Journal of the Geological Society. London. Vol. 156, 1999, pp. 435-448. Printed in Greut Britain

Palaeoclimate and palaeoenvironmental responses in the western Mediterranean over

the last 140 ka: evidence from Mallorca, Spain

JAMES ROSE. XINGMIN MENG & CLARE WATSON

Department of Geography, Roval Holloway, University of Loadon, Egham, Surrex. TH2000EY UA

(e-mail: jrose@rhbnc.ac.uk )

Abstract: Climatic change in the western Mediterranean basin over the Jast 140 ka has been invest
from sediment and soil sequences along the coast of the northeastern part of Mallorcua
Palacoclimate and palacoenvironments are reconstructed from sediment and soil structures, mar o
terrestrial molluscan fauna, grain size distributions, mineral magnetics, sediment and soil chemuirs. SEM
and oxygen isotope values. Dating is by OSL and amino acid geochronometry along with murine
molluscan faunal assemblages. All Oxygen Isotope stages and substages from OIS 6 1o [ ure revcordad
Mean annual temperatures {m.a.t.) of ¢, 19.2°C for the climatic optimum of the Last Interglaciai compare
with ¢. 17.3°C for the present, and are associated with high sea level, extensive woodland and stable soils.
although wide temperature ranges are detected during this stage with values as low as ¢. 10.3°C. Through
OIS 3d to 3a m.a.t. fluctuated from 8.2°C to 17.9°C. Low sea level. open vegetation, effective river acuvity
and aeolian sand and dust deposition characterize 5d and 3b while relatively high sea-level und sl
development on stable lundscapes dominate OIS 5S¢ and 3a. OIS 4 15 represented by maa.t of . $9°C wath
aeolian sand and loess deposition, limited river activity and weak soil development. Loess deposition
persisted into OIS 3. but at this time the m.a.t. was ¢, 13°C and with higher humidity and vegewuon
growth. During the LGM (OIS 2) m.a.t. was ¢ 8.1°C and effective river. slope and acohan processes. alony
with associated with limited vegetation cover, were responsible for the most extensive changes m the
lundscape, Major rates of change oceur during periods of chimatic deterioration when the high fovels of

geomorphic energy were imposed on a landscape undergoing a breakdown of vegetution cover

Keywords: Mediterranean, palacoclimates, palucoenvironment, foess. pakieosols.

The NERC TIGGER lic project was designed to investigate
the change of climate, and the environmental response to these
changes in the Mediterrunean region over the period from the
Last Interglacial (Oxygen Isotope Stage 5e) through 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 nutural 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 respond to
climatic changes. both warming and cooling.

The importance of this study is emphasized by the marked
contrast that exists between the ‘interglacial’ and ‘glacial’
climates and environments of the Mediterranean region
{Tzedakis & Bennett 1993). At the present time Mediterranean
regions are located within the boundary zone between the
subtropical and mid-latitude atmospheric patterns (Perry 1981;
Macklin et al. 1993) and are represented by an environment
with high sea-levels, dense vegetation cover, relatively high
infiltration and moderate river discharges. In contrast, ‘glacial’
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 es 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 regimes.
Between these extremes a number of intermediate conditions

and environmental responses are ikels 1o have existed. but the
process of change, cither from warm 1o cold. or cold to warm
is Jittle documented and little understood. This work amms to
describe the characteristics of the climate und the physical and
biclogical environment of part of the western Mediterranean
region over the last 140000 vears and to discuss the factors
that have contributed to the major changes in the landscape.
This period encompasses the period from the Luast Interglacial
through to the Last Glacial Maximum and there are no known
effects of human environmental change.

Palaeoenvironments have been interpreted from sediment
and soil structures. geomorphological position. grain size
distributions. sediment chemistry, and mineral magnetics.
Climate has been derived from marine and terrestrial
molluscan fauna, SEM analysis and carbon and oxygen
isotope signals. Dating is by OSL and Amino Acid geochro-
nometry and biostratigraphy based on marine molluscan
assemblages.

Location

The area studied is at Calo d’es Cans and Waterfront Cove in
the north east part of the island of Mallorca (Fig. |} where
stacked successions of marine, fuviatle, 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 is one of the Balearic islands in the western
Mediterranean which currently experiences a Mediterranean-
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Fig. 1. 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 17°C 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. 1) 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, B 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.1.) 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. Mottling 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, foilowed by immer-

sion with regular stirring in a 0.5% sodium hexmetaphosphate disper-
sant for 24 hours. Finally the sample and dispersant were placed in an
ultrasonic bath for 15 minutes. The size distribution of clasts coarser
than 63 um have been determined by wet sieving and the fraction
<63 um by analysis with a Sedigraph 5100 (Coakley & Syvitski 19911
Results of particle size analysis are shown on Fig. 4 and results of
mineral magnetic measurements, free iron measurements and CaCO.
determinations are shown on Fig. 5.

Climatic proxies

Molluscan ecostratigraphy indicated that the lower beach
sediments contain a warm water fauna tvpical of recent
interglacials (Butzer & Cuerda 1962: Hillaire-Marcel er 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
1o 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 1s in equilibrium with
the environment and the composition of the fluid from which
the mineral was precipitated (Marshull 1992; Quade e al.
1989, 1994). The process is described in terms of the isotope
exchange reaction (O’Neil er af. 1969):

1/3CaC'"°0,+ H,""0<==>11/3CaC"* 0, +H,"'°0. (h

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

7CC)=16.9 — 4.2(5¢ — 81) +0.13(5¢ — dw)? (2)

where 5¢ is the 8'*0 of CO, produced by reaction of CaCOy in
phosphoric acid at 25°C and &w is the 3'0 of CO, in
equilibrium with water at 25°C, both referred to the PDB
standard (Epstein er «/. 1953; Craig 1965) The oxygen isotopic
composition of ocean water at Mallorca is 1.10 PDB {Cornu
et 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):

$'*0 PDB=0.97006 §'*O 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 CO, was determined using a
Prism Series IT [sotope Ratio Mass Spectrometer (VG Isotech)
according to the reaction:

3CaCO,+2H,PO,===>3C0, +3H,0+Ca,(PO4),. (4)

All isotopic values are expressed as %o PDB standard with a
precision of =+ 0.03%0. XRD analysis was used to determine
the mineralogy and 0.3mg of calcium was used for each
sub-sample.
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CALC DES CANS: A SECTION

Lithology

Depth
{cm)
o

Reddish brown (SYR4-5/3-4)
modermn soil derived from
colluvial deposits

- 20 4
F 40 7

Very pale brown (10YR7/4)
colluvial deposits (siity sands)

colluvial i il
Fluvial gravels and sands

Yellowish brown (10YR5-6/6)
lluvial deposits (silty sands) I

L 50 -
80
- 100
1204
- 140 4

Pale yellow (2.5Y7/4) -
light yellowish brown
(10YR6/4) loess

- 1604

Duil yeliow orange
{10YRE-7/4) sandy loess

180+
- 200+

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

2204

Reddish yellow {7.5YR7/6) -
light yellowish brown {10YR6/4)
beach sand

2404
L 260+

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

I 280
- 300 4

Yetlow - very pale brown
(10YR7-8/6-8) aeclian sand

320

Fluvial gravel and sand

- 3404

n Y Elavial gravel and sand

- 3607

Reddish brown (7.5YR7/6} -
red {2.5YR4/6) palagosol

- 380

5 (Grayish white (NB/0) beach shells

Yellow {10YR&/6) aeolian sand
{cross bedded dune)

4201

440

G8L age {yr)

- 37,600 %3,800

- 30,000 £4,700

—— 55,200+11,500
P 90,500+10,000

e 99,600 +13,300

400 4 154,300 £22,300

CALO DES CANS: C SECTION

Lithology

Depth

{em)

¢

Pink {7.53YR7/4) - very
pale brown {10YR7-8/3-4)
aeolian sand

L 25 A

_50_

L 75 4

100

~125 4

- 150 4

LR AR
Hi1]1]] Yellowish brown (10YRs/4-6)[ 17> T~
iyl weakly developed palagosol
TTTFETT onicess. iron-concentration | 2004
{11]11] bands can be seen.
| ! k225 1
AT Yellowish red (5YR4-5/6-8) -
P red (2.5YR472-6) well devel- | 55
! oped palaeosol intercalated
i1 with some iron concentration
| bands -275 4
L2201 Reddish yeflow (7.5YR6/6) - 300 +
»s s’ » ] very pale brown (10YR7-8/4)
::: j: beach sand - 305 +—
» 2 s s 21/ Yellowish brown (10YRS/6)
I EE asolian sand agg I

CSL age (yr)

- 108,200+ 16,700

140,600 +28,800

CALO DES CANS: B
Lithalogy Depth
{cm)
[4
Fluvial deposit 25 -
{matrix: strong
brown, 7.5YRS5/6)
50
Dark yellowish brown | 75

(10YR4/4) lcess
Fluvial deposit {matrix;
strong brown, 7.5YR4/6L 100

Strong brown - brown

(7 5YRS5/6-4) soil -125
g Fluvial deposit {matrix:
150

SECTION
GSL age (yr)

— 62,800+ 8,500

+— §1,500+7,300

-+ $8,700+£11,200

';qt?iy-‘f brown, 7.5YR5/4)

f
| Strong brown - brown
y (7.5YR4-5/4-6) paleosol | 175

Yellowish red (5YR4/6)

93,800 £17,300

23,000£3,100

55,100 8,800

84,700+ 13,400

148,500+ 24,500
139,000 32,400

palasosol [200 1 135.200=16,900
B
55555 Very pale brown L 2og
» s s 5l {10YR7-8/4) beach
p:{;i;') sand
(* F 5 ¥ 250
WATERFRONT SECTION
Lithoiogy Depth CSL age {yr}
{em)
o -
Fluvial deposit {matrix: 10YR7/6, bright
vellowish brown) - 50 A
/] / Bright yellowish brown (10YR7/6) aeolian
sand 100 1 .
Bright yeliGwish Brown - yeliowish Grown — 66,500 £12,100
(10YRS-7/6-8) loess
Bright reddish brown (5YR5/6) - bright brown |- 150 4+~ 88,500 £13,000
(7.5YR5/6) palaeosal derived from fluvial
. deposit; iron bands are found at the top ievel -
Yellowish brown (10YRS/8) reworked loess 2004 - 80.600£9.800
Bright brown (7.5YR5/6) - bright reddish
brown palaeosol derived from fluvial deposit e 77,800 £10,800
and aeclian sand r 250 1
e 73,700 12,400
. . . F300 1
Bright brown {7.5YR5/6) - dull yellowish
crange aeolian sand
r 350
e 142,800 :£39,100
[ 400 1 128,700 £25,000
Beach sediments | 450 |
500 1
Bright brown (7.5YR5/8) asclian sand
550 -

Fig. 2. Sediment and soil logs at the sampling sites at Calo d’es Cans and Waterfront Cove, northeast Mailorca. Each sedimentary and soil unit
is described in terms of lithology, colour and depth below the top of the section. The evidence for lithological and pedological interpretations is
given in the text and in Figs 4, 5 and 6. OSL ages are also given.
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CALO D'ES CANS
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Material for isotopic study was examined under the micro-
scope. and 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. Eight samples were studied from marine
molluscs collected from beach sediments and each sample is
represented by a mean value based on two or three analyses.
Wherever possible sampies were taken for stable isotope
analysis at 10 cm 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 1.

Initially. an attempt was made to estimate precipitation
using magnetic susceptibility, following the studies of Maher &
Thompson (1992, 1995) in western China. but investigations
carried out in Mallorca during this study indicated that these
assurptions are not applicable in Mediterranean regions and
that decomposed plant litter was a major source of the
magnetic signal, rather than the precipitation-determined chi-
matic processes (Meng et al. 1997). As a result, it was decided
to use the SEM image of soil cement to give a qualitative
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Fig. 3. Correlation of Calo d'es Cans
and Waterfront Cove scctions, giving
elevation above seu level. lithological and
pedological interpretation of each unit
and Oxygen Isolope Stages.

estimate of the climate in existence during soil formation. An
open cement lattice 1s 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 1.

Dating methodology

A molluscan fauna typical of the lower beach unit has been dated
elsewhere in Mallorca by U-Series measurements to between ¢, 135 ka
and ¢, 117 ka sp (Hillaire-Marcel er /. 1996). confirming the Last
Interglacial age of this unit.

Because of the extensive use of aminostratigraphy within the
Mediterranean, and especially Mallorca (Hearty er al. 1986; Hearty
1987) this technique was applied to 20 samples of the gastropod
(Bittiven sp.} from sections Calo d'es Cans A and B. D-ailoisoleucine to
L-isolucene ratios (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 give a
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Fig. 5. Mineral magnetic properties, and extractable iron and calcium carbonate contents of sediments and soils in the sections from Calo d’es
Cans and Waterfront Cove. Mineral magnetics is given in terms of susceptibility (MS ST units} absolute difference between high and low
frequency susceptibility values (y' ™. Extractable iron is given total iron (Fet), AAQ extractable iron (Feo) and CBD extractable iron (Fed) in
parts per million. Calcium carbonate values relate to the percentage within the fraction <63 pm. < values are derived from soil cement and
2 are derived from marine molluscs.




Fable 1, Summary of results and elinnatic and envirommental interpretations from Calo d'es Cans and Waterfrone Cove, northeast Mallorea

Landiorm, sedimentary Biological OSL ages MAT Moisture
and soil propertics evidence (ka) 'y reginie Environment OIS
Sandy loam with increasing upwards clay, Terrestrial molluse fauna Moist Slopewash transporting soil materials [rom 1
humus, MS and Fe values adjacent hillside slopes
Thick beds of sands and gravels and Derived marine moHuscan 30-23+ 53 134 6.3 Very dry Fluvial deposition of large alluvial fans and 2
well-sorted, cross-bedded sand fragments and terrestrial cxtensive aeolian dunes beyond influence of the

wolluse fauna rivers
Yellowish brown silt, with weuk soil Terrestrial moltuse fauna 67-535£11.5-7 146 9.9 Moist Loess deposition from distant sources 3

development at surface. Far-travelled mineral
composition. Low MS, moderate Fe value

Gravels with brown sandy matrix, and sands Derived fragmented 61-35 412 8 82 49 IFluvial gravels and acolian sand, weathered at 4
with increasing-upwards clay content, moderite moltuses surface
MS and Fe value

Reddish yellow, well-sorted medium and course Murine molluscan fauna 9-73 £ 17-10 17.9-10.3 Coastal deposition of beach ridge Sa
sand. Brown soil with high MS, Fe and clay

valucs

Sub-angular gravel and sands. Low MS and Fe 94+ 17 HLE-0.7 Fluvial deposition of matenal eroded from 5b
value adjacent hiflsides

Brown, clayey soil on silty parent material. 17.9-13.6 Loess with temperate soil formation Sc

Moderate MS and high Fe value. Locat Fe pan

Well-sorted sands and bimodal sands and Derived fragmented W9+ 17 13.6-8.2 Acolian sand and fluvial sands and gravels 5d
gravels. Low MS and Fe value except at base mollusca
Red, clayey soil, with high MS, and Fe values 135+ 17 19.5 11.3 Moist Mediterranean type soil formation Se

and chemically fretied CaCO, fragments

Pale brown medium and coarse sand Marme moliuscan fauna 1341292 25.22 195179 Muoist Coastal deposition of ridges and beaches Se
Erosional platform Shorchine erosion
Bright brown, well sorted, cross-bedded sand 140 + 30 10.2 Very dry Acolian deposition of dunes 6

MS, magnetic susceplibility; MAT, mean annual temperature; OIS, oxygen 1sotope stage.
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15kY 208um

Fig. 6. Representative SEM images of soil cements form northeast
Mallorea. A 1s an open cement lattice indicative of arid conditions,
B is a well developed bridge lattices structure indicative of moderate
precipitation and C 15 a4 dense cement matrix representative of soll
formation in humid conditions,
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Fig. 7. Individual amino acid racemisation ratios on Bittiui sp.
taken from Calo dles Cans sites A and B The determmations
separate the upper heach unit tO1S 3w from Uie fower beach unit
(OIS 3¢y The Biviior shells in the upper beach have been
substantially reworked by wind o constitute @ significant proportion
of the materiad i the upper acolian dones.

mean DL cio of 0434 = 00240 A quite separite. fater event i
mdicated by the mroduction of W onew Tauna. with 0 DAE ratios of
between 031 and 0.0 (=15, mean=0.229 = 00675 and is rekited 1o

the high sce-level widely recognized o the wostern Maditerranenn
associated with OIS Su iZaz0 er ol 1UIR)

Opticatly stimulated Tuminescence 1OSLy s the main method that
has been used 1o dite the sequences (ARken 19851 25 measurenients
have been mude on quarty grains in the 180 125 jun s range [rom
bench sand. seolmn sand. foess. Guiad sind and soil nuderials, and the
results are represented i Table 1and the details of the appropriate
measurements are ghven in Table 20 Blocks of sediment with the
dimension 200> 200> 20 em were collected from the sections, wrappaed
in light-proot” black polythene bags. and transported back o the
laboratory. Al samples were prepared and analysed following the
procedures of Rhodes (19883, The outer parts of the sample block were
seraped-oll in the laboratory under conditions of subdued orunge
fight. and the inner purt was orushed and treated with 389, HCT o
remose the CaCO, Sumples were then washed using distilled water,
dried at o S0°C and sieved 1o estract the 180 123 pm fraction. This
was then treated with 0% HE and stirred for 60 minutes (o remove
feldspars. clay minerals and the outer 14 m of the quartz grains After
washing with dilute HCL avetone and distilled water, the guariz was
separated from the heavy mineral fraction using a sodium polytung-
state solution with a density of 2,67, Finally. the sample was further
washed. dried and sieved to colleet the traction =125 pm. The samples
were mownted on | em diameter aluminium discs using silicone ol and
measurements of OSL were made using an automated Riso set with u
filtered haiogen light source.

The results of the OSL determinations are listed in Table 2 and
shown oun Fig. 3 in relation to the Lthology sampled. Errors range
from 20 to 0%, but the ages display consistent trends adding
considerably to their reliability and significance. Using this method. in
conjunction with the bostratigruphy and aminostraugraphy of the
heach sediments. it s possible 1o derive a chronology for the strati-
graphic and soil units formed between OIS 6 and OIS 2. bearing in
mind the errors on the determinations and stratigraphic correlations
between sites.
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Table 2. OSL age estunates from guart= grains i e 186G 125 qnr size rapee from bedacht sand, aeolion sand, foess, Huvial sand and soif oiaresicais Cuin
! . 1 g . Cd

d'es Cans and Waterfron Cove, northeast Mallorea

Assumed External
Segtion external External oS, Cosmic Totl Intered
and Kool sed. w-dose rate B-dose rate dose rate dose rate duase rate DE Ape 30
sumple grain wGya h WwGya Y WGva D Gy a0 wGya N (Gyy kil “Ltge
A-70 041+ 0.02 P =1 495+ 25 S27£23 [ANA2 « 158D 1023 =44 ASAN 2 359 2
A-130 .33+ 0103 1 =1 N0 £ 32 S32+ 23 (4297 = 1429 [ = 5 RRIRD BN} 2
A-220 .42+ 002 I+ 1 490 & 26 470+ 20 12257 20230 Jol =43 SR0% = 1085 4
A-250 02+ 001 Y 193+ 10 268 = [4 HHo43 = 116 461 = 2] 41734013 R
A-320 015 =001 00 2604+ 15 04 & 14 [3.29 = 10.30 3644 27 30200 70 ~d
A-360 0.1 =060 IESRY 23+ 12 295+ 14 9046 = V.63 s34z 24 3779 - N4 A
A-390 010 = 0.00 (= 280 413 A2 = GRS = YO8 ! 933 = 1279 hit
A-430 010 = 0.00 ISt} 279 & 1o N& ]S =N 50 597 RIYD + 1h.6Y f
C-160 S =006 2+2 1070 = 064 IS~ 35 F35ND « 133 I877 & 94 BRN B M
C-170 N = .06 242 JUB3 = 63 8O3 = 3A A3 i34 J868 « Y3 [2ds - 1516 R
-290 0.50 + 0.03 | &1 Gy = 33 350 =23 JOR 73 = 1Us HGR = 35 YRS = 14y 3¢
C-320 0,10 4+ 0.00 ) 23513 295+ 14 j329 10k RRISIE-REY TRIZ L2 49 o
C-340 004 = 0.00 44 {710 RS ) YU N2 =G 422+ 20 ST 3 A [
B-80 083 + .04 RS Y20 £ 5 NOR = 34 {3374 v 1350 1736 - 74 06 = |39 2
B-100 (.04 £ 002 Pz 689 & 3R 634 2 27 TS0 1508 1324 - 60 STdd 2 0d 3
B-120 033 £ 003 I =1 RERIEE RIS [T = I S S AT = 3 TSR 1223 Al
B-133 098 2 0038 22 s e 57 S5y E 36 39w 2 1370 IST 2 88 PPsds - 5131 Sh
B19s G35 ¢ 002 1= | 438 33 b 20 f2702 01279 RSV SRt [BMERAT I N ¢
W-113 L6 £ 0.03 22 1139+ 63 940 = 39 14068 - 140 TN 297 BRETE IS B 3
W-id3 G684+ 003 a2 809 4T T e A2 JRU33 . 13w Jods = 73 L1268 ¢« 208 S
W-{83 34002 P41 SV 24 S43 o 0% 13013 0 130 1077 ¢ 48 RHUY G LS S
W-215 7N s nd [ XHEL O EtI IR THOd6 - 11y [IRER I a5 o ST SO
W-263 UA4s 002 |+ 1 AL BRI 3Pl PIZAN 113 113 ¢ 51 8ium o a2 sd
W-3G0 SRRV A ERAS ty 1 1) [EANEN 247 02 Givdh U 4 20 G800 16 sd
Wi 13 - 001 il RRU I 270 - 13 SOON v SN 2 23 SIS Y] RIS

OF Stage 15 estmated from OSL Gge snd stratgraphic rekigonships

Litho- and soil stratigraphy with reconstructed climate

Busal acolicn sand + OLS 6

This is a bright brown (7.3YR 363 lithified. cross bedded, well
sorted medium sand (Figo ) composed prmandy of rounded
molluse Fragments. and found at the base ol cach of the
sections (g 20 Two OSE determinations gave ages of around
T4 ka & 30 iFgs 23 The sedimentary structures. degree off
sorting. composition and exture of grains suggest geolian
transport angd sorting of sea-bed or beach sund representing an
extensive dune-ficld in the \‘[lld\' ared. Tcnmcr‘mn il this ume
was it the order of T0.2°C, the moisture regime was very dry
and biomuass was ]imncd.

Lower heach scnd and soil { OIS 3¢

This is a very pale brown (10YR7-8/41 medium and coarse
sand (Fig, 4) with abundant whole and frugmented molluscs.
and s represented at all the sections (Figs 2 and 33, The size
distnibution and the fauna indicate a bc;n:h sediment while the
variations in size range and degree of shell fragmentation
mdicate variable shoreline encrgy at the different sites. prob-
ably due to different positions on the palaco-coastline, Four
OSL determinations give ages in the range 154128 £ 25 16 ka
(Fig. 23. The range of ages, the amino acid ratios and the
molluscan fauna suggest that this unit was formed during the
optimum of the Last Interglacial (OIS 3e). Temperature at this
time was in the order of 19.5-17.9°C, the moisture regime was
moist with extensive biomass cover.

Strongly developed soil propertios are superimposed on the
upper part of the Lower Beach Sand at all the Calo dies Cans
sttes. although they are absent aur Waterfront Cove where the
top ef the beach v eroded. This soil s o reddish h:‘m\'il
(7AYRT o vellowish red (SYRA0) and red (25YRA0)
colour with bd\\\:un HO and 4 clav, contrasting with maxi-
mum vatues of about 770 chin i the beach parent muuerial
iFig. 5. thgh ron and mageeue susceptibiliny values charue-
terize this unit and CaCO, content is much diminshed relauve
to the beach sand (Fig. 51 Ta I]pCI'Ai!‘IE‘L at this time was in the
order o 193 11.3°C and the moisture regime was moist with
extensine biomass cover,

Lower acolian sands, Huvial gravels and foess with soil
imprinis { OLS Sd-a

This s a lithostratigraphic complex with up to four separate
sediment/soil units. The most complete suceession i at Calo
Jd'es Cans B where ull but the lowest unit is represented (Figs 2
and 33 At Calo d'es Cans C the whole succession is repre-
sented by a very strongly developed soil. Calo d'es Cans Al
which is closer to a valley axis is dominated by fluviatile
sediments. and this site and Watertront Cove also include thin
heds of avolian sand.

The fowest unit of this complex is interbedded aeolian sand
and favial gravels. represented at Calo d'es Cans A, The
genests of these unitx is indicated by their structure and size
distribution (Fig. 4). High magnetic mineral content of the
basal sunds and gm»els suggests 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 5c. 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 (7.5YRS5/4) 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 5b (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 (7.5YR7/6)
and light yellowish brown (10YR7/2-4) 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 5b. 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
(7.5YRS5/6) to bright reddish brown (SYRS5/6) 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 cm thick and the colour is a vellowish
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 5Se). 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
formation (OIS 4-3)

Fluvial gravels exist at Calo d’es Cans B and 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 8.2-4.9°C. the moisture regime
was dry and biomass cover was very low.

Loess (OIS 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 vellowish brown colour,
but it varies slightly from a pale yellow (2.5Y7/4) and light to
dull yellowish brown (10YR6-7/4) at Calo d’es Cans A to dark
yellowish brown (10YR4/4) at B and bright yellowish brown
(10YR7/6) at Waterfront Cove. In all cases silt is the dominant
size. although there are small amounts of sand and clay (Fig.
4). Mineralogically 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 67-35+ 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 { OIS 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. Patrerns of environmental change, northeast Mallovea over the last 140 000 years

OIS Environment Climate and operating surface processes

2 Fluvial deposition of large alluvial Period of most significant landscape change with extensive fuvial erosion, transport and
fans and extensive aeolian sand dune  deposition. and extensive aeolian dune formation, under cold. arid conditions. Effectiveness of
formation bevond the rivers rivers is a consequence of rapid run-off from landscape with low vegetation cover.

3 Loess deposition High atmospheric dust conditions. but relatively moist. cool climate and sparse vegetation
cover, dense enough to trap dust and initiate soil formation,

4 Fluvial gravels and aeolian sand, Period with most extreme cold recorded. Initiated by significant landscape change with river and

weakly developed soil at surface aeolian activity. Replaced by more stable conditions with cool temperate soil development,

Sa Coastal deposition of beach ridge. High sea level. possibly associated with Mediterrancan-wide tsunami. Cool temperate, moist

Temperate soil formation beyond chimate with landscape stability,
coastline

5b Fluvial deposition of material eroded  Deterioration of climate and breakdown of vegetation. High runoff and fluvial erosion,

from adjacent hillsides transport and deposition.

3¢ Loess with temperate soil formation Moist. cool temperate with high atmospheric dust content and loess deposition. Open vegetation
trapping silts with weak. temperate, soil formation.

3d Acolian sand and Huvial sands and Climatic deterioration. Vegetation breakdown, effective fluvial erosion. transport and deposition

gravels and acolian transport and deposition of sand sheet, possibly associated with available sea bed
sedimants.

Se Mediterranean type soil formation Eustatic fall of sea level associated with shore-duration climatic deterioration. Mediterrancan
type climate at other times. No evidence of additional high sea level, Stable landscape with
dense vegetation cover and strong chemical weathering in seasonally moist elimate.

Se Coustal deposition of ridges and Coastal deposition with beach ridges across low reliel and beaches fronting clifl lines.

beaches Mediterranean-type chimie.
Se Shoreline erosion Coastal eroston assoctated with cusiatic rise of sea level.
& Acolian deposiion of dunes Extensive deposition of unfithified and unvegetated sea bed and coastal sands across and.

sparsely vegetated. fand surface.

during OIS 2 which is the Last Glacial Maximum {LGM).
Temperature at this time wus in the order of 13.4-6.3°C. the
moisture regime was very dry but scasonal and biomass cover
was moderate becoming very low.

Colluvial sandy loamn and hwnic sandy loam

These deposits are located only at Calo d’es Cans A. These are
sandy loams with a high terrestrial moilusc fauna (Fig. 43, The
humic content increases upwards through the unit, as does the
magnetic susceptibility values and the iron content (Fig. 3).
CaCO, 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 only unweathered sandy
sediments, whereas the later phase involved a high component
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

2 and represents a series of changes of climate that vary from
seasonally moist, mediterranean-type climates shightly warmer
than now, to relatively cold. arid climates with mean annual
temperatures in the order of 5°C. The patterns of change fall
within the framework described from south and custern France
by Guiot ef af. {1989). Reille & de Beaulieu (1990) and de
Beaulicu & Reille (1992). by Pons & Reille (1988) in southern
Spain, and by Watts ¢f «f. (1996} n southern ltuly . A wide
range of geomorphological conditions are assoctated 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 are set out in Table 3.

Warmer climutic episodes

The periods of warmer climate (OIS Se, 5c. 3a 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 Se 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 3a do not equate with a
period when global sea level was equivalent to levels in
existence now or during OIS 3e (Shackleton 1987), but appears
to have been deposited by a tsunami event of this age
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recognized elsewhere throughout the Mediterranean region
(Wood 1997). Soil types vary from red clay- and iron-rich soils
with high MS values, formed in the Last Intergiacial {QIS 5¢),
to brown soils with relatively high clay, iron and MS values
formed in the less warm periods (OIS 5¢, 3a 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 iand surface as can be seen by the much
higher clay, iron and MS values that characterize the soil that
developed through OIS Se-a in Calo d’es Cans C relative to the
soils that developed through OIS 3e-c in Calo d’es Cans B, and
through only the latter part of Se in Calo d'es Cans A. Soils
developed i1 OIS Sc 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 er ¢/, (1994). and GRIP Members (1993) rather than
a simple cycle reconstructed by palynological studies of this
interglacial (West 1980). Stable oxygen isotopic values indicute
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
11.3°C before the temperature fell into the cooler period of
OIS 5d.

The explanation for the fack 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 ¢7 af. 1998). despite the higher moisture levels
indicated by the SEM of the soils and sediments. In the
absence of any Huvial sediments {rom these periods, or even
erosion of the soifs, it 1s likely that these small catchments
acted as dry valleys throughout these periods and that channel
fow was maintutned, and hence crosion and deposition took
place only in larger catchments than those studied here.

Colder climatic episodes

All the significant landscape chuanges 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 OIS 3d. 3b, 4 and 3-2 with the most effective
river activity recorded during the Lust Glacial Maximum (OIS
2} (Rose & Meng 1999). The palacoclimate estimates for these
periods indicate that frost action would have occurred during
winter months and that this process would have provided a
method of disaggregating soil material over the caitchment
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 3d and OIS 4), and
materials with very low iron and MS values indicating erosion
of bedrock. suggesting incision in the upper parts of the
catchment and erosion of bare hillside slopes (OIS 5b 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 a1
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 et /.

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

While river activity took place along the valley axes, wind
activity brought about sand transport and deposition across
the remaining parts of 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 1s dominated by wind-biown sands. Section B.
which is in an intermediate location. records both wind and
river deposits. These wind blown sunds 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 3e and 5a, and sea-bed sand exposed
by the fall of sea level during the colder episodes.

Aeolian sand deposition took place extensively during OIS
6. although the upper part of this unit has since been truncated
by the shoreline erosion that took place during OIS Se prior to
beach deposition. Further deposition of wind-blown sand also
occurred during OIS 3d and OIS 4. both periods being
assoctated with the formation of discontinuous small dunes.
Large. well defined dunes were formed during OIS 2. covering
much of the coastal plain. In many respects the landscapes of
OIS 6 and OIS 2 were very similar. consisting ol a series of
coarse grained alluvial fans at the valley mouths and extensive
sund dune fields across the intervening lowland plain.

Loess deposition

Wind-blown silt or loess was also deposited during OIS 5S¢ and
OIS 4. The older deposit consists of 2 thin bed of silt that has
since been modified by soil Tormation. The younger deposit s
more extensive and forms a consistent bed across much of the
arca. The mineralogy of these units suggest that this material
was derived from an extensive region rather than locully, but
that the climate in which it formed was moist and suitable for
vegetation growth and soil development with translocation of
iron and carbonate minerals. The timing of this period of loess
formation does not coincide with current understanding ol 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.

Responses to changes of climeaie

Although the resolution of this study is not sufficient to
identity the detailed processes that are involved in the changes
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 ready supply of erodible/transportable
material. This. in turn, 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
1s 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 fluvial activity ussoci-
ated with each of the colder episodes, with by fur the largest
quantity of material deposiled 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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