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(Alicante, East Spain)

José L. Goy ?; Claude l:lillaire-Marcel h- Cari Zazo © *; Bassam Ghaleb °;
Cristino J. Dabrio 9; Angel Gonzdlez %, Teresa Bardajf ¢; Jorge Civis #;
Michel Preda ®; Alfonso Yébenes ; Alessandro M. Forte ®

Abstract

The clevation and timing of high sea stands during Oxygen Isotope Stage (O1S) 7 are not as well constrained as those of OIS Sc.
Conllicling values are reported from Mediterranean coastlines, and fossil dating is inaccurate because of ubiquitous open U-series
systems. New morphosiratigraphic data from La Marina (eastern Spain) supported by open-system U-sertcs coral ages shed light on
the maximum sca level during OIS 7. Fossil corals (Cladocora caespitosa) undcerlying an OLS Se marine unit yielded U-serics ages
from 178 £ 10 to 208 £ 1) ka (£20; n=7) with an outlier ot 240 & 18 ka. Mcan open-sysicm limit ages of 170 £ 10 (minimum age
after correction for 2'Th -2¥Th uptake) and 237 x 20 ka (maximum age after correction for 238U - 23 uptake) were calculated to
have a probable age closer to the minimum value, for an assignment of OIS 7a or 7¢. The occurrence of a warm-water “Scnegalese™
fauna (Strombus bubonius) in Q1S5¢ and OIS 7 marine units confirms the arrival of tropical species to the Mediterrancan before
the last interglacial period. Morpho-sedimentological and neotectonic sludics suggesl that the maximum paleo-sca Icvel during
OIS 7¢ or 7a was a few mclers below that of OIS Sc.

Keywnrds: Oxygen isolopic stage 7. Wesiern Meditemmanean, Cladneura caespitosa, " Sencgalese” fauna, neolectionics



1. Introduction

Long-term climate modelling requires an in-
depth understanding of 1he interactions among
climate dypanvics, greenhouse gases, sea level,
ocean changes and ice volume. Thus, independent
information on 1he evolution of eitch of these Earth
system components at different 1ime scales is very
useful. From this viewpoini. the elevation and liming
of high sea slands in the last interglacial (OIS 5e);
(e.g. [1-61) are better documented as those of the
penublimate interglacial (Oxygen Isolope Stage:
OIS 7)|7-19]. Largely discordant values have been
reported for the maximum absolute elevation during
each of the OIS 7 high sea stands and, due to the
opening of the U-series systems in fossil indicalors,
their precise dating remains a problem. The deve-
lopment of open-sysiem U-series uge models [20])
now allows us to determine more accurately ages
in the OIS 7 time range.

Using proxy data such as the stacked benthic
foraminiferl 8'80 curve of SPECMAP (21, 22, one
cannot precisely determine the maxinum elevation
of the OIS 7 sea level relative (near or much below)
to that of OIS Se, notably with reference to substage
7c 8'*0-values. because it is diflicull to decouple
the ice volume and the teniperature signals in the
oxygen isotope record. The best preserved remnints
ol OIS 7 sca stands are not necessarily coeval with
the short substages during which palco-sea levels
reached a maximum elevation (Substages 7¢ or 7a);
nstead, they could correspond (o episodes when sea
levels were well below OIS Se datum, for example
during Substages 7b and 7e.

Sequences of staircased lerraces from tecto-
nically active areas, such as New Guineca (23] or
Barbados | 1], could help to decipher the number
and relative elevations of all stillstands during the
relatively high sea levels of OIS 7, but the many
uncertainlics in the rate and mode of uplifl largely
impedes 1o assess the relalive clevalions of the
corresponding absolute pileo-sea levels.

This contribution presents new marphostrati-
graphic data from raised marine unils a1 La Manna-
El Pinet (at the Spanish coast ot the Western
Meditermranean Sca, Fig. | A, B and C) accompanied
with bigh precision U-series measunements in {ossil
corals (Cladocora caespitosa) found in the same Liyer
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Figure 1.- {(A) Locution map of (he sludy area (Lo Marina-El Piact, see B) and other sites
with OIS 7 deposits cited in this paper: (B) Location of 1he studicd zone in the casiern
Belic Cordillern; (C) Location of La Marina-El Pinet arcn with the main E-W sifuclures
affecting Quaternary terrestrial and marine deposlis.

as Strombus bubonins. These dala provide critical information 2. The Upper Quaternary littoral depasits
on Lhe elevation of (al least) a maximum sea level of OIS 7. at the La Marina-El Pinet site
relative 1o that of OIS 5Se. and sca surface temperatures (SST)
m the westemn Mediterranean during OIS 7 and OIS 5. 2.1. Geological and geomorphological settings
In this stutly. we also intend to discuss further U-correc-
tion models in siluations where diagenetic U-uplake may La Marina-El Pinel area is located in the northern termi-
have occurred in parallel with >Th - 2¥Th enrichments, as nation of the so-called Eastern Betics Shear zone (Fig. IB),

documented in recent times [20 and 24|.

where transpressional basing show a defonmation of their oldest
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Figure 2.- Geomorphologic map of La Marina —E) Pinel with indication of sections presented in Fig. 3

Quaternary deposits in wide E-W wending folds and flexures
(25]). An carly-middle Pleistocene neotectonic event triggered
the uplift of the anticlinal folds promoting the encasement
of flights of marine terraces in the sea-facing slopes of the
growing hills at La Manina, while N-S faults conuolled the
coastal outline |25, 26]. In this geodynamic framework, at
least ten Quaternary marine terraces (informally named T
to T10) were recognized in La Marina (Fig. 2). with eleva-
tions progressively decreasing towards the East from 60 m
above sea level (T1) to O m (T10). The scarps separating
successive marine terraces decreased with time, being larger
in the oldest termaces than in the younger ones. A normal fault
directed WNW-ESE, with the downthrown black to the north,
divides the staircase. The quarries presented are placed in
the downthrown fault block (Fig. 2). This paper deals with
terraces T7 and T§.

2.2, Earlier studies

One of the most repeatedly studied sites in the Alicante-
Almeria area (weslern Mediterranean basin, Fig. 1) s a shallow
excavation, commonly referred to as “El Pinet Quary” (called
in this paper the “classical™ BJ Pinet Quarry (Fig. 2). located 2
km north of La Marina resort (Fig 1C). Mosl coastal sediments
in the quany contain 4 faunal associalion including the gastro-
pod Strombus bubonius, commonly referved 10 as “Senegalese”
fauna, indicative of warm-water conditions |e.g. 27].

Early U-series measurements on S. bubonins shells at
El Pinet Quarry by Bernat et al. [28] yielded ages ranging
from 150 to 65 ka, with a cluster of values around 98 + 5.8
ka(x 10 )that led these authors 1o propose an OIS Sc age for
all marine deposits of the quarry. Hearty er al. [29) sampled
the quarry for Amino-Acid Racemization (AAR) analyses
and distinguished two manine units bearing the “Senegalese”
fauna with S. bubonius. Fossils from Unit |, at +3 m above
sea level (a.s.l.), were assigned to aminozone E. considered
to represent OIS Se (ca 125 ka). Fossils from Unit Il at +2.5
m a.s.l., were assigned to aminozones F and G, with ages
likely to be {rom stages 7 and 9 or older. as deduced from
other Mediterranean sites.

Mulddisciplinary studies by Goy and Zazo [2S5, 26] and
Goy et al. [30] refined the stratigraphic and tectonic fra-
meworks and recognized at least three highstands within
OIS S deposils. representing presumably OIS Se (oolitic).,
5¢ and 5a (biocalcarenilic). Condilions favourable to the
formation of oolitic facies (warm, shallow waters with more
or less horizontal sea Moor) were found along the Spanish
Mediterranean coast exclusively during the Late Miocene
|31] and during OIS Se [3C). U-series measurements [32] in
samples collected from the oolitic and the calcarenitic units
revealed a greal variation in the concentrations of U. similar
1o those found by Bemat er al. {28].

More recently, Zazo et al. [19] reported on shallow marine
sediments hosting colonies of the coral Cladocora caespitosu
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morphological and neotectonic fea-
tures of the Quaternary deposits
was conducted (Fig. 2). Mapping
was based on aerial photographs
scaled at 1:18,000 and 1:5,000,
with field checking. The datum for
topographic elevalions is the high-

water mark of the almost tideless
f;ggg,’:’ Mediterranean sea (astronomical
----- | tidal ranges do not exceed 10 cm
400 in Alicante). The topographic ele-
vation of marine terraces above
sea level refers to the altitude of
the inner (most inland) part of the
marine wedge. or “shoreline angle”.
[t is indicated on the map (Fig. 2)
with numbers in ilalics, and in the
sections (Fig. 3) with numbers
preceded by a *+" symbol. Facies
analysis of the foreshore-shoreface
transition, parlicularly the plunge-
step zone, offers a reliable indicator
400 nT of the relative sea level al the time
of deposition. 1t was supplemen-
ted by palacontological studies and
petrographic observations of thin
sections aimed at reconstrucling
the coastal environments when the
marine terraces formed.
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and rod. The datm is the high-water mark of the tideless El Pinet lagoon. Note that 1he exaggerated venical

scale necessary for improving visualization confers the drawing a somewhat sketchy. cartoon- like appcaronce.

accompanied with scarce S. bubonius at a “‘new” El Pinet
Quarry (Fig. 2), some 100 m ESE from the “classical” El
Pinet Quarry. The interesling fact is that they occur stratigra-
phically below the deposits exposcd in Lhe “classical” site.
Prehiminary U-Th measurements yielded an age of 178 x 10
ka (2 ©) for the Cludocora colonies, thus suggesting their
growth occuned daring OIS 7. These authors re-evaloated the
regional contexl, the sedimentary facies, and the published
numerical (U-series) and relative {AAR) ages, and proposed
an OIS 5e age for all the oolithic and biacalcarenite deposits
exposed at La Marina-El Pinet “classical” Quarry.

2.3. Methods and material

The present study is supported by geomorphologic, sedi-
mentological, palaeontological, and neolectonic analyses
coupled to new U-series measurements on fossil C. caespi-
10sa colonies and S. bubonius shells. In order 1o reconstruct
the local palacogeography during deposition of the marine
tervace (17) that hosts both C. caespitosa and §. bubonius,
a new dctailed mapping of the area incJuding geological,

The mapped marine terraces
crop out as adjacent steips trending
NNE-SSW, i.e., parallel to the present coastline (Fig. 2). From
T6 onwards, the marine terrace deposits in the southern block of
the WNW-ESE fault are generally thinner and neatly separated.,
whereas those in the northern downthrown block are thicker
and vertically stacked or amalgamated, indicating that sediment
deposilion coincided with the time of fault movement.

Terraces T1 to T6 consist of well-cemented conglomera-
les, some of them rich in Ostrea, Balanus, and Glycymeris
[19]. In contrast, the fossiliferous sands and conglomerates
of terraces T7 to T10 are poorly cemented.

Terrace T6 (cemented coastal-to-marine conglomerates rich
in Glycymeris sp.) exceeds 7w in thickness on the northern,
downthrown fault block, where is divided into two distinct
subunits by a S0 cm-thick intervening layer of grey-yellowish
sandy marlstones (Fig. 3. Section A). Petrographic criteria
(pedogenic crusts with calcrete-like layers, microsparitic
cements, pedotubules, and ferruginous staining of micrite
cements) point to deposition in a swamp environment. In
contrast, T6 deposits on the southern, uplifted, fault block
consists of 3 m of conglomerates, divided into two smalley
terraces by a low escarpment (Figs. 2 and 3, Section B).



Figure 4.

(A} Fossil C. raespitasa of OIS 7 age (shoreface facies of errace T7 ac La
Marina-El Pinct) from which samples labolled MPOI-2 and MP02-) were
taken for U-serics incasuremenis.

(B1) Presenl Cladocora cuespitnsa living at 3m waier depih (Caln Blava,
Mullorea Island) where U-series sample MCBO2 was collected,

(B2) Present Cladorora caespiiosa living at 6m water-depih (La Manga

The whole sel of lerraces T7 10 T10 is bounded by an
erosional escarpment (a paleo-c)ff) that forms the scaward
limit of (he well-cemented terrace T6. Eyosion and encuse-
ment ook place before sedimentation of T7, and greenish
sandy silts occurencased in T6, but underlying 1he onlapping
T7 (Fig. 3). A rich oligohaline ostracofauna (!yocypris
bradyi, Candona sp.. Cyprideis 1rosa, Limnocythere ino-
pinata, Paraslimnocythere rostrata). benthic foraminifera,
and scarce oogons of charophytes, suggesls deposition in
a brackish marsh, with Jimited marine influence witnesses
by small-sized plankionic forams.

Terrace T7 is exposed at the surface in erosional *windows”
of the overlying Terrace 8, reaching maximum heights of 1.5
mas.l.and 4.5 10 5 m a.s.l. in the downthrown and upthrown
fault blocks. respectively. Deposits of T7 consist of fossilife-
rous calcarenies, silty sands, and some conglamerates. These
sediments host the coral Cladocora caespitosa (Fig. 4A) both

del Mur Menor, Murcin) where U-series samplc MMMO?2 wiis vollecied
{both specimens from the collection ol the Musco Nacional de Ciencias
Naturades, Madnrd, CSIC).

(C) Shoreface deposits (OIS 7) hosting Cladocora caespitasa and Strambus
bubonius from the “new™ El Pinet Quarry (T 7, see Fig. 3 section A).

(D) Strousbus bubonius in oolitic deposits dated as OIS Sc at the
“classical” El Pinel Quarry (T 8. sec Fig. 3 scction A).

as smali patches, one metre across and up to 30 cnmxin height,
and as hemispherical colonies some 15 cm in diameter. similar
lo those living in the western Mediterranean (Fig. 4B | and 2).
Molluscs (Ostrea, Bittiwn, Rissoa) are commonly associated
with the coral colanies. There are also scarce specimens of
the “Senegalese™ fauna (Cantharus viverratus, Conus testudi-
narius, and S. bubonius, Fig. 4C). The contact separating T7
from T8 is an irregular, erosional. encrusted surface visible at
the “new’ El Pinet Quarry (Fig. SA). A discontinuous layer
of wackestone facies with fine quartz grains crops out at the
lowermost part of the “classical” quarry below the oolitic
facies (T8) but could not be Iraced lateralty 10 the “new”
quarry (Fig. 3, Seclion A). Faunal content (serpulid-worm
tubes, remains of gastropods) and moulds very much alike
plant-root replacement suggest deposition m a shallow lagoon
that was likely located landward of 1he barrier beach deposits
where the Cladocora colonies lived.



Figure 5.

(A) Panoriima of the
shillyw excvition
referred 10 as the
"new'” Bl Pinet
Quarry and the
boundary between
marlac wrraces T7
and T8, The outernp
ol hiocalcarenites
hearing C. cacspi-
rosa and S, bubaonius
(see g, 4C) isin
the centre of the
piclurc. The man 18
1.75m tall.
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(B) The panornma
of 1he “¢lassical™
goarry showing the
boundary between
the ooitic and
biovalearenitic Nucies
(Terrace T8).

Terruce 8 is topographically higher than T7; its inner margin
culminates at 5.5 m as.l. and 8 m a.s.l. in the downthrown
and uplhrown fault blocks, respectlively. T8 includes two
subunits separated by an erosional surface (“classical” quarry
in Fig. 3, Section A, and Fig. 5B): a basal golitic facies and an
overlying bio-calcarenite facies, both rich in the “Scregalese™
fauna. especially S. bubonius (Fig. 4D). repeatedly collected
for U-series and AAR dating [28. 29. 30. 32 and |2}.

Terrace T9 consists of calcavenite and conglomerates with
an abundant "Senegalese™ fauna. The inner margin is located
A +2 m a.s.l. in the downthrown block and +2.5 m as.l. in
the upthrown block (Fig. 3, Sections A and B).

The bioclastic terrace T 10 bears a fauna identical (o the
snodem one, and is located at +1 masl and+1.5mas.loin
the downthrown and upthrown blocks, respectively (Fig. 3.
Sections A and B).



Table 12 U-series measurements in sanples from La Marina-El Pinct

Mineralogy (%)* [>+U]
Cal. Mn-C Ang. Qum ppm
La Marina north block (new quarry) — Lower marine sequence (T7)

MPO1-1a  C cuespitosa 87.6 1.38 1.61 230 2,598:+0.01)
MPOI-3b  C. caespitosa 132 100 $6.5 1.61 2.755+0.0)3
MPOIl-lc  C onespitosa ~~  —~~  ~——n . 2.45840.01)
MPOI-Id  C caespitosa  —-- ~—~ o 20]520.023

La Marina south block (new section) — Lower marine sequcuce (T7)

MPO1-2 (. caespitosa 560 0.84 264 3.64 2.737£0.02)
MP0O2-1 C. cucspitosa 494 153 209  6.12 2.549£0.016
MP02-4  C caespitosa 19.6 129 640 7.18 3.234%0.0)7
MPO2-S  C. caespitosa 25.Y 50.8 647 11.0 2.639+0.014
Mean value for C. caespitosa (£l o) 2.736+0.229

Lu Marina - Upper marine sequence (T8)

MP02-7 S bubonius  ----- —— —  —- 0.7280+.0045
MP02-6 S bubonins — —— e . (0315740022

Note: all values are quated al 420t leve) of unecranty

[(B2Th)  BWUAMy  BOTRMY Age(ka)  (8%U),
ppb %o
92.9+12 1.11520.004 0.837£0.013  1852+7.8/-7.2 19548
130.1£1.0 1.129£0.030 0.843+0.013  187.8+8.4/-7.7 220)8
138.3£1.3 1.120£0.006 0.857£0.008  196.6+5.6/-5.3 210+10
142.9%).8 1.000£0.011 0.822+0.016  178.2+9.8/-8.9 (65+18
246.042.5 1.132+0.009 0918£0.017  239.8+18/-16 261+18
65.97£0.6) 1.10920.012 0.871£0.014  207.6+11/-10 194421
201.5£2.2 1.118£0.007 0.852:0.0)1  194.5+7.8/-7.2 202+12
92.5£1.0 1.11920.011 0.843+0.013  189.5+8.8/-8.1 201218
4706146 1.352:0.012  0.596+£0.007 937418 459£119
376050 133020012  0.69440.013 120.144.2 464146

* Toul < 100% duc 10 the presence of iraces of olher conliminmting minerals, Cal: calcite; Mn-C: Mn-calcite; Aray.: sragonile: QLz: quiriz

3.  U-Scries measurements

3.1. Samples and laboratory procedures

U-series measurements were performed on several specimens
of C. caespitosa from terrace T7 deposits at La Marina-El Pinet,
as well as on some modesn specimens from the Mediterranean,
that were provided by the Museo Nacional de Ciencias Naturales
of Madrid. Samples MPOI-1| a through d were taken from
different parts of the same colony (Section A; Fig. 3). Samples
MPO1-2, MP02-1, 4 and 5 were collected in another section
(Fig. 3, Section B) from two distinct patches some 50 meters
apart from each other. Measuremenis were also performed on
a couple of specimens of Strombus bubonius (MP02-6 and 7)
collected from 1he marine terrace T8, that direcily overlies
the C. caespitosa bearing unit (Fig. 3, Sections A and B).
C. caespitosa seems absenl in this upper unit, except fora few
fragments possibly rewarked from the lower unit.

Calcile and other mineral percenlages in coral carbonates
were determined by X-ray diffraction (XRD) using a Sienmiens
D5000 with Co Kal,2 radialion and a Si detector. Samples
(~ 10-50 mg) were grounded 1o fine particles (~5 pm in
diameler) through hand grinding. A mount was then prepared by
smearing the particles with distitled waler on 1o a silicon plate,
and then air-dried. The goniometer scans from 5° (o 50°20
with a step size of 0.01°28 and a count time of 2 s/step for all
samples. Following a first screening ron, NIST 640C-Si powder
was added to the sample for proper calibration of the second
run used for final measuremenits. Tube vollage and current were
respectively set at 40 kV and 30 mA. Diffractograms were
stripped to remove Ka?2 signal. Mineral weight percentages
were calculated by the integrated peak intensity procedures
following Cook er al. [33|. Magnesium conlent in skeletal

carbonate was determined from the displacement of the 4104
peak of calcite with increasing MgCO, [34]. Potential chan-
ges in the Co Kal,2 radiation were regularly checked using
a Si-Standard mount. Precision of XRD through the whale
experiment was estimalec by measuring the positions of the
d111 and d220 peaks of silicon before and after a sequence
of daily analyses (S samples) and was better than +£0.01°26.
This implics that concentrations delermined by XRD are
accurate [0 £2 mol% calcite.

Analyltica} procedures for U and Th separation tollowed
Edwards er al. {35], with a modified two stage extraction
with 6 N HC) and 7N HNO; 10 increase the yield of U
(see [36] for more details). Measurements were made on a
VG-Seclor thermal ionization mass spectrometer equipped
with an electroslatic filter and an ion-counting device. The
overall analytical reproducibility as estimated from repli-
cale measurement ol standards is usually better than +0.5%
(+2a esror) for U and Th concentrations as well as for 24U/28U
and 20Th/2*U ratios (Tables | and 2).

3.2. Results

Analylical results are summarized in Tables t and 2.
All C. caespitosa samples yielded U concentrations in a
range expected for Scleractinian, aragonitic corals (mean
(U] = 2.73620.229 ppm), but with an excess of 22U vy,
321 (mean 82U, = 206+27) exceeding valuves expected
for purely “marine” uranium at the origin (¢f. U = 148
+ 4 in modern specimens; Table 2). One peculiar [eature of
the coral fragment analyzed is their highly variable content
in calcite (vs. aragonile) as well as in subsidiary iinerals,
notably quariz ranging 1.6 to 11 %, indicating that cleaning
procedures were not efficien! enough to remove all detrital



Table 2: U-serics mcasurements in Last Interglacial |44 and 43| ind modermn Cladocora caespitosa samples.

[!

Moidern samples (values from TIMS measurements quoted at 220¢ level of uncertainty)

MMMO02 (SE Spatn)
MCPO02-1 (Mallorca)
MCB)2 (Mallorca)
1C02 (Eastern Spain)
Mcan values (£10)

Last imterglacial samples (values obtained from c-counting measurements quored at £1 a level of unceriaimny)

U] ppm BHyrry BETRA3SY Age (ka) (8334U), %o Source
2.560:0.022 1.14240.010 142410 Present study
3.278+0.029 1.148+0.009 148+9 Present siudy
3.041x0.027 1.154£0.009 154+9 Present siudy
3.102:+0.027 1.148£0.008 1488 Present study
2.99540.266 1.148+0.004 14844

Lax Huertas (SE Spain) 3.62£0.07
Son Grauet (Mallorca) 3.00+£0.05
Calamosca (Sardinia) 3.67+0.07
Monastir (Tunisia) 3.4840.07
Mare Piccolo (SE l1alia) 3.7640.06
Mecan values (1 0) 3.51x0.27
Paphos {Cyprus) 2.49
Paphos {(Cyprus) 2.36
Paphos {Cyprus) 2.06
Paphos (Cyprus) 2,65
Paphos {Cyprus) 2.65
Dhckclia (Cyprus) 210
Dhekelia (Cyprus) 220
Dhckelia (Cyprus) 213
Dhekelia (Cyprus) 2.35
Dhekeclia (Cyprus) 2.01
Mecan values (x10) 2.314£0.23

1.106£0.014
1.112:0.014
1.112+0.018
1.104£0.017
[.114£0.017
[.110+0.004

1.09£0.02
1.09:£0,03
1.1720.03
1.08+0.02
1.09+0,02
1.10+0.01
1.09+0.01
1.10+0.02
1.12+0.04
1.15+0.03
1.11£0.03

0.744+0.021 142.9+9.1/-8.3 159+67 Szabo in [45]
0.702+0.021 127.6+7.8/-7.2 161463 Szabo in [45]
0.735+£0.017 139.3+7.3/-6.8 16672 Szabo in [45)
0.697+0.02) 126.2+7.8/-7.2 149462 Szabo in [45)
0.682+0.020 121.0+7.1/-6.6 161+64 Szabo in [45]
159+6
0.66+0.01 114.8+3.6/-3.4 125254 [44]
0.66:£0.02 114.8+7,1/-6,5 125463 (44]
0.64+0.02 107.3+6.3/-5.8 230488 [44]
0.67+0.01 [18.143.8/-3.6 112451 [44]
0.70+0.01 127,6+3.8-3.6 120148 [44}
0.73+0.01 137.9+4.2/4.0 148157 [44]
0.69+0.02 124.3-+7.17-6.7 | 28146 [44]
0.734£0.01 137.944.6/-4.3 | 48167 {44
0.69+0.01 132.6+8.3/-7.5 [ 70+89 [44}
0.72+£0.02 121,0+7.1/-6.6 218+96 [44)
0.69+0.03 153441 [44)

Key: MMNM: Mor Menor (Murciny, MCP: Cabo del Pinar (Mallorca): MCB: Cala Biava (Mallorea), IC: Islas Columbreies (Cusictién).
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Figure 6.- Aragonite pereentage in coral skeletons (duta from Table 1) vy, 3¥Th-nges, U

concentralions and activity ralios (se€ lext).

particles from fossil skeletons. Despite the presence of large
amounts of replacement caleite (Table 1). U concentrations
and activily ratios ave 1o1ally independent of calcite contents
in samples (Fig. 6), suggesting that the nineralogical transfor-
mation occurred withoul significant uptake/loss of uranium,

thus with minimum impact on U-series systematics,
The relative abundance of a Mn-bearing calcite
indicated by X-Ray analysis (Table |) would idicate
some bacterial influence in the process of aragonite
replacement. [n a recent paper. Pons-Branchu ¢r al.
[37) have illusliraled similar early diagenetic chan-
ges in deep corals due 10 bioerosion and secondary
biormineralization processes. Nevertheless, minimum
U-mobility may have occurred in these samples,
likely during a very eatly diagenetic stage. They
will be discussed below.

A common feature of the deposits of terraces
T710TI0 is a weaker cementation than that of 1he
older 1erraces. This may have resulted in U-mobi-
lity and thus account for the scatier of 2 Th-ages
and U contents in S. bubonius shells from OIS Se
deposits of the El Pinet “classical” quary yielded
by early measurements from Bemat eral. |28]. New

measurements in two samples from teivace T8 also depict
similar features, in particular in the most aliered and porous
of these fossil samples (MP02-7 in Fig. 7). The S. bubonius
shells from this area provide an almost ideal illustration of
an “open system” as illustrated in Figure 8. where decreasing



Table 3: U-serics (a-counling) measurements in mollusk shells from cemented marine deposils of sites showing Strombus

bubonius-bearing units assigned to the isotopic stage 7

Elevation (in) [**U] ppm WYY BOTHAMY BOT/ARTh Age (ka)
Pozo del Esparto (from (32]) — IS 7 unit
S. bubonius 7 0.35:0.01 1.24+0.03 0.95+0.03 155424 252+28/-28
S. bubonius 7 1.10£0.03 1.24+0.04 0.88+0.04 30911 200+31/-24
S. buboniis 7 0.56+0.01 1.1840.04 0.8740.03 57.4+0.9 199+25/-20
Cala Panizo (from [32]) — IS § unil
S. bubonius 3 1.30£0.02 [.11£0.02 0.62+0.02 4346 1036
(All values are quoted with | standard deviation)
Punta Sabinar (from [52]) - ISS 7a unit
G. glycymeris I [.526+0.041 1.344+0.035 0.868+0.026 24.740.9 187+17/-14
S. bubonius I 1.72140.04 | 1.275+0.028 0.863+0.027 >> 188+18/-15
S. bubomus 10 0.118+0.003 1.200+0.035 0.829+0.026 >> 175-+16/-14
Punta Sabinar (from [{52]) ~ 1SS Se unil
S. bubonius 4 1.177+0.029 1.154+0.031 0.7150.026 >> 1314-10/-9
S. bubonius 4 0.135+0.004 1.179+£0.038 0.719+0.028 9.14:0.76 132:4-11/-10

(Al valucs are quoted wilh 1 standard deviation)

MU = 0.7280.004 ppm
YA =1,35220.042
®Th-age = 9442 ka

2cm

MP02-6

Y = 0.31620.002 ppm
UMY = 1.330£0.012
Th-age =120+4 ka

MPQ2-7

ol daughter products (Table ). When
compared with modern specimens
(Table 2). the fossil specimens show
a somewhal lower 230 concentration
(with mean values of 2.736 + 0.229
and 2.995 £ 0.266 ug/g respectively:
both £] 0). Two categories of proces-
ses may account for this difference:
i) A temperature control of the
U/Ca ratio during aragonite precipila-
lion. A higher temperature during the
growth of the fossil specimens could
account for their lower U content if
one admits a temperature dependence
of the U/Ca ratio in C. caespitosa simi-
lar 1o that observed by Min er al. [38]
in the coral genus Porites. adding o
the possibilily of some influence of the
acean alkalinily over these ratios.

Figure 7.- U -senes sysiematics in 1wo S, bubonlus specimens from e mavine termace T8 of La Marina-El
Pines assigned 1o OIS Se. Noie the enhanced laie diagenetic U-incorporation in the most altered specimen

(MP02-7) resuliing in 2 much younger 2 Th-age.

B0Th-ages malch increasing U concentrations. In comparison,
at sites wherc early diagenetic cementalion occurred, notably
in beach rocks. mollusk shells including those of S. bubonius,
usually depicl more clustered ages and U-concenlrations
(e.g. [36]. sce also Table 3).

Neveriheless. in comparison with S. bubonius data from the
OIS Se sequence at La Marina-El Pinet, the set of 2¢Th-ages
yielded by the C. caespitosa specimens [rom the underlying unit
(T7) i}lustraies a much closer geochemical system with relati-
vely narrow clusters of 2¥U-concentrations and aclivily ratios

ii) Diagenetic effects that may
include changes in U concenlra-
tions due to either U-mobility and/
or secondary precipitation of some
U-poor carbonate in the tossils. Such
processes often resull in less reliable U/Ca paleotemperatures
in fossil corals than other tracers [39].

Proof for some post-depositional U-series fluxes in the
fosstl specimens of C, caespitosa is provided by their excess
in 23U, when compared with uranium from a purely marine
origin (Fig. 9). This behaviour of U-series in fossil corals has
been reported in mosl geological settings (e.g. [40. 41 and 42].
Here apain, two mechanisms may account for this anomaly:

i) A diagenetic ¥Th (?**U)-2°Th-enrichment in the fossils,
through slill poorly understood processes frequenily reported



Table 4: Modcl age limits of Cladocora cuespitosa samples from La Marina

Uncorrected Corrected (iminimuim) Curreeled {maxinum) Total U- Maximum
. ; ¥ (kn) age wilh 2HU &30Th age with diagenctic content (ppin) diagenetic

hge = 20 (kn enrichment* U-uptake** Pl U-percentage
MPOI-1a 185.2+7.8/-7.2 164 220 2.598+0.011 17.9
MPOI-1b 187.8+8.4/-7.7 156 251 2.755+0.013 29.9
MPOIL-1¢ 106.6+5.6/-5.3 168 255 2.458:+0.011 23.6
MPOI1-1d 178.2:+9,8/-8.9 170 200 2.915+0.023 12.5
MPO1-2 239.8+18.4/-15.7 187 ns 2.737+0.021 —_
MPQ2-1 207.6+11.4/-10.2 184 254 2.549+£0,016 19.5
MP02-4 194.5+7.8/-7.2 168 243 3.234+0.017 228
MP0O2-5 [89.5-+8.8/-8.1 163 233 2.639+0.014 22
Mean values 2 1o 191,348, 7%+ 170410 237+20 21.545
¥ Using the modet developed by Thompson et al, [20)
¥2 Constant diagenctic U-lux (8*2Ui = 3R0%4) + aulhigenic U (82 Ui = 114.8%: cI. Table 2 and appendix)
2*= With the outlier MPO1-2 excluded

in corals [40 and 20| as well as in mollusk shells [36]. As in
the case of pre-Tyithenian lossils from the Mediterranean
Sea illustrated by Hillaire-Marcel e/ af. [36], these processes
lead evenlually to siluations beyond *¥Th-age limits where
biogenic carbonates depict exceptionally high U contents with
large excesses in 24U and 2*Th (i.e., activilies well above
secular equilibrnum values with parent isotopes).

11) A conlinuous or discontimuous late diagenetic U-

The combinalion of both processes should result in cor-
rected 29Th ages intermediate between those yielded by 1he
two (opposite) correction models, i.e., ages probably not
much different from Lhose measured. One sample seens
1o pravide some ground for such a conclusion: MPOI-1d
(Table 4) which shows minimum correclion values in hoth
ways (i.e.. 170 and 200 ka, respectively) with a measured

apparent age of ~178 ka.

uptake from “+U-enriched pore-waters circulating in
the deposits.

Any significant contamination of the samples by
(B*Th-bearing) detrital particles can be discarded here in
view of the ineasured 2*8U/2>Th mass ratios (averaging 30,
thus resulling in an activity ratio ol about 100; Table 1).
Assuming a 2YTh/2Th aclivity ratio in 1he detrital fraction
similar to that measured in marine clays (e.g., 0.5 in the
North Atlantic |43]), this would result in a correction of
a few hundred years on the samples” ages.

3.3. Open system age estimaies

There is no reason 1o discard, for the study sam-
ples, the likeliness of a diagenetic 2 Th(Z4U)-*Th-
enrichment, a process that seems indeed ubiquitous
in corals, but the second process {i.¢.. (he diagenetic
addition of U) may have also played some role, in
view of the high diagenetic U-uplake rates observed in
fossil mollusks from the overlying deposits. For both
processes, correcled ages can be eslimated assuming
conslant rates through time. The first comection mode!
is described in Thompson er al. |20]. the second, in
the Appendix. The first process results in apparent
WTh-ages slightly younger than the true age of the
lossils. whereas the second resulls in apparent ages
older than their real age (Table 4).

3; Strombus bubonius from Lhe
S — Last Interglacial sequence at
2.594 X ‘-1?*— La Marina-El Pinet (T-8)
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of last interglacial corals (3.51

0.27 pg/g) indicates relatively high
} U/Ca ratios in C. caespitosa during
warm episodes. such as OIS Se,
but also raises concerns aboul the
reverse lemperalure dependence
of these ratios in C. caespitosa.
assumed above by analogy with
lhe behaviour of Porites |38].
Indeed, the mean U content (3.51 +
0.27 ng/) of samples from the Jast
interglacial. which is thoughito be
approximately 2° C warmer than the
present interglacial [46]. exceeds

*Marnne"
uranium
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Figure 9.- Activity ratios corat samples from the manine wrrace T7 . La Marina-El Pinct. Dota indicate a light
excess in MU vs. purely “marine” aranivm, sugpesling some diagenetic U-uptake and/or a more or less contl-
nuous ™Th (FMUY-*Th envichment process. The ontlier sample MPQ1-2 has not been plotied (see Table 1).

Diagenetic U-uptake by the study samples was very
likely lower than the maximum U-uptake value calculated
in Table 4, because maximum U-uplake leads to calculate
a very low initjal U-content. In comparison with modem
Mediterranean specimens (mean 38U content of 2.995 +
0.266 yg/g). the fossil corals show a lesser content (2.735 +
0.245 peg/g). Higher temperatures during their growth could
account for this difference [38], but if one subtracis also
about 20% of U as in the maximum diagenetic U-uptake
scenario, then the original content in authigenic U and the
corresponding U/Ca ratio would be very low (appr. 2.15 jig/g
and 0.9 yimoleU/moleCa). Such low values would very likely
fall beyond reasonable estimates for the paleotemperature of
OIS 7 interval in comparison with that of the Holocene (see¢
also [40[). The drop from [.26 pmoleU/moleCa in modem
C. caespitosa 1o 0.9 pmole/mole for the comrected authige-
nic U/Ca ratio in the fossil specimens would indeed imply
a growlh temperature difference of appr. +9° C, assunting
a U/Ca temperature dependence in C. caespitosa similar to
that of Porites, for example. However, one cannot be totally
conclusive here, because very low U contents have been
abserved in C. caespitosa skeletons of similar age from the
castern Medilerranean ((44] and Table 2).

For comparison purposes, Table 2 also shows a-coun-
ling measurements nade by Szabo [in 45] on last intergla-
cial samples of C. caespitosa from the western and central
Meditemancan. These samples depict a mean U content of 3.51
+0.27 and an initial 32U value of 159 + 6% (both + 10). Their
relatively low excess in 22U with reference to the essentially
“marine” signature of the uranium incorporated into the modem
C. caespitosa skeletons (384U = 148 + 4; Table 2), suggests
areduced mobility of 28U and/or its daughter isolopes in the
corresponding samples (thus diagenetic conditions insuring a
better ctosure of the radivactive sysiem in comparison with
those of the study site). Nevertheless, the mean 22U content

significanmly (A=0.52 + 0.38pg/g)

0.9 that of the modem samples (2.995

+0.266 yg/g). Comparatively. the
U content of OIS 7 samples seems
low (2.736 + 0.229 /g, n=8; see
Table ). Any significant diagenetic
addition of U to these samples
secms thus unlikely, and their true age shouid be closer 10 the
mminimum open system age of 170 + 10 ka than to the maximuom
one of 237 + 20 ka (Table 4).

Henceforth, besides an unequivocal assignment of these
fossils (and of their embedding sediment) 10 OIS 7, one could
tentatively discard an OIS 7e age, and retain an OIS 7a or
7c age for the corresponding maximum sea level. Sample
MPO[-1d, which shows the narrower difference between
the 1wo opposite corrections (i.e.. 170 and 200 ka; Table 4),
would rather support an OIS 7a assignment.

4. The Tyrrbenian cycle and the “Senegalese”
fauna chronostratigraphy

The term “Tirreno’ (Tyrrhenian) was inlroduced by Issel
[471 to describe the Stronibus bubonius-bearing layers men-
toned by Gignoux [48, 49] that encompassed the ime span
between the Sicilian and the Holocene. S. bubonius was usually
accompanied with other warm species. This particular fossil
assemblage was later named “Senegalese’ favna with reference
to the present occurrence of ils most characleristic laxa along
the tropical shores of Senegal [50]. However the temporal
extension of the Tyrrhenjan as an chronostratigraphic unit,
and the spreading pathway of ils marker fauna still remain
unctear. The Tyrrhenian is commonly assigned 1o the “*Last
Interglacial” sensu lato (OIS 5), and occasionally 10 the isoto-
pic substage Se [12, 51) notably in the central Mediterranean.
However. large-scale geomorphological mapping assisted
by U-series measurements on corals (this paper, Table 3)
suggesl that the “Senegalese” fauna including S. bubonius
lived in the western Mediferranean during OIS 7 [32, 52]
and, perhaps. as early as during interglacials OIS 9 or OIS
[1in the Spanish Medilerranean littorals [19]. The youngest
occunences of S. bubonius correspond 1o OIS Sc and, perhaps



OIS 3a [52, 53). The sea surface temperature alkenone
record from u dcep sea core from the Albordn Sea off
Almeria (Fig. 1B) shows that SST during OIS 7a was
only 1° C Jower than during OIS 5¢ |34},

In conclusion. the “Senegalese™ can be seen as an
endemic fauna in the western Mediterranean basin
during preceding interglacials, but it did not survive
the Wisrm glacial stage.

5. Chronostratigraphy of marince terraces
in La Marina-El Pinet area

The marine lerraces of La Marina (Fig. 2) can be
associated 10 specilic inlerglacial high sea levels using
morphostraligraphical relationships and chronological
data. Terrace T7 deposits with Cladocora and sparse
Strombus accumulated during O1S 7, tikely OIS 7a or 7c. The
overtying terace (TR) deposils are assigned 1o OIS Se, according
to stratigraphic, scdimentological and paleontological feaures,
earlier U-scries mcasurements |28, 32|, and AAR data |29].
An additional criterion for this age assignment is that. in the
“classical” quarry, terrace T8 includes al least two highstands,
1he older of which is oolitic. 4 dislinctive lithology of the lasi
interglacial marine scquences at 1cgional scale | 19].

Terrace TY (Figs. 2 and 3) that gently cuts into the former
sequences and also bewrs a warm waler fauna is tentalively
assigned to OIS 5¢ or Sa. The most recent terrace (T10) bears a
fauna simutar 1o the present-day one and is of Holocene age.

The well-cemented levrace T6 cun not be dated positively
bul. according to its straligraphic position, we suggest a
possible OIS 9 age.

6. Paleo-sca levels and neotectonic implications

The altitudinal vecurrence of the C. caespitosa-bearing
marine unif raises the issve of the relative elevation of the
OIS 7 and OIS 5 sea levels.

6.1. Maxinum elevation of paleo-seu level during O1S 7
reported in literature

The elevalion of OIS Se paleo-sea level is relatively well
constrained, because it is represented by the most ubiqui-
tous and well-preserved set of littoral features along many
coastlines of the world. Murray-Wallace and Belpeiro [2]
deduced elcvations of 2 m a.s.). from exposures in southemn
Australia which are very siimlar to values found by Stirling
et af. [3] in Western Australia, both considered 1o be localed
n tectonically stable coasts. A paleo-sea level of about 6m
a.x.). has been suggested by Chen ef af. [4] and Kindler er al.
[5] in the Bahamas. A similar elevation has been deduced by
Muhs er al. [6] in Bermuda Tsland and Florida Keys.

Data on the relative elevation of sea level during OIS 7
are scarce and heterogeneous. Chappell and Shackleton (7]
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Figure 10.- Initial isolopic compositioa of uranium in modecn vs. OIS

? Cladocora cuespitosa skeletons, compured with that of Szrombux
bubeaniux Jrom 018 Sc depoxits. The initial §22U value of S. bubonins
shells (i.e., 138%5) has been considered as representative of that of the
“dlagenetic uraniuin®™ incorporated o fossil coral skeleions and thit of
the modem Medilcrranean C. caespitosa somples {i.c., 148%0) for heir
authigenic “marine™ fraction of their uranium.

used marine oxygen isolope data to suggest a 15 m b.s.l.
(below presentl sea level) position, whereas Roy and Boyd |8)
placed it a1 2-4 m a.s.l. in the stable Sovth Australia. Later on,
Murray-Wallace |9] concluded that. in this area, interglacial
sea levels did not deviate more than 6 m from the present
values during the past {1 inlerglacial. He also reported that
faunas warmer thun the madern ones were common in most
pre-Holocene interglaciat deposits.

Ramsay and Cooper [ 10] reporied elevations of 3 m b.s.l.
for OIS 7a deposilts in South Africa concluding that sea level
during the penultimate interglacial was likely close to the
present one, Shorelines of OIS Se and OIS Sc episodes appear
10 be around 4 m a.s.l. in Ihe same area.

Kindler er al. |5] identified a paleo-sea level close to
modern datum during OIS 7 in the Bahamas. In opposition.
Schellmann and Radtke [ 11] reported values of 16 m b.s.].
for OIS 7a and 3 m b.s.l. foy OIS 7c around Barbados (based
on lhe 2 m as.l. sea level of OIS Se).

Al Tomasso Natale (Sicily, taly), Hearty er al. [12] found
Cantharus viverratus. a“Senegalese” forni, among corals dated
a1 250 ka and Arca shells that yield aminogroup I ratios. The
authors also deduced that “aninogroup E deposits are present at
elevations similar 10 that of aminogroup E deposits. Strombus
may be associaled with both aminogroups. but unequivocal
data have emerged only from last-interglacial deposits™.

Recently, Bard e al. [13] set an OIS 7a (202-190 ka)
minimum sea level at 18.5 m b.s.). based on high precision
U-series measurements in a submerged stalagmite from the
Argentarola Cave (Italy). They conclude with reference to
other studies [14. 15, 16]. that the maximum sea level of
this interval had not exceeded -9 m below the present one.
[f this is true, then one should perhaps consider a 7c age for
the deposits of terrace T7. However, we prefer 1o keep open



the possibility that for a short lime interval of OIS 7a, a much
higher sea stand may have been atiained. Commenis (rom
Winnograd [ 17] based on data from Harmon er al. [18], about
the possibility of an underestimation of the paleo-sea level
elevation during OIS 7a by Li er al. [15] would go along our
own ¢onclusion.

More in accordance with the present study, Poole es al.
{44] repont C. caespilosa-bearing marine units from southern
Cyprus at elevations 8-11 ma.s.). (185-192 ka) and <3mas.l,
(116-130 ka).

Closcr o our study area, Zazo [55] und Zazo ei al. [19]) sug-
gested that sca level during OIS 7 in the western Meditestanean
was generally lower (but not much different) than ihat of OIS
Se. Vessica et al. [56] used stable isotopes and U-series ana-
lyses of calcite overgrowlhs and speleothems found between
40 m a.s.l. and 0 m in Mallorca (Balearic Istands, Fig. 1) to
recognize sea high stands matching respectively OIS 9 or
older, OIS 7 (231 + 28 ka, at 4.2 m a.s.l.), OIS 5¢ (2.5 m
as.l), OIS Sc, and OIS 5a,

6.2. New consiraints on the maximum elevation of OIS 7
sea level from La Marina-Ft Pinet dota

The literature survey does not offer unequivocal conclu-
sions about a precise maxinum elevation of sca-level during
OIS 7. Unfortunaltely, the coastal area of La Marina-El Pinel
shows some tectonic instability. The topographic elevalions
of the inner margin of all marine terraces on both sides of the
fault line (Figs. 2 and 3) provide evidence for this. Terrace
T8, assigned to OIS Se, occurs at 8 m a.s.l. in the upthrown
block, whereas its elevation i the downthrown block does
not exceed 5.5 m a.s.l. (Figs. 2 and 3). The elevation of the
inner margin of terrace T7, that bears C. caespitosa and S.
bubonius, is more difficult to assess. Facies analysis and
faunal content (Cladocora and its accompanying fauna) in
Terrace T7 allow an estimation of water depth. Cladocora
caespitosa (L.) is the main native zooxantetlale and conslroc-
tional coral of the Mediterranean Sea and its hemispherical
colonies (Fig. 4B 1 and 2) form patches in the shoreface
(4 to 10 m), but becomie rare between [0 m and 40 m of
walter depth [57]. This range is far too targe to infer precise
palen-sea level elevations, but the co-occurrence of well
preserved littoral faunas in the same beds suggests a liimited
reworking and somewhal restricts the vange in this particular
case to the upper shoreface. Setting the shallowest margin
(4 m) as the real water depth in which fossil Cladocora
lived, we speculate that the elevation of the inner margin of
T7 would not deviate by more than 2-3 m from that of T8,
implying that sea levels during OIS 7a or 7¢ and OIS Se did
not differ mueh from each other. An additional argument for
the assumed walter depth is that at present . latus Gmelim
(S. bubonius Lamark) lives at 4 m water depth in protected
shores of 1lha do Sal (Cape Verde Islands) |SB].

Assuming the mean sea level of approximately 2 m
a.s.). during OIS Se calculated in areas tectonically sta-

ble and far from the former ice sheets [3], and conslant
verlical tectonic movements, we deduce uplift rates of
0.025 mm/yr and 0.044 mm/yr for the downthrown and
upthrown blocks, respectively, during the last ~ 125 ka.
Extending these rates to the last 195 ka, a maximum sea
level position approximately one metre below the present
could then be estimated for OIS 7a (possibly for OIS 7c
depending on the final assignment of the C. caespitosa
bearing unit). Such a value for the maximum sca level
of OIS 7 is in agreement with the data from other coastal
areas of Spain cited above [19].

7. Conclusions

The sequence of Quatermary marine terraces at La Marina-
El Pinet is one of the best-studied for recognizing both the
chronology of its faunal content and the elevation of paleo-
sea levels during the penulimate and last interglacsals in
Lhe western Mediterranean basin. 1L illustrates the altitndinal
relationship between the maximum sea level stands of OIS 7
(likely 7a, possibly 7c) and OIS Se, suggesling thal the maxi-
mum sca level of OIS 7 should not have been much lower
than the modern sea level.

From a paleoecological view point, both the Mediterranean
scleractinian coral C, caespitosa and Lhe “Senegalese” fauna
were present during the last and penultimate interglacials in
the area. In terrace T7 (OIS 7), C. caespitosa forms rclatively
large colonies whereas the “Senegalese” fauna. including S.
bubenius, is scarce. In contrast, the overlying terace T8.
with ils basal oslitic sub-unit characteristic of OIS Se along
the Spanish coasts. bears an abundant “Senegalese” fauna,
including S. bubonius, but scarce remains of C. caespitosa.
These features seems lhus to be represenlative at regional scale
probably due —among other causes- to higher SST (~1° ()
during OIS 5e in comparison with OIS 7 [54].

Finally, we consider that a maximum sea level of shorl
duration culminating near present sea level, during either
7a or 7¢, would not be incompatible with the occurrence of
beuter developed but significantly lower elevation deposits
emplaced during longer duration high sea stands of OIS
7. It seems thus likely that most values reported for OIS 7
paleo-sea levels in literature, are nol as conflicling as they
may appear {rom a quick survey of the literalure (see for
example [17 and 56]), but simply represent various stand-
stills of this interglacial. Because of their relatively short
duration suggested by the SPECMAP curve. the maximum
sea levels intervals may have left poorer secords. more casily
reworked, than some lower elevation marine fealures of
the same interglacial. Improvements in age estimates may
help 1o set ultimately a paleo-sea level curve spanning the
penultimate interglacial. From this view point, as put forth
by Thompson |20), the open sysiem age model that has been
used in the present paper. as well as beller assessments of
diagenetic U-fluxes, may be a help
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Appendix: Model P°Th age calculalions

i) Continuous addition of **Th (**U) and ¥°T} (see [20})
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This model yields here, when using the mean aclivity ratios measured in the C. caespitosa samples, a corrected (and mini-

mum) age of 168 £ 9.5 ka (see Table 4).

ii) Conmtinuous diugenetic addition of U from pore water with u consiani U flux

[t is represented by the following set of linear differential equations:

dz."ﬂU

n

Where
A3y = 2*8U decay constant

=, (1) - [)\m £238) ) D, (1) since k<D,

M, 55 = diagenetic *®U flux (e.g.. in dpm/g.ka if *#U is in dpm/g and & in ka')

d2.\JU

(2) = Py U+ Ry PP+ Dy, (1)

wheye A,y = 24U decay constanl

U, = diagenetic U flux (e.g.. in dpm/g.ka if 2*Ud in dpnvg and A in ka') such as @,/M,q, = 24Ud/P8Ud = activity ratio

of diagenetic “'d” pore water U: here 24Ud/A¥Ud = 1.39.
d*Th
dt

where \,,, = decay constant ol * Tk,
Integrating (1) yields:

(3)

= °Th + A, U

@PUD=""U(0)+ [ Dyy(t)dt

We mnay now rewrite (2) as:
d‘z.'(-lU

dt
where
(6) f(t) = _)\—)_13 233U + d)z_m(t)

The general solution to (5) is:

(3)

=M U+ f(1)

7 MU =[UO) *exp(-Dy, * )]+ [exp(—xw #0)% [[exp(hy, *t)* F(1)* dt‘]



Integraling by parts the second term on the right hand side of (7) yields:

(8) B0y = [234 U(0) * exp(=A 5, * t)]+ [)\L *[F(1) = (exp(=A gy * 1) * F(0)) ]

24

_M (ex A. *t*d—f*d[.
|: )\'234 J‘D p( = ) (dtl)

Equation (3) is similar in form to (5) and in analogy to the solution (7), we obtain:

0Th (1) = [““Th(O) *exp(—hy * 1) J+

%)
[exp(_}\_zm & [) *_‘:e)‘po"no %y ):l' ()\'7_‘4*2“ U([I )):k dtl]

Assuming that the flux @,,4(1) is constant in time, then (4) simplifies into:
(10) UM ="U(©0) + (@5, * V)

In a similar fashion, assuming that &,,,(1) is constant in time and using cxpressions (6) and (10), wec may then rewrite
expression (8) as:

U= [2"" U(0) * exp(-Ayy, * [)]+ [%1& * D,

(n 234
+| R *(”8U(0) + Pou —32—’-&] *(1 - exp(=hy, *t))]
234 238 234

Substituting (11) into (9), wc finally obtain the expression (12) below:

A
ZOTh(1) = [P°Th(0) * exp(—hyy, * l):|+ l)\_m— * D, * t‘ +

230

A (M i l
=28 % | BSy) 4 —22 —((IM *( +—]] #T—exp(=A,, *0) ||+
_}\'2]0 }\'238 e }\'234 }\'2.\0 [ 0 ]
\
[—k | ”‘U(O)—[h—‘ﬂ* ”‘U<0>+(—‘D?“ - m*[ew(—km*t)—exp(—m*o]]
210 ~ M3 2M 3 234/

A simplified quasi-arithmetic approach can also be followed.
(13) da = dag exp(— hpy  * 1)

(14) dd = ddy exp(— Ay, * 1)

where:

d = MU = [(BHU/ABBU)-1] * 10°

d,. the isotopic composition at the origin (here §2*Ua = 148%o and §2*Ud = 380%.; sce Fig. 10)



a, the authigenic fraction

d. the diagenetic fraction

then, from equations (§3) and (14):

(15) f, = (dm - dd)/(da-dd) when =1 - f,

with f, and f, standing respeetively for the authigenic and diagenctic fractions of 2¥U. and 8m. for the measured isolopic

composition of uranium.

)(] — e—()-)m ‘)'))-l I )

(I - e-”-zu. SN N)

Furthermore:
230 .
(16) M = (] c—l n,.l) ( 214 _)w Ud ])(
Ay Ud Ud N~ Ao
A Th 5 u.‘uUa
“7)4’-——(1— Y (TR - (2
238 )\'1\8 U'd )\'2_‘0 - )\'234

Then, incremental valucs of ™ arc sntrodnced info equations 13, 14, 16 and 17, untik:

2o 20T WTh.
(18) &Zmns—hm _ fd*hTh— + fa:kw =0
Ay Um Ay Ud A, Ua

with (k5,7 Thiny/A,, H*Um) standing for the measured #THh/2*U aclivity ratio.

[p the present case, with the aclivily ratios measured in the C. caespitosa samples, a mean “1" value of 237 £ 20 (2 1) can be

set for the (maximum) corrected age.
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