 GdA-379 6260 + 40 3536+ 51 3810£70
FAG-3 GdA-383 6960 £ 40 4236+ 51 4750490
GCS-1 Gd-10441 33600+ 1400 30876+ 1400 36160+ 1780
MCG-1 Gd-10439 36200+ 2600 — 2000 3377642300 38890+ 2240
LMA-7 GdA-386 37700+ 500 34976 +500 40760+790
GMN-3 Gd-10438 37800+ 3300 — 2400 35526 +2850 39820+ 2460
FMC-1 GdA-378 40600 £+ 600 37876+ 600 42530£270
FAG-1 GdA-382 42200+ 700 39476 +700 43320+£450
LMA-2 GdA-385 43 000 £+ 800 40276 +£800 43810£580
LLA-2 GdA-387 43300 £ 800 40576 +800 44000 £630

Table 7 Multivariate analysis of variance (MANOVA) of the isoleucine, aspartic acid, phenylalanine and glutamic acid D/L ratios from the amino-

zones established in the eastern islands and islets of the Canary Archipelago

Wilks’ lambda Observed F d.f.

Tabulated F (for a=0.05)

Tabulated F (for a=0.01) p-level

0.0792 24879 (28900)

1.65 2.06

<0.0001

d.f. degrees of freedom.

Table 8 p-levels of the squared Mahalanobis distances among the
amino acid D/L ratios of pairs of Aminozones

Compared aminozones p-level

Am 7 vs. Am 8 0.00557
Am 6 vs. Am 7 0.00253
Am 5 vs. Am 6 0.00925
Am 4 vs. Am 5 0.00974
Am 3 vs. Am 4 <0.00001
Am 2 vs. Am 3 <0.00001
Am 1 vs. Am 2 <0.00001

where A,, is the measured 'C activity of the shell and A, is the
contemporary atmospheric '*C activity.

The estimated age anomaly is 2724 £ 32 yr and was used to
correct the ages obtained in the fossil Theba samples. The age
anomaly was subtracted from the measured '*C ages of fossil
samples and then the variance was added to the reported ana-
lytical variance in '*C age to obtain the overall uncertainty
of "C age (0 = V322 4 02). We then converted these
corrected radiocarbon ages into calendar years using the
Radiocarbon Calibration Program 4.4 (CALIB 4.4) (Stuiver
and Reimer, 1993) with the calibration dataset of Stuiver
et al. (1998) for Holocene samples (Table 6). The correction
of the age anomaly of samples older than 30 k '*Cyr BP
was performed with the CAL_PAL program (Weninger et al.,
2004) with the calibration dataset CalPal2004_SFCP
(Table 6).

For establishing age calculation algorithms through the
amino acid racemisation/epimerisation ratios, we first used

all the samples of Table 6. However, we found that these equa-
tions provided ages for samples FAG-1, LLA-2 and LMA-7 that
differed from ages obtained with radiocarbon dating. Because
of this, we rejected samples FAG-1, LLA-2 and LMA-7 for the
calculation of the models.

To select the best fit for the amino-age estimation algorithms,
we compared the correlation coefficients () for various
approaches (Table 10). We chose to use the following relation-
ships because they provided the highest correlation coeffi-
cients: D-alle/L-lle  values versus time (APK); the
phenylalanine and glutamic acid D/L ratios versus square root
of time (APK); and the first-order kinetic transformation of the
aspartic acid D/L ratios versus square root of time (Table 10).
The results are (Fig. 8):

For isoleucine:

t=-1.939 + 60.42 D-alle/L-lle

For aspartic acid:
1+D/L

= 09764 +4.6177 In|——/=
Vi=-0.9764 + 4.6 nL—D/J

For phenylalanine:

V= -0.1024 + 9.8306 D/L Phe
For glutamic acid:

Vt=0.10427 +12.322 D/LGlu

Numerical dating was obtained by introducing into the algo-
rithms the Theba D/L ratios measured for each amino acid. The
age is the average of the numerical dates obtained for each
amino acid D/L ratio measured in analytical samples of a single
bed (Table 4). Age uncertainty is the standard deviation of all

Table 9 Radiocarbon analyses of a live-collected Theba shell from the Canary Islands. PMC = % modern carbon. The contemporary '“C value for
comparison was taken from extrapolation of data in Levin and Hesshaimer (2000)

Laboratory no.  Collection yr ">C (%0 PDB)  Shell "*C4SD (PMC) Contemporary '*C (PMC)

Relative shell "*C (PMC)  Age anomaly (yr)

GdA-384 2002 4.4 76.01 £0.30

110 71.2 2724432

Copyright © 2005 John Wiley & Sons, Ltd.
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Table 10 Correlation coefficients (1) between time and D/L ratios of
amino acids measured in Theba snail shells. Correlations are presented
for: (1) D/L ratios transformed to first-order kinetics vs. time; (2) D/L
ratios transformed to first-order kinetics vs. square root of time;
(3) untransformed D/L ratios vs. time (APK); (4) untransformed D/L
ratios vs. square root of time (APK). All correlations are statistically
significant at the level of p < 0.001. The highest correlation coefficients
are in bold

1 2 3 4
D-alle/L-lle 0.961 0.952 0.968 0.963
D/L Asp 0.933 0.976 0.907 0.962
D/L Phe 0.983 0.990 0.979 0.994
D/L Glu 0.972 0.972 0.974 0.979

D-alle/L-lle: D-alloisoleucine/L-isoleucine; Asp: aspartic acid; Phe:
phenylalanine; Glu: glutamic acid.

the numerical ages calculated from the amino acid D/L ratios.
There was generally good correspondence between the ages
calculated through amino acid racemisation and ages obtained
by 'C.

The average age of each aminozone was calculated by
means of the numerical ages obtained from each isoleucine,
aspartic acid, phenylalanine and glutamic acid D/L ratio of
all the samples from each bed (Table 5). Despite the MANOVA
and squared Mahalanobis distances demonstrating that the
Aminozones are reliable, we performed a t-test analysis to
determine whether the average ages of the Aminozones are sig-
nificant (Table 11). The value of the p-level is the probability of
error involved in acceptance of our observed result as valid, i.e.
as representative of the population. The results show that, in all

D-alle/L-1le

0 10 20 30 40 50 60

D/L Phe

A\t

cases, p-levels are lower than 0.005 and the t values are higher
than the tabulated t values for &« =0.05 and a=0.01. There-
fore, the average ages of the Aminozones are statistically highly
significant.

According to these results, the dune-formation episodes all
occurred between MIS 1 and 3, which is consistent with earlier
studies. They can be described as events of aeolian deposit
accumulation with a recurrence period of 5-7 ka. Each event
occurred during arid conditions (De La Nuez et al., 1997;
Castillo et al., 2002) and ended with the development of a
palaeosol, which is interpreted as being caused by an increase
in environmental moisture. These pulses of aeolian deposition
are not exclusively related to a single sandy set, but to various
dune beds capped by palaeosols.

Accumulations of aeolian sands interbedded with horizons
of silt and clay (palaeosols) are common in coastal sequences
of Mediterranean and subtropical North Atlantic regions. Pre-
vious work on amino acid racemisation/epimerisation mea-
surements in land snail shells from aeolian formations has
been performed by different authors: Hearty (1987) on the
Island of Mallorca, Hearty et al. (1992) in Bermuda and
Goodfriend et al. (1996) in Madeira. Dating of some of these
sequences enables a comparison with the Canary Islands
sections. However, the relationship between Theba snails D-
alle/L-lle ratios versus age obtained in the Canary Islands does
not correlate with the data of Helix from Mallorca (Hearty,
1987), Poecilozonites from Bermuda (Hearty et al., 1992) or
Actinella nitidiuscula, Caseolus bowdichianus, Geomitra del-
phinula and Leptaxis undata from Madeira (Goodfriend et al.,
1996) (Table 12). Although different species were analysed in
each study, as a helicid land snail, Theba would be expected to
epimerise at rates not markedly different to those of the other
species.

i

D/L Glu
<
4
o]

")

0 1 2 3 4

Vt

6 7 8

Figure 8 Plots of first-order kinetics transformed D/L ratios of land snail shells of the Canary Archipelago eastern islands versus square root of time for
isoleucine, aspartic acid, phenylalanine and glutamic acid. D-alle/L-lle: D-alloisoleucine/L-isoleucine; Asp: aspartic acid; Phe: phenylalanine; Glu:

glutamic acid
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Table 11  ttest analysis of the difference between the age means of the
aminozones distinguished in the aeolian/palaeosol deposits from the
Canary Islands. For comparison, the tabulated-t for «=0.05 is 1.96
and for a=0.01 is 2.57

Compared p-level d.f. t-value
aminozones

Am 7 vs. Am 8 <0.0001 258 6.067
Am 6 vs. Am 7 <0.0001 338 4.447
Am 5 vs. Am 6 <0.0001 402 9.312
Am 4 vs. Am 5 <0.0001 306 6.209
Am 3 vs. Am 4 <0.0001 142 10.063
Am 2 vs. Am 3 <0.0001 122 6.528
Am 1 vs. Am 2 <0.0001 126 5.372

d.f.: degrees of freedom = N; + N, — 2. N: sample size.

First of all, this discrepancy needs to be examined in terms of
the techniques employed for amino acid analysis, i.e. data from
Mallorca (Hearty, 1987) and Bermuda (Hearty et al., 1992)
were obtained with ion-exchange liquid chromatography (IE-
LC), whereas data from the Canary Islands were measured by
gas chromatography (GC). As we have noticed (Ortiz et al.,
2005), there are slight differences between D-alle/L-lle ratios
obtained by GC and by IE-LC. This is based on the analysis

of samples from an inter-laboratory comparison exercise (cf.
Wehmiller, 1984; Torres et al., 1997). The isoleucine epimer-
isation (D-alle/L-lle) values ranging between 0.45 and 1.1
obtained by IE-LC are approximately 0.10 lower than those
obtained by GC in our laboratory, i.e. D-alle/L-llegc = D-alle/
L-lleje. . c +ca. 0.10. For lower D-alle/L-lle values, the differ-
ence is between 0 and 0.05; however, even when allowing
for this transformation, the values from these localities do not
coincide either.

In the comparison with Mallorca, the lack of correspondence
should be found in differences in the mean annual tempera-
tures (MAT) of the islands (Table 13), as racemisation/epimeri-
sation is a thermo-dependent process; Mitterer (1975) observed
that epimerisation rate doubles for every ca. 4°C increase.
Mallorca has a MAT of 17.1°C, while the eastern Canary
Islands have MATs around 19.5 °C (Rivas-Martinez and Rivas
y Saenz, 2005) (Table 13). In fact, Hearty et al. (1986) found
differences in D-alle/L-1le values of as much as 0.12 in marine
Glycymeris shells from the last interglacial between Mallorca
(D-alle/L-1le~0.37), Morocco (D-alle/L-lle ~0.46) and Tunisia
(D-alle/L-ile~0.49), which were attributed to different mean
annual temperatures of 2°C. Similarly, Hearty and Kaufman
(2000) found differences of 0.12 in D-alle/L-lle ratios measured
in oolitic samples of the same age (MIS 5e) in islands 700 km
apart in the North and South Bahamas, which was attributed
to a warming gradient of 2 °C between these islands. Likewise,

Table 12 Comparison of D-alle/L-ile values and age of different aeolian formations in Mediterranean and subtropical North Atlantic islands

Locality D-alle/L-ile Age (ka BP) Technique Material Reference
Canary Archipelago 0.40 ca. 23 GC Theba geminata & This paper
Theba arinagae
0.65 ca. 40 GC
Canary Archipelago 0.50 ca. 38 IE-LC Helicella sp. Hillaire-Marcel et al. (1995)
Mallorca Island 0.35-0.40 ca. 125 IE-LC Helix sp. Hearty (1987)
Bermuda Island 0.50-0.62 ca. 125 IE-LC Poecilozonites sp. Hearty et al. (1992)
Madeira Island 0.30 ca. 46 GC Actinella nitidiuscula, Caseolus Goodfriend et al. (1996)
0.45 ca. 140 bowdichianus, Geomitra delphinula
& Leptaxis undata
Negev Desert 0.35 ca. 10 DA Trochoidea seetzeni & Sphincterochila sp. Goodfriend (1987a)

GC: Gas chromatography; IE-LC: ion exchange liquid chromatography; DA: Diomedex amino acid analyser.

Table 13 Climatic parameters of different climatological stations (Rivas-Martinez and Rivas y Saenz, 2005). Data from Beer Sheva and Madeira
Island stations come from www.worldclimate.com. The bioclimatic classification was established by Rivas-Martinez et al. (2004)

Region Climatic station Latitude  Longitude Average temp. Rainfall Ic lo T, Bioclimatic classification
O (mm)
Bermuda Islands Kindley 32°21"N - 64° 41" W 21.7 1525 9.8 5.87 2598  Tropical pluvial
Madeira Islands Madeira Island 33°40'N  16° 89’ W 18.5 640 6.7 239 2260 Temperate
hyperoceanic
submediterranean
Mallorca Island ~ Palma Mallorca 39°33' N 2°44'E 17.1 460 14.8 224 2050 Mediterranean
pluviseasonal-oceanic
Canary Islands  Arrecife 28°57"N  13°33'W 20.2 139 7.2 0.57 2426  Mediterranean desertic
(Lanzarote Island) oceanic
Canary Islands  Pto Rosario 28°27'N  13°52'W 19.9 110 7.0 046 2426  Mediterranean desertic
(Fuerteventura Island) oceanic
Canary Islands  La Oliva 28°36' N 13°59' W 19.0 108 7.4 047 2285  Mediterranean desertic
(Fuerteventura Island) oceanic
Negev Desert, Beer Sheva 31°23' N 34°78'E 19.6 178 149 0.63 2800 Mediterranean desertic
Israel oceanic

T,: yearly positive temperature in tenths of 1°C, the sum of the monthly average temperature of those months whose average temperature is higher
than 0°C. I.: continentality index (yearly thermic interval = Trax—Tmin) in °C, the number expressing the range between the average temperatures of the
warmest (Ti.,) and coldest (T,i) months of the year. I,: ombrothermic index. I, = (P,/T,) x 10. P, is the yearly positive precipitation (in mm), that is,
the total average precipitation of those months whose average temperature is higher than 0°C.
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Goodfriend and Mitterer (1988) found differences in D-alle/L-
Ile ratios of samples with the same age (ca. 30 ka) in two local-
ities in Jamaica (D-alle/L-Ile=0.25 for Coco site samples; D-
alle/L-Ile=0.51 for Green Grotto site samples), which were
attributed to a 4°C temperature difference between the two
sites.

Not only temperature but moisture (rainfall rate) has to be
considered in order to explain the differences found between
Bermuda, Madeira and the Canary Islands, i.e. the racemisa-
tion/epimerisation rate is not the same at sites with the same
MAT, but located either in desert areas or in pluvial regions,
because the effective insolation varies (Schmidt-Nielsen
etal., 1971).

Studies performed in the Negev desert, Israel, illustrate this
(Goodfriend, 1987a, 1992). The MAT of the Negev (19.6°C)
suggests that similar and lower D-alle/L-lle values measured
in land snails should be expected in Madeira (19°C) and
Bermuda (21.7°C), respectively (Table 13). However, the epi-
merisation ratios obtained in land snails from the Negev desert,
with a MAT of 19.6 °C and low rainfall rates (178 mm yrq), are
much higher (cf. Goodfriend, 1987a) than on the two islands
(Table 11). In this case, D-alle/L-lle values of 0.35 were
observed in localities dated at ca. 10kaBP, which approach
those observed in the Canary Islands (D-alle/L-Ile =0.40 for
23 kaBP). Furthermore, Goodfriend (1992) showed that the
aspartic acid racemisation rate in gastropods from the Negev
Desert was much higher than in land snails from Madeira.

This explains why the racemisation/epimerisation ratios of
Madeira, Bermuda and Mallorca cannot be directly compared
with Canary Island ratios. The location of the eastern Canary
Archipelago (between 28° and 30°N), close to the coast of
Africa, is influenced by the cold Canary Current and Sahara
desert winds, which reduce precipitation and cause high
temperatures, equivalent to those recorded in the western
Sahara Desert. In fact, the Negev desert and the Canary Archi-
pelago belong to the same bioclimatic region (Mediterranean
desertic-oceanic), while Bermuda is tropical pluvial, Mallorca
is Mediterranean pluviseasonal-oceanic and Madeira is
temperate hyperoceanic sub-Mediterranean (Table 13;
Rivas-Martinez et al., 2004).

Diverse studies corroborate the validity of our results. There
is close correspondence with the dating of some volcanic rocks
(mainly basalts) overlaid by aeolian deposits. The basaltic lava
flows from Alegranza and Montana Clara and some of the La
Graciosa islets are linked to Upper Pleistocene and Holocene
eruptions (Fig. 1; De La Nuez et al., 1997; Ancochea et al.,
2004). Similarly, the volcanic rocks that crop out in the north
of Fuerteventura and Lanzarote islands are Pleistocene. In fact,
the basalts that crop out in the north of Fuerteventura (Fig. 1),
which constitute the bottom of the Montana de la Costilla
(FMC) and Barranco de los Encantados (FBE) stratigraphic sec-
tions, were dated as younger than 51 ka BP (Pomel et al., 1985)
and older than 35 ka BP (Petit-Maire et al., 1986). This means
that aeolian deposits overlying these rocks are younger and,
consequently, the ages obtained in our research are coherent.

Likewise, De La Nuez et al. (1997) dated the raised marine
deposits from La Graciosa Islet (0 to +0.5m above sea level),
obtaining Holocene and Upper Pleistocene ages. Some of them
are interbedded with the aeolian deposits, as in the Caleta del
Sebo section. Limpet shells (Patella sp.) recovered from ancient
marine deposits below bed GCS-1 provided a radiocarbon age
of 28.7+£0.4 k "*C yr BP (De La Nuez et al., 1997).

Our results are also consistent with earlier studies of the
aeolian/palaeosol formations (Table 14), especially those of
Hillaire-Marcell et al. (1995) performed in the Teguise
composite section, located in the north of Lanzarote, using
14C, U/Th and amino acid racemisation. For D-alle/L-lle ratios

Copyright © 2005 John Wiley & Sons, Ltd.

Table 14 Comparison between the aminozones defined in this paper and global cold/dry episodes, Dune-formation episodes (ED) for the Chinijo Archipelago (De La Nuez et al., 1997) and some stratigraphic sections

previously studied in the eastern Canary Islands. The Rosa Negra section is also named Montafia de la Costilla (FMC). The locations of the sections are in Fig. 1. Much of these data come from radiocarbon dating of

terrestrial gastropods with hard water effects requiring correction so they should be performed into calibrated ages (see Table 6 for comparison). One age was obtained through the radiocarbon analysis of an eggshell (es),

which has to be transformed into a calibrated age. One age was obtained through thermoluminescence (TL)

Teguise section

Rosa Negra section

Pozo Negro section

Corralejo section

Jandia section

Chinijo Archipelago

Cold/dry episodes

Aminozones

4.0-4.2 ka

AM-8 5.4 £1.1

8.844+0.7ka (3&4)

7.934+0.7 '*C (3&4)

8.0-8.4 ka

10-15ka (TL) (2)

9.8+0.14 "*C ka (2)

ED-V 11 "Cka (1)

Y.D.

AM-7 11.0+ 4.0
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of ca. 0.50 obtained (by IE-LC) in Helicella (Helicidae) land
snails, the ages calculated are ca. 38 ka. In fact, the succession
of aeolian deposits and palaeosols from this section correlate
with some of the aminozones established in this paper. As
the datings of the Teguise palaeosols are '*C-ages and as a cor-
rection needs to be applied to transform them into calibrated
years (see Table 6 for comparison), palaeosols 1 to 4 from this
section can be included within Aminozone 2, palaeosols 5 and
6 can be grouped into Aminozone 3, and, finally, palaeosol 7
can be included in Aminozone 4.

Some of our aminozones might be recognised in other sec-
tions from Fuerteventura (Table 14), dated by Petit-Maire et al.
(1986), Damnati et al. (1996) and Meco et al. (1997). Although
many of these data come from the radiocarbon dating of terres-
trial gastropods, with strong hard water effects requiring correc-
tion, especially in the youngest ones, and then transformation
into calibrated ages, these dates coincide with the results
obtained in this paper.

Amino acid geochronology of the Montana de la Costilla
section (Fuerteventura Island), also named the Rosa Negra sec-
tion by other authors, corroborates the radiocarbon ages
obtained by Meco et al. (1997), but not those obtained with
optically stimulated luminescence (OSL) by Bouab and
Lamothe (1997), using infrared stimulation of potassic feldspars
(181+27ka, 183+27ka and 3184 45ka). Probably the
assumption that these sediments were zeroed during transport
(Bouab and Lamothe, 1997) was not correct at all, as their ages
were anomalously old. In fact, according to Pomel et al. (1985)
and Petit-Maire et al. (1986), aeolian deposition started in this
area not before 51ka BP, but after 35k '*CyrBP.

Land snails from different horizons of the Mala section
(Lanzarote Island) were U/Th dated at ca. 95, 138, 235 and
>350ka (Shimmield, in Meco et al., 1997), in clear variance
from our data. Owing to the consistency observed between
the D/L ratios measured in gastropods from the Mala section
and those from other localities, the bad fit between U/Th ages
and stratigraphy (cf. Meco et al, 1997) and the problems
regarding reliability of U/Th dating of molluscs (Kaufman
et al., 1971, 1996), especially from palaeosols, it seems that
the earlier ages were wrong and that the Mala section timespan
runs between ca. 40 and 29 ka BP.

Our data are in agreement with De La Nuez et al. (1997),
who defined five dune-formation episodes for the Chinijo
Archipelago (ED-I to ED-V). The aeolian deposits of the first
episode (ED-I) are located above basaltic flows and sandstones
from MIS 5 and, according to De La Nuez et al. (1997), could
belong to MIS 3. The remaining episodes (ED-II to ED-V) were
dated at ca. 37k "*CyrBP, 30k '"*CyrBP, 15k '"*CyrBP and
11k "CyrBP respectively. All these dune-formation episodes
correlate with the aminozones defined here (Table 14).

Since aeolian deposits accumulated during arid phases and
palaeosols developed during humid periods (Petit-Maire et al.,
1986, 1987; Rognon and Coudé-Gaussen, 1988, 1996a;
Damnati et al., 1996; Damnati, 1997; De La Nuez et al.,
1997), close correspondence is found between the dune forma-
tion episodes of the eastern Canary Islands and the climate var-
iations across North Africa. At least five alternations of dry/
humid episodes have been inferred from the amino acid race-
misation ages obtained in gastropods from the easternmost
islands and islets of the Canary Archipelago preceding the Last
Glacial Maximum (23-18 kaBP). Similarly, arid phases, fol-
lowed by humid periods with abrupt transitions, occurred in
North Africa from 50 to 23 ka BP (Gasse (2000) and references
therein), which, in their opinion, cannot be directly attributed
to orbital forcing.

After the Last Glacial Maximum (LGM), two significant arid—
humid transitions have been documented at ca. 15ka and

Copyright © 2005 John Wiley & Sons, Ltd.

11 ka BP across Africa (Street-Perrott and Perrott, 1990; Gasse
et al., 1990; Talbot and Johannessen, 1992; Gasse and Van
Campo, 1994). During the Holocene, major dry spells took
place around 8.4-8 and 4.2-4 ka BP (Talbot et al., 1984; Gasse
et al., 1990; Street-Perrott et al., 1990; Lamb et al., 1995;
Holmes et al.,, 1999). Three of these phases of aridification
(ca. 15, 11 and 4 kaBP) coincide with the age of the dune-
formation episodes documented by Aminozones 6, 7 and 8
in the eastern Canary Islands and Islets. However, in our studies
we did not find the ca. 8 ka dune-formation episode, as recog-
nised elsewhere in the Canary Archipelago (Petit-Maire et al.,
1987; Damnati et al., 1996).

Studies of aeolian deposits from the Sahara (Swezey, 2001)
show similar results, which coincide with atmospheric and
oceanic changes. Moreover, our results can be compared with
the record of Lake Bosumtwi (Ghana), which lies in the path of
the seasonal migration of the intertropical convergence zone
(ITCZ) and, therefore, is ideally located for the study of mon-
soon variability in West Africa (cf. Peck et al., 2004). Amino-
zones 5, 6 and 7 correlate with the episodes of high
concentrations of high-coercivity iron sulfide magnetic miner-
als dated at ca. 12.5, 17.3 and 22.6 ka BP of Lake Bosumtwi,
which reflect episodes of increased aeolian dust transport from
the Sahel. According to Peck et al. (2004), periods of increased
regional aridity and greater dust flux out of the Sahel source
regions were caused by a southward movement of the ITCZ
and weakened monsoon strength, whereas humid periods
and, consequently, lower dust fluxes were linked to stronger
monsoon activity when the ITCZ moved northwards. Similarly,
the dry events which produced the accumulation of Canary
Islands aeolian deposits belonging to Aminozones 1 and 2 cor-
relate with the transitions between 12 to 11 and 9 to 8 Dans-
gaard/Oeschger Events, interpreted from the oxygen isotope
ratios of calcite in a stalagmite found on Socotra Island (Yemen,
western Indian Ocean) (Burns et al., 2003). Clearly, the stalag-
mite from Socotra is a continuous record, whereas the Canaries
dunes and palaeosols are discontinuous. Thus, similar patterns
are observed in the behaviour of palaesomonsoons in West
Africa and in East Africa—India (cf. Gasse, 2000; Moreno et al.,
2001; Burns et al.,, 2003). This synchroneity suggests that a
global forcing mechanism caused changes in African and
Indian monsoon activity and controlled the arid/humid
changes documented in the Canary Islands and North Africa,
at least during the last 50 ka BP. Therefore, the rapid dryings
of North Africa cannot be explained only in terms of internal,
mainly regional, vegetation-atmosphere feedbacks in the
climate system, because the timing of these events depends
on the state of the global climate system (Gasse, 2000). In fact,
according to Burns et al. (2003), there is a strong connection
between the climate of the tropical East Africa region and the
Indian Ocean (monsoon activity) and temperature variations in
the North Atlantic region.

Agreeing with conclusions of Peck et al. (2004), Moreno
et al. (2001) showed that insolation changes during the Pleisto-
cene played an important role in modulating dust supply within
the Canary Basin, with arid-humid scenarios attributed to
changes in the strength of palaeomonsoon activity (Fig. 9). Dur-
ing ‘arid” episodes, palaeomonsoon winds were enhanced and
the trade winds (flowing in an easterly direction along the
entire coast) were intensified, causing the transport of aeolian
materials from a northwest African source, while the Saharan
Air Layer became less intense. On the contrary, during ‘humid’
episodes, the palaeomonsoons may have become weaker,
which would have caused a major influence of the Saharan
winds on the Canary Archipelago, associated with the north-
turning of part of the Saharan Air Layer (Raltmeyer et al.,
1999). During these episodes, aeolian accumulation was
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Trade Winds

A

Figure 9 Inferred climate scenarios (modified from Nicholson (1996) and Moreno et al., 2001) for the (A) humid episodes and (B) arid episodes in
Africa. Black arrows represent the monsoon winds; weaker winds are plotted by dashed arrows. During ‘humid’ episodes, monsoon winds were
enhanced and trade winds, which turn to be more easterly directions on the entire coast, were intensified which resulted in the transport of materials
from a northwest African source, while the Saharan Air Layer becomes less intense. On the other hand, during ‘arid’ episodes, the monsoons became
weaker producing a major influence of the Saharan winds in the Canary Archipelago by a north-turning part of the Saharan Air Layer. The location of

the Canary Archipelago (C.A.) is represented by a black dot

produced by west-to-east or southwest-to-northeast winds that
carried biodetrital sands from emerged continental shelves
onto the land (Rognon and Coudé-Gaussen, 1988, 1996b).
Typically, arid periods coincided with cold events, while
increasing moisture (rainfall) coexisted with warm phases
(Gasse, 2000; Peck et al., 2004).

The 250ka long marine records studied by Moreno et al.
(2001) suggest that insolation changes related to eccentricity
and precession are the main forcing mechanisms for this
region. However, there could be other mechanisms to explain
the shorter cycles of dune/palaeosol formations. The monsoon
reactivations led to a moderate moisture (rainfall) rise. These
events have already been associated with the abrupt tempera-
ture changes in Greenland ice cores at the onset of the Bolling
and Preboreal periods, and with the switch to the modern
mode of North Atlantic deep-water production (Street-Perrott
and Perrott, 1990; Gasse and Van Campo, 1994; Gasse, 2000).

The causes of the abrupt Holocene events are not known
(Gasse, 2002). Some authors suggested a decrease in North
Atlantic thermohaline circulation around 8.2ka BP caused
by an increase in freshwater flux to the North Atlantic (Alley
etal., 1997), whereas Gasse and Van Campo (1994) noted that
the weak monsoon episodes around 8 and 4 ka BP roughly
coincide with decreases in North Atlantic sea surface tempera-
ture and surface salinity. The antiphase between rainfall
changes in Equatorial West Africa and in the Amazon may
reflect changes either in Walker circulation and ENSO phe-
nomena or in Hadley circulation, e.g. a strengthening of the
northern trade winds at ca. 4ka BP bringing dry weather. In
any case, the worldwide impact of these events implies that
rapid changes in the water cycle in Africa are the expression
of global climate reorganisation (Gasse, 2002).

According to the aminostratigraphic and aminochronologi-
cal data reported in this paper, the events of aeolian deposition
before and after the LGM took place with a cyclicity lasting
between five and seven millennia. It is possible that the deposi-
tion of dunes and palaeosol formation could be related to var-
iations in solar radiation, which may have forced climate
changes (Eddy, 1982; Rasporov et al., 1998).

In our case, the aeolian-palaeosol cycles, with a periodicity
of between five and seven millennia, could be interpreted as
being the expression of multiples of the solar activity cycle of
about 2.4 ka (cf. Hood and Jirikowic, 1991), which, according
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to Charvatova (2000), is probably linked to solar inertial
motion. In the view of Dergachev and Chistiakov (1998), this
2.4 ka solar cycle includes three parts roughly equal in dura-
tion: a phase of high activity (climatic optimum), a phase of
depression (cold conditions) and a phase of moderate activity
(temperate climate).

Conclusions

The first aminochronological and aminostratigraphical results
of Quaternary aeolian/palaeosol deposits from the eastern
islands (Fuerteventura and Lanzarote) and islets (La Graciosa,
Montafia Clara and Alegranza) of the Canary Archipelago
came from analysis of Theba shells. The study focused on four
amino acids, isoleucine, aspartic acid, phenylalanine and glu-
tamic acid, because of the high correlation coefficients
between their D/L ratios. The age calculation algorithms of
these amino acids were also established and the following
were chosen: the first-order-reversible kinetic (FOK) transfor-
mation of the D/L ratios versus the square root of time for aspar-
tic acid, the untransformed D/L ratios (APK) versus the square
root of time for phenylalanine and glutamic acid, and the
untransformed D/L ratios (APK) versus time for isoleucine. With
the aid of these algorithms, age estimates of the aeolian depos-
its from the islands were calculated.

Eight aminozones, representing episodes of dune formation,
were established: Aminozone 1 (48.6 £6.4kaBP), 2 (42.5+
6.0kaBP), 3 (37.8+4.6kaBP), 4 (29.4+4.8kaBP), 5 (22.4+
4.5kaBP), 6 (149+3.6kaBP), 7 (11.0+4.0kaBP) and 8
(5.4+1.1kaBP).

These and previous results show that aeolian/palaeosol
deposits accumulated between MIS 1 and 3 during arid phases,
with a recurrence period of 5-7 ka, which stopped when con-
ditions produced higher effective environmental moisture and
soil formation.

Synchroneity with the palaeoclimate in Africa (Fig. 9) was
observed, suggesting that a global forcing mechanism (not
related to orbital forcing) controlled the climate changes in
the Canary Islands and North Africa at least during the last
50kaBP. This could be linked to palaeomonsoon activity,
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which caused predominance of trade winds during humid
phases and of Saharan winds during arid episodes.

These aeolian cycles with a periodicity of five to seven mil-
lennia might be interpreted as being the expression of multiples
of the ~2.4ka solar cycle in continental sediments.
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