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Abstract: Climatic change in the western Mediterranean basin over the last 140 ka has been ;r:\es::,:.,:~.: 

from sediment and soil sequences along the coast of the northeastern part of \lalk'"·L :'}.,:~ 

Palaeoclimate and palaeoenvironments are reconstructed from sediment and soil structure>. :;uc:~.e "~ . .: 
terrestrial molluscan fauna. grain size distributions. mineral magnetics. sediment and so1l ,·hemJ>:~\ SE \1 
and oxygen isotope values. is by OSL and ammo acid geochronometry along \\11:1 :~~Jr:r:e 

molluscan faunal assemblages. All Oxygen Isotope stages and from OIS 6 fo l .1re re~,,rdeJ 
Mean annual temperatures (m.a.t.) of c. l9.2¢C for the climatic optimum of the Last lntergLtctc~i c:,,mpar~ 
with c. 17.3'C for the present, and are associated with high sea level. extensive woodland anJ 'tabk "Jtlo. 
although wide temperature ranges are detected uuring this stage with values as low as c. I O .. ''C Thrc't;,:l; 
OIS 5d to 5a m.a.L fluctuated from 8.2'C to 17.9T. Low sea level. open vegetation. etfect1ve rnec .1<.::1\i!~ 
and aeolian sand anu dust deposition characterize 5d and 5b while ,.eiatively high sea·k'cl ;tnd ,,,J: 
development on stable landscapes uominate OIS 5c anu 5a. OIS 4 is represented by m.a. t of c 4 '.1( \\ Ith 

<~eolian sand and loess limited river c~ct1vity and \\eak soil development. Lcle>s depP-;iu,,n 
persisted into OIS 3. but at this time the m.a.L was c. 13T and with humidity and \cgelatl<'ll 

growth. During the LGI\1 (OIS 2) nULL was c 8. I ~c and dfecti\c ri'"r. slope and aeolian pn•cc'"''· .tkl~g 
with associated with limited vegetation cover. were respon:>tbk: for the mo:>t extensive change> 111 the 

l'v1ajor rates of c!Mngc oct~ur Juring periods ol· .j;mat:c deterioration "When the h1~h :~.,~h ·.11. 

geomorphic energy "Were imposed on a landscape undergoing a b:-cakdclwn of vcgctallc>n C<'' ~:-

Keywords: Mediterranean, palacoclimaks. palacocn\ ironment, loess. palaeosols. 

The NERC TIGGER lie project was designed to investigak 
the change of climate. and the environmental response to these 
changes in the Mediterranean region over the period from the 
Last lmerglacial (Oxygen Isotope Stage 5e) the cli­
matic oscillations of the later part of OIS 5 to the globally 
glacial conditions of OIS 4 and 2. This investigation is of 
critical importance in providing the only realistic analogue for 
the changes that would occur within the natural environment 
should the present 'interglacial' conditions again revert to a 
'glacial' mode. Furthermore. this study is designed to provide 
a sample based on long-term evidence for the way the natural 
environment of the Mediterranean region will to 
climatic changes. both warming and cooling. 

The importance of this study is emphasized by the marked 
contrast that exists between the 'interglacial' and 
climates and environments of the Mediterranean 
(Tzedakis & Bennett I At the present time Mediterranean 
regions are located within the boundary zone between the 
subtropical and mid-latitude atmospheric patterns (Perry 1981: 
Macklin et a!. 1995) and are represented by an environment 
with high sea-levels. dense vegetation cover, relatively high 
infiltration and moderate river discharges. In contrast. 
periods are considered to be influenced by the development of 
a fixed anticyclone over the north European ice sheet and 
colder sea surface temperatures (Rognon 1987) which pro­
duced colder and drier conditions. but increased the seasonal­
ity of precipitation (Prentice et al. 1992). and are represented 
by relatively low sea levels, open vegetation with extensive 
areas of bare ground and loose sediments, soils affected 
by high physical stresses and highly peaked river 
Between these extremes a number of intermediate conditions 
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and ..;nvironmental responses are iikel\ lc) have existed. but the 
process ol either from '' ;mn tu c:uld. tlr cold to warm 
is little documented and little under-,tc)OlL This work aims to 
Jcscribe the characteristics of the elim.ttc and the and 
biolog1cal c1nironmcnt of part ot the ''estern Mediterranean 
region over the last 140 000 ye~1r' ;ml! \c) discuss the factors 
that have contributed to the maJor changes in the landscape. 
This period encompasses the pcnod from the Last Interglacial 
through to the Last Glacial 'v1aximum and there are no known 
effects of human envtronmental change. 

Palaeoenvironments have been Interpreted from sediment 
and soil structures, geomorphological position. 
distributions. sediment chemistr:. and mineral 
Climate has been derived from marine and terrestrial 
molluscan fauna, SEM and carbon and oxygen 
isotope IS OSL and Amino Acid 
nometry and biostratigraphy based on marine molluscan 
assembiages. 

Location 

The area studied is at Calo d'es Cans and Waterfront Cove in 
the north east pan of the island of Mallorca (Fig. I) where 
stacked successions of marine, fluviatile, colluvial, and aeolian 
deposits are interspersed by soils. The sites are coastal sections 
located at the base of small river catchments in a position that 
is sensitive to coastal, river, wind. slope and soil forming 
processes. 

Mallorca 1s one of the Balearic islands in the western 
Mediterranean which currently experiences a Mediterranean-
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Fig. I. Location of sampling sites at Calo d'es Cans and Waterfront 
Cove. northeast Mallorca. 

type climate characterized by hot dry summers and mild moist 
winters. Within this climatic regime the natural geomorpho­
logical scenario is coastal activity at a globally high sea level, 
fluvial processes in ephemeral channels, relatively thick chemi­
cally altered soils and relatively stable hillside slopes protected 
by a dense vegetation cover. All of these conditions are 
represented at the study area although the last two character­
istics have been much changed by human activity. Mean 
annual temperature in the region is in the order of lTC with 
mean January and July values of 10 and 24.5'C respectively. 
Mean annual precipitation is about 500 mm of which some 
90% falls between September and May. The relief in the study 
region is in the order of 400 m (Fig. l) and the rock types are 
predominantly limestones with occasional shales. 

Field Description, sampling strategy and laboratory 
analyses 
Four sections were studied in detail (Fig. 2), Calo d'es Cans A. 8 and 
C and Waterfront Cove, each of which includes different facets of the 
lithological and pedological units, but together give a detailed and 
comprehensive succession (Fig. 3). Each site was precisely levelled with 
reference to present day mean sea-level (m.s.l.) and the lithofacies were 
described in the field with respect to sedimentary structure, soil 
structure. texture, colour, and magnetic susceptibility. Precisely 
levelled-in samples were collected for laboratory analysis of particle 
size, additional magnetic susceptibility properties. microfabric, extract­
able iron, calcium carbonate content (Gale & Hoare 1991), carbon and 
oxygen stable isotope geochemistry, terrestrial and mollusc amino acid 
analysis and OSL dating (not all of these results are used in this paper). 

Colour determinations are moist Munsell Soil Colors of the sedi­
ment or soil matrix. Y!ottling was recorded where developed. The size 
of samples used for particle size analysis fulfils the minimum weight 
defined by British Standards 812 (British Standards Institution 1985). 
Many of the samples were weakly cemented and disaggregation was 
achieved by gently crushing with a rubber pestle, followed by immer-

sian with regular stirring in a 0.5% sodium hexmetaphosphate disper­
sant for 24 hours. Finally the sample and dispersant were placed m an 
ultrasonic bath for 15 minutes. The size distribution of clasts coarser 
than 63 ]liD have been determined by wet sieving and the fraction 
<63 ]liD by analysis with a Sedigraph 5100 (Coakley & Sy,Jtski 19911. 
Results of particle size analysis are shown on Fig. -+ and results L•f 
mineral magnetic measurements, free iron measurements anJ C.1CO. 
determinations are shown on Fig. 5. 

Climatic proxies 

Molluscan ecostratigraphy indicated that the IO\\er beach 
,sediments contain a warm water fauna typical of recent 
interglacials (Butzer & Cuerda 1962: Hillaire- \-larcel <'I ul. 
1996). Marine and terrestrial fauna were also collected from 
other parts of the succession. but failed to provide reliable 
climatic information because of limited sample size. limited 
assemblages and complex taphonomy. 

Oxygen isotope signatures from un-abraded marine mol­
lusca taken from the beach deposits and soil cements were used 
to estimate the temperature of the sea during the life of the 
selected marine mollusca and the mean annual temperature 
during carbonate precipitation within the sediments and soils 
at the study sites. This assumes that the isotope fractionation 
between calcium carbonate and water is in equilibrium with 
the environment and the composition of the fluid from which 
the mineral was precipitated (Marshall 1992: Quade <'I ul. 
1989. 1994). The process is described in terms of the isotope 
exchange reaction (0':'--kil e£ al. 1969): 

Temperature estimates assuming equilibrium fractionation are 
derived from the equation of O'Neil <'I ul. ( 1969) revised by 
Hays & Grossman ( 1991 ): 

T(T)= 16.9- 4.2(oc- 011 )+0 !3(oc- 0\\')2 (2) 

where 15c is the 15 1 xo of C0 2 produced by reaction of CaCO, in 
phosphoric acid at 25T and 611· is the o1x0 of C0 2 in 
equilibrium with water at 25'C, both referred to the PDB 
standard (Epstein et at. 1953: Craig 1965) The oxygen isotopic 
composition of ocean water at Mallorca is 1.10 PDB (Cornu 
e£ al. 1993) and the meteoric water is - 4.5 SMOW (Lecolle 
1985) which can be converted to - 34.305 PDB by using the 
conversion equation of Tucker & Wright ( 1990): 

i5 1HO PDB=0.97006 15 180 SMOW- 29.94. (3) 

The reliability of this procedure with regard to marine fauna 
was tested using recently living molluscs from a site with 
known present day sea-surface temperatures, and found to 
provide a reliable estimate of this value. 

The isotopic composition of C02 was determined using a 
Prism Series II Isotope Ratio Mass Spectrometer (VG Isotech) 
according to the reaction: 

All isotopic values are expressed as %o PDB standard with a 
precision of ± 0.03%o. XRD analysis was used to determine 
the mineralogy and 0.3 mg of calcium was used for each 
sub-sample. 
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PALAEOCLIMATES'& PALA.EOENVIRONMENTS IN SPAIN 

CALO DES CANS: A SECTION CALO DES CANS: 8 SECTION 

Uthology 

Reddish brown (5YR4-5/3-4) 
modern soil derived from 
colluvial deposits 

Very pale brown (10YR7/4} 
colluvial deposits (silty sands} 

Yei/~wis~~~~~in _ (; OYR5;~~~) col vial its.lsiltv sa1 

Fluvial gravels and sands 

Pale yellow (2.5Y714)-
light ~ellowish brown 
(10Y 6/4) loess 
uull yellow orange 
{10YR6-7/4} sandv loess 

Reddish yellow (7.5YR6/6) pal-
aeosol derived from aeolian sand 

Reddish yellow (7.5YR7/6)-
light yellowish brown (1 OYR6/4) 
beach sand 

Fluvial gravel (angular) and sand 
(matrix: light gray - very pale 
brown, 10YR7/2-4) 

Yellow· very pale brown 
(10YR7-816-8) aeolian sand 

Fluvial aravel and sand 

Fluvial aravel and sand 

Depth 
(em) 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

220 

240 

260 

280 

300 

320 

340 

360 

OSL age (yr) 

37,600 ±3,900 

30,000 ±4, 700 

55,200±11.500 

90,500± 10,000 

99,600±13,300 

1 09,200± 16,700 
Reddish brown (7.5YR7/6)-
red (2.5YR4/6) palaeosol 

Grayish white (N8i0) beach shells 

Yellow (10YR8/6) aeolian sand 
(cross bedded dune) 

380t 400 154,300 ±22,300 

420 

440 140,600±28,800 

CALO DES CANS: C SECTION 

Lithology Depth 
(em) 

0 

25 

OSLage (yr) 

~:i;;d 
w-~ ~l;~··.· 

<> .. ~ • 
o ;o;,.,;:" 

Uthology Depth 
(em) 

0 

Fluvial deposit 25 
(matrix: strong 
brown, 7.5YR5/6) 

50 

Dark yellowish brawn 
75 

(10YR4/4) !oess 

Fluvial deposit (matrix: 
stron brown, 7.5YR4/6) 100 

125 

Fluvial deposit (matrix: 
brown, 7.5YR5i4) 150 

Strong brown -brown I 
(7.5YR4-5/4·6) paleosol 175 

Yellowish red (5YR4f6) 
200 palaeo sol 

. , Very pale brown 225 . (10YR7-8/4) beach . . sand 
250 

WATERFRONT SECTION 

~ithoiagy 

Fluvial deposit (matnx: 10YR7/6 bngnt 
yellow1sh brown) 

Depth 
(em) 

0 

l 50 
! 

50 ·:.;,-s-:o . j Bnght yellowiSh brown (1 OYR716) aeohan .--:::;;.)'' b ~-

P:nk (7.5YR7f4)- very 
pale brown (10YR7-8f3·4) 
aeolian sand 

Yellowish brown (10YR5/4-6) 
weakly developed palaeosol 
on loess. Iron-concentration 
bands can be seen. 

Yellowish red (5YR4-5f6-8)­
red (2.5YR4/2-6) well devel­
oped palaeosol intercalated 
with some iron concentration 
bands 

Reddish yellow (7.5YR6/6)­
very pale brown (10YR7-8/4) 

75 

100 

125 

150 

175 

200 

225 

250 

275 

300 

r.b7e~a~ch~sa7n~d~--~~----~ 325 
Yellowish brown (10YR5/6) 
aeolian sand 

23,000±3,100 

55,1 00 ±8,600 

84,700± 13,400 

148,500± 24,500 

139,000 :!:32,400 

! '1111 

i II 

. ...... ....... 
~ ...... , ·,·., · ... 

, J/) , , 

, , , , 
, , , , 
, , .. , . , , , . ,, _, ·" , , . , 
, :, : ... ~· , , , " 
:{:?:· 
::;::::::} 

sand 100 
Bnght yellOWISh brown yellowish brown 
(10YR5-7/6-8) loess 
Bright reddish brown (5YR5/6) ·bright brown 150 
(7.5YR5/6) palaeosol derived from fluvial 
deposit· iron bands are found at the top level 

~Yellowish brown (10YR5/8) reworked loess 200 
Bright brown (7.5YR516) bright reddish 
orown palaeosol derived from fluvial deposit 
and aeolian sand 250 

Bright brown (7.5YR5/6)- dull yellowish 
300 

orange aeolian sand 

350 

400 

Beach sediments 
450 

500 

Bright brown (7.5YR5/6) aeolian sand 

550 

OSL age (yr) 

62,800±8,500 

61,500±7,300 

66,700±11 ,200 

93.800 ±17,300 

135,200 = 16,900 

OSL age (yr) 

66,500 ±:12, 100 

68,500 ±13,000 

80.600 ±9,600 

77,600 ±10,800 

73,700 "'12,400 

142,800 ±39.100 

128,700±25,000 

Fig. 2. Sediment and soil logs at the sampling sites at Calo d'es Cans and \Vmerfront Cove, northeast Mallorca. Each sedimentary and sml unit 
is described in terms of lithology, colour and depth below the top of the section. The evidence for lithological ami pedological interpretatiOnS IS 

given in the text and in 4, 5 and 6. OSL ages are also 
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CALO D'ES CANS 

A 

4.60 c 

4.20 

g 3.80 

iii 8 
> 
2 

3.40 

"' "' "' 
"' > 3.00 0 
.0 

"' c: 
.Q 2.60 
iii 
> 

"' [jJ 
2.20 

1.80 

1.40 

1.00 

6 

2 

3 

Sa 

Sd 

5e 

6 

WATERFRONT 
CREEK COVE 

w 

5.00 

4.00 

3.50 

3 00 

2.50 

2.00 

:.50 

1.00 

·o.so 

Fluvial deposit (gravel and sands) 

0 00 

Loess EillJ Aeolian sand 
Fig. 3. Correlation of Calo (res Cans 
and Waterfront Cove sc<:tions. giving 
elevation above sea level. lithologi<:al and 
pedological interpretation of ca..:h unit 
and Oxygen hotclp<: Stag::s. 

Well developed palaeosol ~ 
t:.::.:.;;J Beach deposit (sands and shells) 

fi'"T,Tl 
l!.LL!.U Weakly developed palaeosol Iron concentration bands 

Material for isotopic study was examined under the micro­
scope. :.md the carbonate cement and molluscs were abstracted 
with a fine pin or brush. Samples of cement were selected only 
from the skeleton-grain coatings, and carbonate associated 
with nodules and leaching tubes which represent prolonged, 
and later stages of soil activity, were avoided. 

A total of 95 samples were studied from soil cements, all of 
which were replicated, or run three times if there was 
significant variance, and each sample point is represented 
by a mean value. samples were studied from marine 
molluscs collected from beach sediments and each sample is 
represented bv a mean value based on two or three 
Wherever po~sible samples were taken for stable isotope 
analysis at 10 em intervals through each of the sections (44 
from section A. 15 from section B, 22 from section C 
and 22 from W section). Results of these studies are given in 
Table I. 

Initially. an attempt was made to estimate precipitation 
using m:.Jgnetic susceptibility, following the studies of .\fa her & 
Thompson ( 1992, 1995) in western China. but investigations 
carried out in Mallorca during this study indicated that these 
assumptions are not applicable in Mediterranean regions and 
that decomposed plant litter was a major source of the 
magnetic signal, rather than the precipitation-determined cli­
matic processes (Meng eta{, 1997). As a result, it was decided 
to use the SEM of soil cement to give a qualitative 

estimate of the climate in existence during soil formation. An 
open cement lattice is considered indicative of arid conditions, 
well developed bridge lattices are considered indicative of 
moderate precipitation and dense cement matrix is considered 
to represent humid conditions. Representative images are 
given in Fig. 6 and the interpretations are summarized in 
Table I. 

Dating methodology 
A molluscan fauna typical of the lower beach unit has been dated 
elsewhere in Mallorca by U-Series measurements to between c. 135 ka 
and c. 117 ka RP (Hillaire-Marcel l'l a!. 1996). confirming the Last 
Interglacial age of this unit. 

Because of the extensive use of aminostratigraphy within the 
Mediterranean, and especially Mallorca (Hearty et a/. 1986: Hearty 
1987) this technique was applied to 20 samples of the gastropod 
(Bi!lium sp.} from sections Calo d'es Cans A and B. D-alloisoleucine to 
L-isolucene rarios (alle:lle) have been determined on the total amino­
acid fraction using an automated ion-exchange HPLC amino acid 
analyser as described by Sykes (1991 ). 

As elsewhere, these results have insufficient precision to date the 
individual lithostratigraphic units. but the groups of ratios do identify 
two separate events which resulted in the deposition of beach sediment 
at the locality, and they also show that this beach sand was subse­
quently extensively reworked by aeolian processes (Fig. 7). The Last 
Interglacial beach is represented by five determinations which a 
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W Beach deposit (sands and sheils) 

Sand content (%) 

r-~-'-'-~~;:_~•::.0 Q 20 40 60 80 100 r-~~~-~--; 

I __ 

E 
Sand content(%) ;. Sand !rac!JOI'\ i~;,) 

20 40 50 ao · oo o 20 40 so so 

--

Sand content ('"!..} 
0 20 40 50 50 :oo 0 

o Zerova!Utt 

• Carcon.ata 
nodules 

[[[] Well developed palaeosol 

Weakfy developed palaeosol d Iron concentratJon banes 

ao 

Fig. 4. Particle size properties of 
sediments in the sections from Calo d'es 
Cans and Waterfront Cove. Size 
distributions are given in terms of phi 
mean, c;., clay ( <2 f.LID). % silt (2-64 f!m), 
sand (64 f.LID-2 mm) and (>2 mm) 
fractions. An asterisk is used to indicate 
where soil nodules constitute the 
fraction. 81s0 value is given in terms of 
%,, PDB. 
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A Mean grain size (0) Clay grade content{%} Silt content(%} Sand content(%) :> Sand fraction (01:::) fil$Q iil.'rn, POBl 
<3 -1 1 3 5 7 9 0 10 20 30 40 0 20 40 60 c 20 40 60 80 '100 0 20 40 60 50 ·5"5 ·3.5 .· .5 0.5 

Clay grade col"!enl {%; 
·3 9 0 10 20 :;o 40 0 lCO 

f ~ ! 

I 

t j> . : 
' 

~ 
"..- J ,_.. 
>-- .!'. t-
.r- } 

t" 
r---

loess h~~~~n Aeolian sand 

Beach depcsn (sands and shells) Weakly devetoped palaeo sci 

o Zerc value 

* 1\;Qd!...les 

" I 
i 

~ 
I 
j 

• • • 

. 
. 

• • • • • 

. . 

• • • 

• • • • • 

• • • • • • • • 

. . 

Iron concentration bands 

Fig. 5. Mineral magnetic properties, and extractable iron and calcium carbonate contents of sediments and soiis in the sections from Calo d'es 
Cans and Waterfront Cove. Mineral magnetics is given in terms of susceptibility (MS Sl units) absolute difference between high and low 
frequency susceptibility values (X1 

h). Extractable iron is given total iron (Fet), AAO extractable iron (Feo) and CBD extractable iron (Fed) in 
parts per million. Calcium carbonate values relate to the percentage within the fraction <63 >tm. 0 values are derived from soil cement and 

are derived from marine molluscs. 



Table l. Summary o( results and climatic and enrimmilelllal illlerprdations Jmm ( 'ulo d'n Cans ull(/ II 'urcr/rmll C 'ore, northcasr :\tal/orca 

Landform, sedimentary 
and soil properties 

Sandy loam with increasing upwards clay, 
humus, MS and Fe values 

Thick beds of sands and gravels and 
well-sorted, cross-bedded sand 

Yellowish brown silt, with weak soil 
development at surface. Far-travelled mineral 
composition, Low MS, moderate Fe value 

Gravels with brown sandy matrix, and :.amls 
with increasing-upwards clay content, moderate 
MS and Fe value 

Reddish yellow. well-sorted medium and coarse 
sand. Rrown soil with htgh MS. Fe and day 
values 

Sub-angular gravel and sands. Low MS and Fe 
value 

Brown, clayey soil on silty parent material. 
Moderate MS and high Fe value. Local Fe pan 

Well-sorted sands and bimodal sands and 
gravels. Low MS and Fe value except at base 

Red, clayey soil, with high MS, and Fe values 
and chemically fretted CaCO, fragments 

Pale brown mcdiltrn and coarse ;,and 

Erosional platform 

Rright brown, well sorted, cross-bedded sand 

fliological 
evidence 

Terrestrial mollusc fauna 

Derived marine molluscan 
fragments and terrestrial 
mollusc f<wna 

Terrestrial mollusc fauna 

Derived fragmented 
molluscs 

Marine molluscan fauna 

Derived fragmented 
mollusca 

Manne m,lliuscan L;una 

OSL age-; 
(ka) 

30-23 5 3 

67-55 ± 11.5 7 

61~55 t:: 8 

<Jon± 17 10 

109 

135 r 17 

I :'i-t 129 ± 25 22 

1-l(l J() 

MS, magnetic susceptibility; MAT, mean annualtcmpcrarure; OIS. oxygen isotope: stage. 

MAT 
("C) 

13.4 6.3 

14.6 9.9 

g ::> 4,9 

17.9- ]() 3 

J(U\-6.7 

17.9-!J.Ii 

13.6 8.2 

19.5 11.3 

19.5 17.9 

I 0,2 

Moisture 
regime 

Moist 

Very dry 

Moist 

Moist 

Vt:ry dry 

Environment 

Slopewash transporting soil materials from 
adjacent hillside slopes 

Fluvial deposition of large alluvial fans and 
extensive aeolian dunes beyond influence of the 
rivers 

Loess deposition from distant sources 

Fluvial gravels and aeolian sand, weathered at 
surface 

Coastal deposirion of head1 ridge 

Fluvial deposition of material eroded from 
adjacent hillsides 

Loess with temperate soil formation 

Aeolian sand and fluvial sands and gravels 

Mediterranean type soil formation 

Coastal deposition of ridges and beaches 

Shoreline erosion 

Aeolian dcposttion of dunes 

OIS 

2 "0 
;J;. 
r' 
> 
["r1 

0 
3 

(J 
r 
:;:: 
> 
-:l 
r.1 

4 Vl' 

f\o 
"0 
> 
r 

5a > 
rn 
0 
rn z 
< 

5b -"" 0 
z 

5c 
3::: 
["r1 

z 
-:l 
Vl 

5d z 
Vl 
"0 

5e > -z 

5e 

6 
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Fig. 6. Representative SEM images of soil cements form northeast 

Mallorca. A i> an open cement lattice indicative of arid Cllnditions. 

B is a well developed bridge lattices structure indicative of moderate 

precipitation and C is a dense cement matrix. representative ,,f >oil 

formation in humid conditions. 

A section: D/L ratio B section: D/L ratio 

0.1 0.3 05 

.. 

Fig. 7. lndi,idual amithl acid r:tccm:,allnn ratio,; on /Jillium 'P 

taken fr,,m <·.del d. t ·,,n, >itc·, ·\ and B. rllc: dekrmmat:om. 

'cparate the: up;'cr beach un:t tOIS :ial lrPm the l'""'r beach unit 

10IS :ic). The· nilitti!li ,hcli' in t:Jc upper be.·:ch have been 

,ui"tanti::lh :·c\\orkcd h1 11ind :o c·on,titutc· a 'ignilkant prnp<'rilclll 

,,1· the m:llcrial in tlh' 11ppc:r aeolian dune' 

Jllcllll /)/r r:lli\l ,,f IJ.4.i4 ::c 1).1)".4. \ qu:tc ":p<itlllC. h1kr C\C!l! i' 

liJd:c·:~ted h1 the :ntrPductlon <>I" !lc\\ Lillll:L llilh a /Ji/. :.ilic" ->1. 

hct11..:en 0.'.1 aJid 11.: I lii'=l'. ollC:Jo~=!I.:':·J 0.111>71 .• 1nd h ~e1;1l~d In 

1:1c high ~,__·,:-lc\ \\·:dch t\::t.:;.igm;.:d n1 tilt: \\\_~-.;1~rn \1edi1L'JT~tnc':ln 

"'"'Cl.Jlcd "ith OIS t/.uo t'l a! I'N~i. 
Opticaih ·aimuh1H.:d iuminc,ccnc·c IOSLJ :,; the main nh:tihld til.Jt 

ha' bl'en used IP dak tiK sequence' I \it~c·n i'IX:ii 2' mc,bur<:mcnh 
haH? been lll!Jlk 1111 qu.lrt/ )!r;tin' in the iSii 125 flll1 ";t!1gc i'rc>lll 
bcad1 ,;ami. ::•c<':Jan sa11cl. l<'e". !lti\J:il '"nd ;~nd ;,,,i!m.tlcri.Jk and th·..: 
rcsulh arc rc:1rc":.Jic:J Ltbk 1 ;l!ld :he dct:1il, of the :tppmprllllc 
lll<:asmcmcnh ,II\: gi,cn 111 Tab:c 2. llh 1c~' pf 'cdimcnt 11ith the 
dnllCil'>lOn 211 " 211 > 21) Clll \lc?l'l' c"<l]iec:tcd !'rom the ,;cctiOil:i, 1\Tllflpcd 

in light-prout· black puh·thcnc h:'~"· and tr:msJw•·tc:d back 1\l the 
I.thor:~tor). All ,:11npks 11crc r:cpa1·ed :111d anaiyscd t",,llcnving thl' 
J'l'l1L'Cdun> ur RlwJ;;s 1, Jl)Sg)_ The l1Ukr p:trh llf the sample bloc:k 1\l'l'e 

scupc:d-c'Jr in the ::1horaton undc:; cnnditinlh ,,f subdued 
light. and chc inner pan w:~> cru,hc-d ami treated "ith JX" ., HCI to 
n:mmc the CaCO, Samples 11-:rc thc'n \\:!shed using distilkd water. 
dried at , . :iO'C and -;ic\cd tcl cstrau the I Sll 12' um traction. This 
\\<IS then treated 11ith 40", !IF :111d slirrcd fc1r 6tl minutes tel 
kkbpars. cl:iy mineral:, ::nd th.: <Hiler IUf!l11 of 'he quartL 
\\~IShing "·ith dllute HCI. :tccwr:e and dhtillcd \\at<:r. the quartz W<IS 

":raratcd fn,nr 1:1e hea1y mineral fractwn usi''-'' a ,,,dium polytung­
state solution \ltth a Lkmity (1!' 2J,7 .. Finally. the sample w,ts further 

11·ashcd. dried and sieved to \lolkct the fraction > 125 pm. The samples 
were mc1untcd LHl I em di<Hncter :duminium discs using silicone ml and 

mcasttrcm•cnts of OSL we;-e made u,;:ng Jn automated RlSO '>et with a 
tlllercd hah1gcn light sOL:n:c. 

The results of the OSL detc:rmmations ::rc listed in T<Lble and 
slwwn cln hg. _< n:l:\tion to the Ethology sampled. Errors rang<: 
frum .::'0 w I O": •. but the di-,play c'Lmsistent trends adding 
conslderabl:- to their reliability and signilicance. U:;ing this method. in 
conjunction with the bHJ;.tratigr:q>h,· and aminmtra!Igraph; of the 
beach sediments. it 1s P<'SSihk tc derive a chr01wlogy fm the strati· 
graphic a::d ,oii ~:nits t'nrmetl hct\\·een OIS 6 and OIS :2. bearmg in 
mind the crrnrs on the detcrminatwr:s and stratigraphic correlations 

bet ween sit cs. 
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Litho- and soil stratigraphy with reconstructed climate 

Basal acoliuu 'Uiid '()f.') 01 

brown (7 'iYR5/(l) hthilicd. c:ros' bedded. 11cil 
Stlrll'd medium S~Jlld (I ..f) L'lllllpos::d pt'il11~11'1il ni' l'lllllldcd 
mollu,;L· i'r~tgmcnh. ~tnd fnund at the b~I'L' ul· each ,,j the 
scL'lillll\ 1 1-lg. 21. T11n OSL dctcrminatiPns ga1c age' 11i'an;tmd 
140 ka 1:-: .ill I Fig. '). The sedimentan •,tructure.,. degree ol 
Sllrtillg. COillpllSlli<lll and lC.\lLJrL' Oi' grain, sugge,;l ;ie<liian 
transport anJ or sea-bed or beach sand n:prescnting an 
extensive dune-lick! in the study area. Tcmpnatun: at this lillll' 

was in the cl!'der or JO . .:''C, the moisture \1~\S \er\ 
;md biomass 11 as limited. 

Lu1rcr hutch wnd and soil ( 0/S' 5e • 

This is a 1cry pale brown (l0YR7-8/4i medium and coar,;c 
sand !Fig. -+1 11ith abundant 1-vholc and fragmented mollusc,;. 
and is represented at all the sections ( ~ and J). The :iizc 
distribution and the fauna indicate a beach sediment while the 
variations in size range and of shell fragmentation 
indicate variable shoreline energy at the ditl'erent sites. prob­
ably due to different positions on the palaco-cmbtline. Four 
OSL determinations give ages in the range I 128 ± 25. 16 ka 
(Fig. 2). The range of ages, the amino acid ratios and the 
molluscan fauna suggest that this unit was fonned the 
optimum of the Last Interglacial (OIS 5c). Temperature at this 
time was in the order of 19.517.9T, the moisture regime was 
moist with extensive biomass cover. 
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Str<'ll'-'h de1 
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""I pr<>pcr; ic:-. ;m: -.U]k'l'impo,cd <'!1 the 
I<>IICI Bc;~Lh Sciiid ;:tall th~ {';liP d'c, ( ;111'> 

arc: ;Jl1-.<'lll ~ll \V~ilcr:'r<>lll ( tl\C 11hcTC tilL' 
IPp nl the hc~tdl 1-; crodL·d. !'hi-. :-.nil i-. d rcddi,;ll hrPI\11 

(7 'i)R7/6J to ll'll,mi,h red (_'i)IU/(l) ~111d red (2 5YR-4/(J) 
clliPur 11i1h bctm.:c:n 10 ;tnd -it) , d:11. ulntu:;t 11:1h !ll;t\i­
mum 1;tluc:- ul' ~thPut I'.. in the hc;tch p;1rcnt nutcri;d 
!I -11 I I irun and m;~gl:l.'tlc -.usccptihilitl ~~tlliL'' clur;IL'­
tcrill' this unit ~md (aCO, cont~nl is much diminhhcd rclatin: 
tuthe beach -;and 1Fig. I. Temperature at tilts time 11:1:-. in the 
urdc·r nl' llJ.5 II .. \ C. ~tnd the mui,turc 11;t' m•>i-.1 11ith 
c\ tc11 ,i\ c hinm;1s' Cll\ cr. 

Lu1rcr ucolion sunds. f/uriol gru1cl.1 and loess 1tii/1 soil 
impri11f.1 r 0/S 5d-u J 

rhis i, a Jithnstratigraphic C<llllpicx \Vith Up Ill fnur :-.cparate 
sediment/soil untt:S. The nHht cornpktc succes:;ion i~ at Calo 
d"es Cans B 11hcrc all but the lowc:-:t unit is represented (Figs 2 
~tnd ~ 1. At Calo J'cs Cans C the whole succession is repre­
sented by a very strongly dcvdllped soiL Calo d'es Cans A, 
which is closer to a vailcv a:>.is is dominated by fluviatile 
sediments. and this site and\Vatert'rollt Cove also i;Jclude thin 
beds <)r aeolian sand. 

The luwest unit of this cumpkx interbedded aeolian sand 
and 11uvial gravels. represented at Calo lles Cans A. The 

of these units is indicated by their structure and size 
distribution ( 4 ). High magnetic mineral content of the 
basal sands and gravels suggest~ incorporation of soil material 
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(Fig. 5) from the underlying beach. The rapid changes 
of lithology reflect the relative influence of river and wind 
transport and deposition, almost certainly influenced by the 
geomorphological position of the locality. OSL ages of 
109-99 ± 13-10 ka (Fig. 2) on the sand units indicate that these 
deposits were likely to have been formed in OIS 5d. At 
Waterfront Cove well-sorted aeolian sands are the equivalent 
unit. Temperature at this time was in the order of 13.6-8.2'C, 
the moisture regime was dry and biomass was low. 

The next unit in this complex is a strong brown/brown 
(7.5YR4-5/4-6) soil, developed on a silt-rich parent materiaL 
probably loess (Fig. 4). Clay and extractable iron content is 
high although magnetic susceptibility values are moderate 
(Fig. 5). Locally an iron pan is developed. All these properties 
reflect soil formation, but with a parent material that 
readily yields clay size material and iron minerals, relative 
to the lower soil developed on the beach sands. The age 
of this unit cannot be determined directly but it is likely to be 
OIS Sc. Temperature at this time was in the order of 17.9-
13.6'C. the moisture regime was moist and biomass was 
relatively low. 

Overlying this brown soil at Calo d'es Cans A and B is a 
sub-angular gravel with brown (7.5YR5/4) sand, typical of the 
coarse grained fluviatile sediments derived from the local 
bedrock in the area. Low mineral magnetic and extractable 
iron values indicate composition (Fig. 5) of material derived 
from freshly eroded limestones and an OSL determination on 
a sand bed gives an age of around 94 ± 17 ka suggesting 
formation during OIS Sb (Fig. 2). Temperature at this time 
was in the order of 10.8-6.7'C. Information is not available 
to determine the moisture regime but the biomass cover is 
estimated as moderate. 

The final unit of this complex is a reddish yellow (7.5YR 7/6) 
and light yellowish brown (I OYR 7/2-4) beach sand at Calo d'es 
Cans A and a soil at all the other sites. The genesis of this 
beach sand is indicated by the size distribution (Fig. 4) and 
newly introduced molluscan fauna. Amino acid ratios from the 
molluscan fauna in this unit are significantly lower than those 
in the lower beach unit (Fig. 7), indicating a distinct shoreline 
event rather than simple reworking of existing coastal and 
sea-bed materials. The soil. which is in the equivalent strati­
graphic position at the other sites, varies in colour depending 
upon the character of the soil unit and the parent material 
(Fig. 5). At Calo d'es Cans B. where the soil is developed on 
fluvial sands and gravels formed in OIS Sb. it is a strong brown 
(7.5YR5/4-6) colour with moderate magnetic susceptibility 
values and extractable iron content. At Waterfront Cove. 
where it is developed on aeolian sand, it is bright brown 
(7.5YR5/6) to bright reddish brown (5YR5/6) with relatively 
high magnetic susceptibility and extractable iron values. How­
ever at Calo d'es Cans C. where the soil developed on a land 
surface that came into existence with the fall of sea-level in OIS 
Se, the soil horizon is 70 em thick and the colour is a yellowish 
red (5YR4-5/6-8) or red (2.5YR4.2-6) with extremely high 
magnetic susceptibility and extractable iron values and high 
clay content. This differences in the development of the soil 
reflect the different lengths of time over which they have 
formed, so that B section was at the surface for about 
10 ka, Waterfront section was at the surface for some 30 ka 
and C section had been exposed to soil forming processes for 
some 40 ka, including the latter part of the Last Interglacial 
(OIS 5e). Temperature at this time was in the order of 
17.9-10.3'C, the moisture regime was moist and the biomass 
cover was high. 

Fluvial gravels and aeolian sand altered by soil 
j(mnation ( OIS 4-3) 

Fluvial gravels exist at Calo d'es Cans Band aeolian sands are 
developed at Calo d'es Cans A. These sands are probably 
derived from sea-bed materials. that have been altered to a 
reddish yellow (7.5YR6/6) colour. with an increasing-upwards 
clay content, moderate magnetic susceptibility and moderate 
extractable iron values (Figs 4 and 5). OSL determinations on 
this unit give age of around 61-55 ± 11.5-7 ka (Fig. 2). sug­
gesting that the sand was most probably deposited during OIS 
4 and that soil formation took place in OIS 3. Temperature at 
this time was in the order of 8.2--4YC. the moisture regime 
was dry and biomass cover was very low. 

Loess r 0/S 4) 

The next unit in the succession is a silt which is found at all the 
sites. although at Calo d'es Cans C it is modified by weak soil 
development. Universally. the silt is a yellowish brown colour, 
but it varies slightly from a pale yellow (2.5Y7/4) and light to 
dull yellowish brown (IOYR6-7/4) at Calo d'es Cans A to dark 
yellowish brown (10YR4/4) at Band bright yellowish brown 
( IOYR7/6) at Waterfront Cove. In all cases silt is the dominant 
size. although there are small amounts of sand and clay (Fig. 
4 ) . .\1ineralogically it is dominated by silica and calcite with 
minor amounts of feldspars. clays. magnesium minerals and 
micas and is much more variable than other lithologies in the 
area. Magnetic susceptibility is low. and extractable iron 
content is moderate (Fig. 5). All these properties lead to the 
suggestion that this is a loess, derived from an extensive region 
rather than local provenance. The common occurrence at all 
the sites suggests that it occurred universally as rain-out from 
a dust-charged atmosphere. OSL determinations suggest that it 
was formed around 67-55 ± 12-8 ka indicating that these 
conditions occurred during OIS 4 through into OIS 3 (Fig. 2). 
Temperature at this time was in the order of 14.6-9.9'C, the 
moisture regime was moist with moderate biomass cover, 
probably taking the form of grasses. 

Fluviatile sands and gravels and aeolian sand ( OJS 3-2) 

The sands and gravels are at Calo d'es Cans A. B and 
Waterfront Cove, and the aeolian sand is at Calo d'es Cans C. 
At all sites these sediments form the thickest sand and gravel 
unit in the succession. A bimodal size distribution with modes 
in the - 3 and + 2 phi ranges (Fig. 4), the sub-angular and 
sub-rounded form of the clasts. and the poorly developed. low 
angle sedimentary structures suggest that the sands and gravels 
were formed by rivers close to the axis of the small valleys that 
drain down from the local hills. At Calo d'es Cans A and B 
these gravels are located at the mouth of a shallow valley, but 
at Waterfront Cove they are part of a fan beyond the valley 
mouth. Calo d'es Cans C is beyond the influence of these rivers 
and this site is dominated by large scale cross bedded, very well 
sorted sands (Fig. 4) composed predominantly of shell and 
limestone fragments. Magnetic susceptibility (MS) values are 
very low and extractable iron is absent (Fig. 5). In all respects, 
the characteristics of this unit indicate aeolian deposition of 
sand size material as large dunes. The material of which these 
dunes is composed is derived locally from the adjacent dry 
sea-bed and seasonally dry braid-plains. OSL ages of the river 
and dune deposits give ages of 30-23 ±5-3 ka (Fig. 2) suggest­
ing that deposition took place in the latter part of OIS 3 and 
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Table 3. Patterns of environmenllll change. northeast ,\Ia!lorcu orer the !u.\'1 J.l() 000 .~·ears 

Q[S Environment 

2 Fluvial deposition of large alluvial 
fans and extensive aeolian sand dune 
formation beyond the rivers 

3 Loess deposition 

4 Fluvial gravels and aeolian sand. 
weakly developed soil at surface 

Sa Coastal deposition of beach ridge. 

5b 

Sc 

5d 

5e 

5..: 

6 

Temperate soil formation beyond 
coastline 

Fluvial deposition of material eroded 
from adjacent hillsides 

Lvess with temperate soil formation 

A..:olian :>and and tluvial sands and 
gravels 

Mediterranean type soil formation 

C oaslal deposition of ridges and 
beaches 

Shoreline erosion 

Al.'olian deposition of dunes 

Climate and operating surface processes 

Period of most significant landscape change with extensive tluvial erosion. transport and 
deposition. and extensive aeolian dune formation. under cold. arid conditions. Effectiveness of 
rivers is a consequence of rap1d run-o!f from landscape with low vegetation cover. 

High atmospheric dust conditions. but relatively moist. cool c!imate and sparse vegetation 
cover, dense enough to trap dust and initJ<lte soil formation. 

Period with most extreme cold recorded. Initiated by signitk:ant landscape change with river and 
aeolian activity. Replaced by more stable conditions with coo! temperate soil development. 

High sea level. possibly associated with Mediterranean-wide tsunami. Cool temperate. moist 
climate with landscape stability. 

Deterioration of climate and breakdown of vegetation. 
transport and deposition. 

runotr and lluvial erosion. 

:Vloist. cool temperate with high atmospheric dust content and loc:s;, uepos:tion. Opc:n vegetation 
trapping silts with weak. temperate. soil formation. 

Climatic deterioration. Vegetation breakdown. etlective llunal erosion. transport and deposition 
and aeolian transport and deposition sand sheet. possiblv associatcu with a'ailabk :,ca bed 
sedimants. 

Eust;!lic t~dl elf sea kvd associated with shon-duration climatic uetcrioration. Mcuiterrancan 
type climate at other times. No evidence or additional high sea level. Stable landscape with 
dense vegetation cover ,111d strong chemical weathering in seasonally moist clnnalcc. 

Coastal deposition "ith beach ridges across low rcliel' :111d beaches fronting dill' lmc,.;. 
Mcditcrrancan-tyrc climate. 

Coastal crosinn assoctatcd with cust:ttic rise of sea level. 

Extensive dcposllton ot' unlithilicd and unvegclatcd sea bed and cnastal sands across arill. 
sparsely vegetated. ht nd surl~tcc. 

during OIS 2 which is the Last Glacial Maximum (LGM). 
Temperature at this time was in the order of 13A-6TC. the 
moisture regime was very dry but seasonal and biomass cover 
was moderate becoming very low. 

2 and represents a series of changes of climate that vary from 
seasonally moist. mediterranean-type climates slightly vvarmer 
than now. to relatively cold. arid climates with mean annual 
temperatures in the order or 5~C The patterns or change fall 
within the framework described from south and eastern France 
by GuiL)t er a!. ( 1989). Reille & de Beaulieu ( 1990) and de 
Beaulieu & Reille (I Pons & Reille (1988) in southern 
Spain. and by Watts er a/. ( 1996) in southern [taly A wide 
range of geomorphological conditions are associated with 
these changes of climate and have contributed to distinct 
patterns of landscape change. The main attributes of the 
environmental conditions along with the factors responsible 
for the changes arc set out in Table 3. 

Colluvial sandy loam and humic sand\' loam 

These deposits are located only at Calo d'es Cans A. These are 
sandy loams with a high terrestrial mollusc fauna (Fig. 4). The 
humic content increases upwards through the unit. as does the 
magnetic susceptibility values and the iron content (Fig. 5). 
CaC03 responds inversely with these properties. The size 
distribution and mollusc fauna suggest that these units formed 
by mass movement of sandy soil material down hillside slopes. 
The lowest part of the unit appears to have been formed when 
soil development was minimal. but the upper part appears to 
include a high component of soil products. It is suggested that 
these colluvial units were produced primarily by slope-wash. 
but that the earlier phase involved onlv unweathered sandy 
sediments, whereas the later phase invol~ed a high componen't 
of weathered material, probably reflecting soil degradation 
associated with grazing and agricultural practices. 

Discussion 
The evidence presented above provides a basis for interpreting 
the development of the landscape from OIS 6 through to OIS 

Warmer climwic episodes 

The periods of warmer climate (O!S 5e. 5c. 5a and 3) are 
characterized by soil development, minimal river activity and 
landscape stability except for shoreline activity associated with 
high sea levels. Beach sediments were deposited in OIS 5e and 
5a hosting marine molluscan faunas. which were subsequently 
re-worked during the colder episodes. It is noticeable that the 
beach sediments formed during OIS 5a do not equate with a 
period when global sea level was equivalent to levels in 
existence now or during OIS 5e (Shackleton 1987), but appears 
to have been deposited by a tsunami event of this age 
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recognized elsewhere throughout the Mediterranean reg10n 
(Wood 1997). Soil types vary from red clay- and iron-rich soils 
with high MS values. formed in the Last Interglacial (OIS 5e), 
to brown soils with relatively high clay, iron and MS values 
formed in the less warm periods (OIS 5c, 5a and 3) (Yaalon 
1997). Intensity of soil development is not just a function of 
climate, but also length of time over which the soil has 
developed at the land surface as can be seen by the much 
higher clay, iron and MS values that characterize the soil that 
developed through OIS 5e-a in Calo d'es Cans C relative to the 
soils that developed through OIS 5e-c in Calo d'es Cans B. and 
through only the latter part of 5e in Calo d'es Cans A. Soils 
developed in OIS 5c and 3 are also influenced by loess 
deposition. 

The results from OIS 5e show a complex story that suggests 
that the Last Interglacial had a variable climate as suggested 
by Field e1 al. (1994). and GRIP Members (1993) rather than 
a simple cycle reconstructed by palynological studies of this 
interglacial (West 1980). Stable oxygen isotopic values indicate 
that maximum warmth existed during the period of high 
sea-level conditions at an earlier part of the interglacial, but 
that after sea level had fallen and a soil began to develop 
on the beach. temperatures fluctuated between 19.5 and 
II TC before the temperature fell into the cooler period of 
OIS 5d. 

The explanation for the lack of river activity in these warmer 
episodes may be found in the effects of vegetation and soil 
cover in increasing interception and infiltration and reducing 
runoff (Fuller er af. 1998). despite the higher moisture levels 
indicated by the SEM of the soils and sediments. In the 
absence of any tluvial sediments from these periods. or even 
erosion of the soils, it is likely that these small catchments 
acted as dry valleys throughout these periods and that channel 
tlow was maintained, and hence erosion and depos1tion took 
place only in catchments than those studied here. 

Colder climaric episodes 

All the signi[1cant landscape changes in the area. except those 
caused by shoreline activity. took place in the colder episodes. 
River processes are recognized by deposition of sands and 
gravels during OlS 5d. 5b, 4 and J-2 with the most effective 
river activity recorded during the Last Glacial Maximum (01S 
2) (Rose & Meng 1999). The palaeoclimate estimates for these 
periods indicate that frost action would have occurred during 
winter months and that this process would have provided a 
method of soil material over the catchment 
and facilitating the production of limestone clasts from the 
well-jointed bedrock outcrops. 

At the localities concerned, the river activity consists of the 
deposition of small alluvial fans over the coastal plain. These 
river deposits include material with relatively high iron and 
MS values indicating erosion and deposition of soil material 
from the hillside slope (base of OIS 5d and OIS 4), and 
materials with very low iron and MS values indicating erosion 
of bedrock. incision in the upper parts of the 
catchment and erosion of bare hillside slopes (OIS Sb and OIS 
2). The river sediments also include derived marine fauna 
indicating reworking of the earlier beach deposits. The reasons 
for this river activity, despite the much lower moisture levels at 
these times is considered to be due to rapid runoff across 
unvegetated surfaces with thin soils or bare rock surfaces, as 
recognized elsewhere in the Mediterranean region (Lewin eta/. 

1995: Fuller et al. 1998). These conditions may have been 
enhanced by extreme seasonality during OIS 2 in which 
precipitation was concentrated during the winter months 
(Prentice al. 1992}. 

While river activity took place along the valley axes, wind 
activity brought about sand transport and deposition across 
the remaining parts ,)f the coastal plain. This is clearly seen at 
Calo d'es Cans where section A, which is nearest the channeL 
preserves the best record of river activity. and section C which 
is most distant from the channel does not include fluvial 
sediments. but is dominated by wind-biO\vn sands. Section B. 
which is in an intermediate location. records both wind and 
river deposits. These wind blown sands are composed primar­
ily of beach sands. often with a derived marine fauna. and 
represent the re-working of beach material deposited during 
the high sea-levels of OIS 5e and Sa, and sea-bed sand exposed 
by the fall of sea level during the colder 

Aeolian sand deposition took place extensively during O!S 
6. although the upper part of this unit has since been truncated 
by the shoreline erosion that took place during OIS 5e prior to 
beach deposition. Further deposition of wind-blown sand also 
occurred during OlS 5d and OIS 4. both being 
associated with the formation of di,continuous small dunes. 
Large. well defined dunes were formed during OIS 2. 
much of the coastal plain. In many respects the landscapes of 
OlS 6 and OIS 2 were very similar. or a ,;erics of 
coarse grained alluvial fans at the valley mouths and extensive 
sand dune fields across the interveni:1g lowland plain. 

Loess deposir ion 

Wind-blcmn ,ilt or loess wa' abo Lkpositcd OIS 5c and 
OIS 4. The tllder deposit consists nf <! thin bed of silt that has 
since b.:en modilicd soil formation. Th.: younger ts 
:11ore cxten~ivc and fcHms a cunsistcnt bed across much of the 
area. The min.:ralogy or these units suggest that this material 
was derived !'rom an ext.:nsive region rather than but 
that the clit;late 111 which it formed Wets moist and suitable for 
vegetation and soil devclnpmcnt with translocation tll' 

iron and carbonate minerals. The timmg or this period of loess 
formation docs not coincide with current understanding or the 
main periods of loess formation associated with anticyclonic 
weather systems and sediment supplies generated by the North 
European ice sheet. and may reflect seasonal dust flux or 
re-working of loessic material already deposited elsewhere. 

Re\ponses lo climate 

Although the resolution of this study is not sufficient to 
identify the detailed processes that are involved in the 
of climate and environment, it is possible. from the detail that 
is available. to infer the main factors that have been respon­
sible for these changes. Universally. a change from a temperate 
climate with extensive vegetation cover and soil development 
to a colder climate with less extensive vegetation cover has 
been accompanied by landscape instability in the form of river 
erosion and deposition. and aeolian sand transport and depo­
sition. This has come about because of two independent 
factors. Firstly, the breakdown of vegetation cover. along with 
the occurrence of frost action in the soils and in jointed 
bedrock of the upper parts of the catchment, has resulted in 
surface runoff and a supply of erodible/transportable 
material. This. in tum, has resulted in the stripping-off of the 
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relatively deep soils formed in the preceding warmer periods, 
entrainment and transport by surface wash and mass move­
ment of gelifracted bedrock, and river incision into the bed of 
the stream channels. The loss of capacity on the lower-angle 
slopes of the coastal plain, enhanced by the change in channel 
shape where the stream has exited the valley to flow across the 
fan, has resulted in fan deposition and burial of the lowland 
soils without significant erosion despite the absence of a 
protective vegetation cover. 

The second factor is the fall of sea level which coincided with 
the deterioration of climate. The appearance of extensive sand 
plains across the shallow coastal region made available a ready 
supply of unlithified sand-size material that was transported 
across sparsely vegetated surfaces close to the coastal zone. 
The SEM and stable isotope studies of the carbonate cements 
indicate that the ready supply of mobile sand appears to have 
only limited duration because of the rapid process of lithifica­
tion, both in the exposed coastal sediments and in the aeolian 
dunes. In this case it is likely that the process of aeolian sand 
deposition was a feature of the earlier phases of climatic 
deterioration, but much less important in the later stages and 
of minimal importance during the phases of climatic warming. 

The evidence confirms the expectation that the magnitude of 
changes relate either to the scale of climate change or the 
duration of particular climatic conditions. For instance. there 
is no known geomorphological effect associated with the 
deterioration of climate recognized in the later part of OIS Se. 
either because the change of climate was not sufficient to cause 
the geomorphic processes to cross critical thresholds of erosion 
and entrainment. or because the event was not long enough for 
sufficient quantities of material to be eroded and deposited. 
This point is also made by the scale of !~uvial activity associ­
ated with each of the colder episodes, with by far the largest 
quantity of material deposited being associated with a period 
extending from the latter part of OIS 3 through the whole of 
OIS 2, a duration twice that of any of the other periods of 
climatic deterioration. 

Conclusions 

Stacked sequences of terrestrial sediments and soils. in sensi­
tive geomorphological positions within the western Mediterra­
nean provide detailed evidence of climatic and environmental 
changes through the period from the Last Interglacial to the 
Last Glacial Maximum. 

Clearly defined geomorphological sites enable a reliable and 
comprehensive interpretation of the causes of landscape 
change because of the survival of soils and the incremental 
deposition of fluvial and aeolian sediments. 

Both warm-temperate Mediterranean-type climates and 
moist cool-temperate climates experience relative landscape 
stability with effective soil development. 

Climatic deterioration leads to a break-down of the estab­
lished Mediterranean-type and cool temperate type vegetation 
cover, the desegregation of upland soils by ground-ice growth 
and melting, and the generation of transportable clasts from 
bedrock, by frost action. These conditions lead to extensive 
landscape instability caused by surface run-off in channels and 
on slopes, resulting eventually in river erosion on steeper 
slopes and fan deposition on the lowland margins. 

Elsewhere, and particularly in the regions close to the 
present coastline, there is extensive aeolian sand transport. and 
deposition of material derived from newly exposed, unlithified 
sea-bed sediments. 

There are some periods of extensive dust (loess) sedimenta­
tion which do not coincide with maximum glaciation elsewhere 
and are associated with relatively moist climate and a sparse 
vegetation cover. 
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