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Abstract: Seven borehole cores were analysed to reconstruct the Pleistocene evolution of the
Pego-Oliva Basin (Mediterranean coast, Iberian Peninsula). A total of 295 samples were recovered
for amino acid racemization (AAR) dating, and 77 samples for sedimentological, palaeontological
and biomarker determination, with two objectives: (1) to establish a chronological framework
(especially for Middle Pleistocene); and (2) to obtain data on the palaeoenvironment.

(1) AAR proved that the record covers approximately 650 ka in which no important hiatuses
occurred, although minor ones cannot be discarded. AAR provided valuable information on differ-
ential subsidence rates, and Marine Isotope Stages (MISs) 15–1 were identified.

(2) Litho- and biofacies allowed the identification of distinct palaeoenvironments through time,
with the constant presence of a marsh/lagoonal environment with brackish or saline water with
continental or marine influence. Remains of marine molluscs allowed the determination of
periods of highstand sea level. Biomarkers indicated a constant input from terrestrial plants, and
allowed definitions of periods with variable water mass and environmental moisture. As in other
Mediterranean littoral areas, facies with a marine influence occurred mainly during odd MISs, indi-
cating periods of highstand sea level. In contrast, alluvial-fan progradation and continental brack-
ish wetlands developed during even MISs.

Coastal wetlands, marshes and salt marshes in the
Iberian Peninsula record environmental changes
during the Quaternary Period and represent the last
evidence of the satellite basins that developed
after the Alpine Orogeny period. Given the flat topo-
graphy of these environments, it is not possible to
obtain samples from outcrops, thus it is necessary
to use data from boreholes, which in most cases
are drilled for other purposes, namely geotechnical
and hydrogeological research. In general, coastal
wetlands, marshes and salt marshes are character-
ized by a mixed influence of continental and
marine waters, which, when not anoxic, usually
have high organic productivity reflected in reducing
bottoms with a dominantly fine-grained sedimen-
tation. This favours the preservation of biomar-
kers, fossil organism shells and organic molecules
derived from tissue decay.

These coastal environments are linked to
marine–terrestrial transition settings, and thus
they share both environmental signals, and can be
used to link marine and terrestrial records.

In the Mediterranean realm, coastal plains
present favourable characteristics as a result of the
microtidal character of the Mediterranean Sea, the
lack of hurricane occurrence and the low occur-
rence of earthquakes (tsunami). Furthermore,
coastal deposits are commonly linked to sea-level
changes in such a way that periods of lowstand sea
level are reflected in stratigraphical gaps, but during
active sedimentation periods the record can be con-
sidered continuous, although short erosion periods
may also occur.

The Mediterranean coast of Spain has been
widely studied for the palaeoenvironmental recon-
struction of Quaternary times. Until now, such
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studies have focused mainly on marine raised
deposits, whose elevations, faunal remains, radio-
metric age (Goy et al. 1986; Hillaire-Marcel et al.
1986; Causse et al. 1993; Fumanal et al. 1993a;
Viñals 1995a, b; Zazo 1999; Zazo et al. 2003) and
amino acid chronology (Hearty 1986, 1987; Hearty
et al. 1986; Torres et al. 2000, 2010; Ortiz et al.
2004c) indicated highstand sea levels linked to
interglacial stages. However, these deposits are dis-
continuous. Information about present-day off-
shore deposits has been provided by Fumanal et al.
(1993a), Rey & Fumanal (1996a), Dupré et al.
(1988) and Blázquez (2005).

The pollen content of some continental
sequences in coastal areas (Pérez-Obiol & Julia
1984; Fumanal & Dupré 1986; Burjachs & Juliá
1994; Yll et al. 1994; Badal & Roiron 1995;
Carrión & Dupré 1996; Carrión & van Geel 1999;
Carrión et al. 1999) and caves has also been used
for late Pleistocene–Holocene palaeoclimatic
reconstruction (Carrión 1992; Carrión et al. 1995;
Carrión & Munuera 1997). Likewise, the following
marshes have been examined in the Spanish Medi-
terranean realm (Fig. 1): Peñı́scola (Usera et al.
2006), Torreblanca (Collado & Robles 1983;
Segura et al. 1997), Jávea (Fumanal et al. 1993b;
Usera et al. 2002), Gandı́a and La Safor (Viñals
1995a), Moraira (Viñals 1995b), and Albufereta in
Alicante (Blázquez & Ferrer 2003; Ferrer et al.
2005), but all of these have short sequences that
only cover the Holocene. Extensive coastal records
are scarce, and it was only in the Elche Basin
(Fig. 1a) that numerous boreholes were drilled and
studied in detail (Blázquez 2005; Blázquez &
Usera 2010). These cores are up to 30 m long, but
several gaps are present and, thus, they do not
provide a continuous record. Their microfossil
content, together with sedimentological and mag-
netic susceptibility, enabled a reconstruction to
be made of the palaeoenvironmental evolution of
the Elche lagoon area (SE Spain) during the Qua-
ternary. Previous studies have addressed the Upper
Pleistocene record of the Pego-Oliva wetland:
Dupré et al. (1988), Mateu (1989), Viñals et al.
(1989), Hernández Ruiz et al. (1993), Viñals &
Fumanal (1995), Viñals (1996) and Mateu et al.
(1997) obtained their results from six borehole
cores and 90 stratigraphical profiles that show the
uppermost 50 m of the record. However, some age
discrepancies were observed in various thermolumi-
niscence ages (Viñals & Fumanal 1995; Viñals
1996), as MIS 5 was placed at a depth of 50 m in
some parts of the Pego-Oliva Basin, whereas in
other areas it was located at a depth of about
20 m. Durán et al. (2005) reconstructed a simple
palaeogeography with alluvial-fan sediments land-
wards, grading into fine-grained marsh deposits
that interfinger seawards with aeolian sands. In

Dupré et al. (1988), Viñals et al. (1989), Viñals
(1996) and the present paper, these sands are inter-
preted to be of marine origin. Ballesteros Navarro
et al. (2009) drilled seven borehole cores for hydro-
geological purposes.

Therefore, the lack of continuity of the records
seriously restricts our understanding of the palaeo-
environmental evolution of the Iberian coast, and
the western Mediterranean Sea in general. Only in
the lower part of the Guadalquivir Basin, along the
Atlantic Ocean, was the sedimentary evolution of
the Guadalquivir marshlands (Fig. 1a) during the
Upper Pliocene and Pleistocene reconstructed
(Salvany et al. 2011). In this regard, the Pego-Oliva
marshland (Fig. 1), with more than 140 m cored in
its deepest zone, with abundant fossil and plant
remains, is a suitable area for the interpretation of
prolonged palaeoenvironmental conditions in the
Spanish Mediterranean realm. Records of this
nature are uncommon in this area as deposits of
these ages generally consist of discontinuous raised
marine deposits.

Thus, the main aims of this study were as
follows: (1) to establish the complete chronolog-
ical framework (especially the Middle Pleistocene)
of the Pego-Oliva marshland (through amino acid
racemization (AAR)); (2) to test the presence/
absence of long hiatuses; (3) to determine the
palaeoenvironmental conditions of the marshland
through the fossil content, especially for the
Middle Pleistocene; and (4) to obtain insights into
the plant cover of the marsh and surrounding areas
from the biomarkers preserved in the sediments,
especially for the Middle Pleistocene time span.

Geographical and geological setting

The Pego-Oliva Basin extends over 12.9 km2 near
the village of Pego in the provinces of Alicante
and Valencia (eastern Spain) (Fig. 1). In the last few
centuries, the extension of the Pego-Oliva marsh
has diminished as result of agricultural practices.
A sand barrier capped with small dunes separates
the marsh from the Mediterranean Sea (Figs 1 & 2d).

The zone is extensively cultivated on the
alluvial-fan slopes, in which terraced fields allowed
(since Moorish times) the cultivation of olive,
cherry and almond trees. Today, orange trees and
orchard products comprise the main agricultural
production, and, on the marsh border, there are
many rice crops, which are generally in conflict
with the conservation policy for the marshland area.

The Pego-Oliva area has been subjected to
vigorous land reclamation over the last century,
although today it is a protected area (Natural
Park). Owing to agricultural practices, the multi-
layered aquifer has been under observation for
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many decades. During the last century, a number of
boreholes were drilled and geophysics (electrical
resistivity) campaigns were undertaken (Hernández
Ruiz et al. 1993). The results of this work were
completed in Viñals (1996). As marine water intru-
sion became considerable as a result of intense
groundwater extraction, the Spanish Geological
Survey drilled seven boreholes to monitor water
quality, which was seriously threatened by this
intrusion.

The basin developed between two craggy sierras,
Mustalla to the north and Segaria to the south, both
comprising Upper Cretaceous calcareous rocks
(Senonian) affected by Alpine tectonics. These
rocks are deeply karstified with a complex relation-
ship between the underground karst waters and the
marsh hydrogeology. Near the northern boundary
of the marsh, there is an active saline spring (Font
Salada, Fig. 2a, b) that has fed the marsh in the
past. Isotope geochemistry (Ballesteros Navarro

Fig. 1. Geographical location of the Pego-Oliva Basin. (a) General location in eastern Spain together with other
marshlands. (b) Generalized geological map of the Pego-Oliva Basin (modified from Rey & Fumanal 1996a).
(c) Location of boreholes drilled, including P7 of Dupré et al. (1988). (1, Peñı́scola; 2, Torreblanca; 3, Albufera; 4,
Jávea, Gandı́a, La Safor and Moraira; 5, Albufereta of Alicante; 6, Santa Pola; 7, Elche; 8, Mar Menor; 9, Guadalquivir
marshlands).

PLEISTOCENE OF THE PEGO-OLIVA MARSHLAND
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et al. 2006, 2009) indicates that the spring water is
of marine origin. Marsh deposits lie on impervious
sediments (marls) of Miocene age. Two small but
perennial rivers (Bullent-Vedat and Racons-
Molinell), both karst-water related, feed the marsh.
The Racons-Molinell River is connected to the
Mustalla creek and has its catchment in the west
of the study area (Fig. 1c), being the origin of the
main alluvial fan responsible for the catastrophic
floods that have affected the Pego village in the
past and which are recorded in the geological
record (Viñals & Fumanal 1995; Viñals 1996).

As a result of Alpine tectonics during the
Miocene, a series of roughly east–west-orientated
satellite basins opened towards the Mediterranean,
and were filled with a series (partially exposed)
of Miocene–Pliocene and Pleistocene deposits
(Champetier 1972; Goy & Zazo 1974; Dumas 1977;
Rodrı́guez Estrella 1977; Pulido 1979) (Fig. 1).
Some of these basins still remain active as barred
lagoons (e.g. Mar Menor, Albufera de Valencia:
Fig. 1a) and marshlands (e.g. Pego-Oliva). Almost
all of them are severely affected by reclamation
after intensive drainage. In other cases, the lagoonal

and marsh deposits are overlain by saline (solon-
chak) and red (terra rossa) soils and caliches.

Although the current geomorphological frame-
work of the Pego-Oliva Basin seems to be simple
(alluvial fans, saline springs and marine water intru-
sions), it does not reflect the geomorphology that
controlled the sedimentation during Pleistocene
times. This is a tectonic basin in which subsidence
favours sedimentary processes from both continen-
tal and marine environments; however, it is also
affected by erosive processes (Viñals 1996; Balles-
teros et al. 2009). The development of the Pego-
Oliva marsh is directly related to groundwaters.
From marine seismic profiles, Dı́az del Rı́o et al.
(1986), Rey & Fumanal (1996b) and Viñals (1996)
identified bars and beach-rock that controlled the
marsh and lagoonal environment during the Late
Pleistocene, the shoreline being more than 7 km sea-
wards in some periods. Likewise, local subsidence
processes occurred and the basin-basement geome-
try was initially interpreted using geophysics by
Viñals (1996). Ballesteros Navarro et al. (2009)
reinterpreted the basin geology, providing geophy-
sical data that showed the presence of a complex

Fig. 2. Representative photographs of the Pego-Oliva Basin. (a) & (b) Drainage channel and pond, respectively, of the
Font Salada spring. (c) General view of the Pego-Oliva marshland basin. (d) Beach and coastal dunes.
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system of normal fault-limited blocks (Fig. 3). Some
of these still-active blocks are responsible for a
number of very recent earthquakes (Rueda &
Mézcua 2002). These observations imply that the
geomorphology of the basin during the Middle
Pleistocene differed considerably from that of the
Holocene.

At present, the basin receives water from
Bullent-Vedat and Racons-Molinell rivers, but also
has a close relationship with groundwater systems
(Ballesteros et al. 2009); that is, it receives dis-
charges from lateral karstic aquifers and from a
basal detrital aquifer, although anthropogenic
factors also affect hydrodynamics in the Pego-
Oliva marshland. The Font Salada saline spring
water presents a very high chlorine (NaCl) concen-
tration, ranging between 800 and 1020 mg l21,
SO4

22 being very stable around 100 m l21, and a
water temperature that varies between 18 and
20 8C (Ballesteros Navarro et al. 2008). In the spring
zone, a peculiar biota developed, including algae
and upper plants that also appear in the marsh
zone: Cyanophyceae (13 species), Rhodophyceae
(six species), Clorophyceae (nine species), Ulvo-
phyceae (eight species), Charophyceae (18 species),
Xantophyceae (two species) and Bacillariophyceae
(four species) have been described (Cantoral &
Aboal 2001; Egidos & Aboal 2003). From the 51
diatomea taxa identified (Cantoral & Aboal 2008),
25 correspond to brackish-water environments,
seven to freshwater and 35 are cosmopolites,
being noteworthy that five species show tropical

affinities. In the marsh, Phragmites australis and
Tamaryx gallica are the dominant upper plants.
However, in the sierras (where wildfires did not
affect the biome), Pinus sp., Taxus baccata and
Quercus sp. dominate, and near the creek bottoms
Populus sp, Fraxinus sp., Salix sp. and other caduci-
folia are common.

Study design, materials and methods

In recent years, a series of seven boreholes (Table 1,
Figs 1c & 4) with continuous core recovery were
drilled inside the marsh dominion for hydrogeolo-
gical control purposes (Ballesteros Navarro et al.
2009). The cores were stored in the sample archive
of the Geological Survey of Spain (IGME), located
in Peñarroya (Córdoba). In 2010, we sampled these
boreholes to study their sedimentological char-
acteristics, fossil content and organic compounds
to ascertain the Pleistocene palaeoenvironmental
evolution of the Pego-Oliva marsh. The cores
were also sampled for amino acid racemization
(AAR) dating in order to place all of the palae-
oclimatological variations into a chronological
framework.

We established the core lithology using descrip-
tions given in an internal report of the IGME
(Ballesteros Navarro et al. 2008), although some
minor simplifications were also made (Fig. 4). Bore-
hole PDG5 reached the Miocene basement at a
depth of 52.2 m, whereas PDG6 reached the Upper

Fig. 3. Basement structure based on geophysics, with the position of PDG7 and PDG3 boreholes shown (modified
from Viñals 1996).
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Cretaceous karstified limestones at 78 m. The other
cores did not reach the basement, although core
PDG7 perforated 140 m of the Pleistocene deposits.

In order to monitor the Pego-Oliva multilayer
aquifer, the borehole distribution was roughly T-
shaped (Fig. 1c): PDG1, PDG2, PDG3 and PDG4
were drilled directly on the present-day barrier at
approximately 250–400 m from the shoreline, and
PDG1 and PDG4 were at the seawards foot of the
Sierra Mustalla and the Sierra Segaria, respectively.
PDG7 was drilled in the SE corner of the Pego-Oliva
marsh, and PDG5 and PDG6 were placed in the
inner part of the basin, in a zone formerly included

in the past extension of the marshland but which
is now dry.

We focused the palaeoenvironmental inter-
pretation on the cores from boreholes PDG7 and
PDG2 because they were the deepest ones, and
held fine-grained deposists that gave large amounts
of macro- and microfossil remains. The deposits
of the other cores were not dated because there
was a dominance of coarse-grained gravels, and
their age was considered uncertain. Nevertheless,
some horizons of borehole PDG3 were dated for
correlation purposes.

We refer to the borehole horizons by their depth,
in metres, from top to bottom (sample PDG7-115.40
is at 115.40 m in borehole PDG7). Of note, during
drilling operations the sand layers were poorly
recovered, thus causing some uncertainties about
their true thickness.

AAR dating

The AAR method is based on the premise that
almost all living material contains only L-amino
acids, which gradually turn into D-amino acids
after death in a process known as racemization
(Hare 1969). After death, the D/L ratio increases
over time until it reaches a value of 1, when a
dynamic equilibrium is reached. Thus, racemization
ratios can be used to obtain bed correlation because

Table 1. Coordinates (UTM) of the boreholes used
for this study

Borehole Latitude
(º)

Longitude
(º)

Elevation
(m a.s.l.)

PDG1 754.672 4.309.389 1.36
PDG2 756.812 4.308.319 1.38
PDG3 758.966 4.306.480 2.06
PDG4 757.414 4.306.352 3.66
PDG5 753.552 4.306.034 3.45
PDG6 754.575 4.305.837 0.74
PDG7 757.414 4.306.352 1.05

m a.s.l., metres above sea level.

Fig. 4. Fence diagram correlating the borehole sections based on the AAR datings. The correlation was performed
based on MIS episodes, although MIS 4–MIS 1 were not separated because the uppermost sand beds were mixed due to
drilling operations. Dashed lines mark the tentative correlation between boreholes that are not dated. Dark dashed lines
mark the correlation of palustrine carbonate horizons (P). The environmental interpretation of the sedimentary facies
associations are also indicated in each borehole.
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similar D/L values indicate isochrony. However,
the AAR method is not a numerical dating tech-
nique in isolation but requires calibration with pre-
viously dated samples (through radiometric dating
methods) in order to obtain age calculation equa-
tions. This process is both genus- and temperature-
dependent, so these algorithms can be calculated
only from samples located in areas with the same
thermal history.

To establish the chronology of the Pego-Oliva
marsh record, we sampled cores from boreholes
PDG2, PDG3 and PDG7 for AAR dating: 84
samples from 19 horizons of PDG2, 35 from six
horizons of PDG3 and 176 samples from 28 hor-
izons of PDG7 (Tables 2–4). Ostracode valves
from various species were recovered, although we
selected only Cyprideis torosa (Jones) individuals
for the analysis because it was the only species
present in all horizons.

Ostracode valves were carefully cleaned soni-
cally in distilled deionized water and rinsed in the
same water to remove sediment. In order to
remove secondary organic molecules adsorbed to
the shells, the valves were then submerged in 3%
hydrogen peroxide for 2 h following Kaufman
(2000) and Hearty et al. (2004). Only translucent
specimens were selected for the analysis, and a
single valve of Cyprideis torosa specimens was
used for each analytical sample. When possible,
we performed seven analyses of the same bed. The
number of samples from each bed is shown in
Tables 2–4. Amino acid concentrations and ratios
were quantified using high-performance liquid
chromatography (HPLC) in the Biomolecular

Stratigraphy Laboratory, following the sample prep-
aration protocol described by Kaufman & Manley
(1998) and Kaufman (2000). This procedure
involves hydrolysis, which was performed under
N2 atmosphere in 7 ml of 6 M HCl for 20 h at
100 8C. The hydrolysates were evaporated to
dryness in vacuo, and then rehydrated in 7 ml
of 0.01 M HCl with 1.5 mM sodium azide and
0.03 mM L-homo-arginine (internal standard). Sam-
ples were injected into an Agilent-1100 HPLC
equipped with a fluorescence detector. Excitation
and emission wavelengths were programmed at
335 and 445 nm, respectively. A Hypersil BDS C18
reverse-phase column (5 mm; 250 × 4 mm i.d.) was
used for the analysis.

Aspartic acid and glutamic acid D/L values were
selected for the age calculation because in most
ostracode valves they account for in excess of
about 50% of the amino acid content (Kaufman
2000; Bright & Kaufman 2011). The numerical
age of each bed was determined by introducing
the aspartic acid and glutamic acid D/L values
obtained in C. torosa valves collected at each level
into the age calculation algorithms established by
Ortiz et al. (2004b). The age of a single bed is the
average of the numerical dates obtained for each
amino acid D/L value measured in ostracodes
from that level, and the age uncertainty is the stan-
dard deviation of the numerical ages calculated in
each level.

Amino acid racemization is a time- and tem-
perature-controlled chemical reaction. However, the
use of the age calculation algorithms obtained in
central and southern Spain ostracodes by Ortiz

Table 2. Mean values and standard deviation of D/L ratios of aspartic acid
and glutamic acid obtained in Cyprideis torosa ostracode from the PDG2
borehole core, and age calculation of each level

Level N D/L Asp D/L Glu Age (ka BP)

5 2 0.151 + 0.001 0.048 + 0.001 6.1 + 0.3
6 1 0.159 0.041 5.1 + 3.3
17 2 0.238 + 0.019 0.061 + 0.018 34.4 + 7.7
26.5 7 0.351 + 0.021 0.111 + 0.015 111.9 + 20.9
32.3 3 0.352 + 0.006 0.127 + 0.012 119.3 + 10.5
34.5 3 0.413 + 0.027 0.152 + 0.010 167.2 + 24.8
34.9 7 0.414 + 0.023 0.157 + 0.026 180.7 + 25.6
52.6 5 0.460 + 0.039 0.174 + 0.030 236.7 + 42.6
58.5 7 0.473 + 0.035 0.188 + 0.040 231.0 + 57.8
61.1 7 0.516 + 0.026 0.204 + 0.017 276.8 + 56.1
71.3 4 0.507 + 0.018 0.227 + 0.033 292.4 + 32.6
88.6 6 0.531 + 0.028 0.259 + 0.033 346.3 + 45.5
91 3 0.601 + 0.010 0.360 + 0.025 464.9 + 48.0
99.5 5 0.520 + 0.030 0.285 + 0.026 352.0 + 41.9
101.7 4 0.591 + 0.015 0.344 + 0.042 442.1 + 59.4
104.6 7 0.610 + 0.016 0.368 + 0.030 483.2 + 58.9
110.0 7 0.626 + 0.020 0.412 + 0.038 538.3 + 63.0
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et al. (2004b) for the dating of the Pego-Oliva
record is justified because a similar thermal his-
tory (current mean annual temperature of c.
15 8C) can be inferred for these areas and the
Pego-Oliva Basin, which are all located in the
Mediterranean climatic zone of the Iberian
Peninsula.

The Asp and Glu D/L values obtained in the
ostracode valves are comparable to those found
in other laboratories using the same or other
techniques. Three samples from an interlaboratory
AAR exercise (Wehmiller 1984) analysed by 11
laboratories were used for the comparison of
results: ILC-A (Saxidomus sp. c. 50 ka), ILC-B

(Mercenaria sp. between 100 and 250 ka) and
ILC-C (Mercenaria sp. c. 1 Ma). The lack of bias
and the validity of the process fit provided by our
laboratory were confirmed (Table 5). The results
from a recent interlaboratory comparison exercise
showed that instrumental differences are even
smaller than those encountered in the original
1984 study (Wehmiller et al. 2010).

Biomarker analysis

A total of 46 samples from the PDG7 core and 31
samples from the PDG2 core were collected for
biomarker analysis. Between 4.4 and 9.2 g of

Table 3. Mean values and standard deviation of D/L ratios of aspartic acid and
glutamic acid obtained in Cyprideis torosa ostracode from the PDG3 borehole core,
and age calculation of each level

Level N D/L Asp D/L Glu Age (ka BP)

9 7 0.206 + 0.018 0.058 + 0.003 35.5 + 4.0
11 1 0.275 0.078 47.9 + 14.6
21.2 9 0.377 + 0.022 0.123 + 0.014 136.5 + 28.5
41.8 4 0.468 + 0.008 0.238 + 0.027 251.9 + 21.8
51.8 7 0.592 + 0.023 0.338 + 0.045 447.4 + 70.0
72.8 7 0.607 + 0.028 0.343 + 0.032 518.5 + 72.7

Table 4. Mean values and standard deviation of D/L ratios of aspartic acid and
glutamic acid obtained in Cyprideis torosa ostracode from the PDG7 borehole core,
and age calculation of each level

Level N D/L Asp D/L Glu Age (ka BP)

1.4 1 0.176 0.040 0.9 + 1.1
6 4 0.272 + 0.035 0.077 + 0.011 46.4 + 21.4
12 7 0.250 + 0.040 0.070 + 0.009 33.2 + 10.8
25.5 7 0.430 + 0.025 0.167 + 0.028 182.7 + 28.6
26.2 7 0.448 + 0.036 0.189 + 0.045 193.0 + 37.6
27.8 7 0.434 + 0.026 0.148 + 0.021 173.1 + 40.1
34.9 7 0.498 + 0.015 0.185 + 0.021 242.1 + 56.2
43.25 7 0.503 + 0.035 0.198 + 0.043 256.8 + 72.2
50.0 7 0.504 + 0.048 0.277 + 0.073 298.2 + 79.2
59.5 7 0.535 + 0.014 0.245 + 0.029 320.4 + 46.3
84.2 7 0.572 + 0.043 0.276 + 0.038 383.2 + 99.2
87.6 7 0.554 + 0.038 0.268 + 0.058 383.9 + 78.7
95 6 0.538 + 0.005 0.259 + 0.035 325.9 + 49.7
97.3 7 0.581 + 0.033 0.303 + 0.053 403.8 + 91.3
102.4 7 0.648 + 0.017 0.427 + 0.048 579.4 + 89.4
109.6 7 0.619 + 0.015 0.369 + 0.030 511.7 + 54.6
111.2 7 0.580 + 0.022 0.281 + 0.032 464.0 + 71.8
115.4 7 0.620 + 0.051 0.384 + 0.090 561.6 + 78.3
120.2 3 0.657 + 0.017 0.442 + 0.059 606.9 + 88.7
126.2 5 0.678 + 0.012 0.463 + 0.042 659.9 + 94.9
127 3 0.638 + 0.068 0.408 + 0.103 560.8 + 163.7
130.8 7 0.636 + 0.031 0.403 + 0.069 575.7 + 103.8
131.2 7 0.644 + 0.021 0.400 + 0.014 575.6 + 81.4
136 7 0.625 + 0.033 0.485 + 0.060 597.0 + 96.8
137.8 7 0.684 + 0.040 0.535 + 0.065 740.8 + 140.3
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sediment per sample were dried at 50 8C for 24 h
and then ground. Biomarkers were extracted in an
accelerated solvent extractor (Dionex ASE 200)
using dichloromethane–methanol 2:1 at 1500 psi
and 175 8C. The heating phase was 8 min and the
static extraction time was 5 min.

The isolated lipid extract was concentrated to
dryness using a rotary evaporator, and redissolved
in 1 ml of dichloromethane at the time of analysis
by gas chromatography (HP 6890) with mass selec-
tive detector (HP 5973) and an ATM-5 column
(250 × 0.25 mm; 0.20 mm), using helium as the
carrier gas.

Results

Chronology

The D/L ratios of aspartic acid and glutamic acid
measured in the 295 analytical samples from the
cores of PDG2, PDG3 and PDG7 are shown in
Tables 2–4, together with the age of each horizon.

The sedimentation rate for each core was calcu-
lated by plotting the age of each bed against its
depth in metres (Fig. 5). The slopes of the AAR
ages v. depth represent the sedimentation rate.
High correlation coefficients were observed in the
three cores, and were similar for PDG2 and PDG7
(Fig. 5). In PDG3, the slope of the regression line
was markedly steeper, indicating that the sedimen-
tation rate was lower in this area. Thus, the amino
acid chronology revealed that the stratigraphic
record covered a time span of approximately
650 ka (Fig. 4). A good correlation was detected
between the chronological framework for the
Pego-Oliva Basin obtained through AAR and the
thermoluminescence ages of 72 + 11 and 68 +
10 ka reported by Dupré et al. (1988) obtained at
depths of 14.0 and 15.0 m, respectively. These
ages were obtained in the core of borehole P7,
which was drilled close to PDG7 and PDG2
(Fig. 4). Furthermore, Viñals & Fumanal (1995)
used thermoluminescence to date a sand bed at a
depth of about 20 m in P7 at 119 +18 ka. In this
regard, Viñals (1996) provided ages of 58 + 9 and

107 + 16 ka in borehole P6 at depths of 10 and
15 m, respectively, and dated beds at a depth of
15 and 19 m at 55 + 8 and 105 +16 ka, respect-
ively, in borehole P9. The ages determined by this
method are consistent with those we found using
AAR. In contrast, Viñals & Fumanal (1995) dated
a sand bed at a depth of 45 m in P1 at 112 +
17 ka through thermoluminescence. This age
seems to be inaccurate as it does not correspond

Fig. 5. Correlation diagrams between AAR age (ka)
v. depth (m) for the PDG2, PDG3 and PDG7 cores.

Table 5. Asp and Glu D/L values measured in interlaboratory comparison (ILC) samples
in the interlaboratory results (ILR) exercise (Wehmiller 1984) and in the Biomolecular
Stratigraphy Laboratory of Madrid (LEB)

Amino acid Laboratory ILC-A ILC-B ILC-C

Asp D/L LEB 0.401 + 0.006 0.719 + 0.010 0.884 + 0.015
ILR 0.378 + 0.056 0.705 + 0.056 0.894 + 0.158

Glu D/L LEB 0.225 + 0.003 0.464 + 0.004 0.902 + 0.010
ILR 0.203 + 0.022 0.432 + 0.034 0.849 + 0.070
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either with our dates or with those of Dupré et al.
(1988), Viñals & Fumanal (1995) or Viñals (1996).

Lithology

We grouped the lithologies into five groups.

(1) Peaty deposits (F) are characterized by the
dominance of plant debris over terrigenous
sediments and are common in the Holocene
Pego-Oliva record but scarce in Pleistocene
beds. They are 20 cm thick and appear to
have developed in spots, with the exception
of the shallower (Holocene) deposits of
PDG5 and PDG6. There are two peaty beds
in PDG2 at a depth of 53.3 and 20.0 m.
Viñals (1996) described peaty beds in four
boreholes (different to those used in this
study) at a range of depths (lower than 20 m),
and in subaereal deposits. These deposits
contained subangular medium-sized quartz
grains and deeply abraded foraminifera tests.

(2) Massive lutites (Fm) are well represented
in all the cores, with the exception of PDG5
and PDG6. They show high carbonate content
(.50% according to Viñals 1996). Clay par-
ticle size dominates over silt size, and there
are disseminated quartz grains. Very abundant
mica flakes and minor other minerals occur.
On the basis of their colour, it is possible to
distinguish two kinds of lutite: grey-black
(Fmb) and yellow-brown (Fmy).

Fmb: in addition to its colour, which varies
from light grey to black, the most distinctive
characteristic of these lutites is the presence
of marcasite (Fig. 6f ), which appears iso-
lated, forming spheruli and framboids or
casting of plant debris or carpeting shells
with cockscomb microcrystal clusters. Upper
plant remains (indet. seeds and cuticuli)
also appear.

Fmy: there is a clear lack of iron sulphides
but brown-red patches suggest that, in some
cases, marcasite formed, later being oxidized.
Carbonation, although not dominant, devel-
oped and carbonate root casts appear. Sparse
pedogenetic calcium-carbonate noduli also
occur.

(3) Marls and limestones (M), which are yellow
or white. They contain scarce quartz grains
and abundant brackish-water fossils.

(4) Sands (S). Along the borehole records, a series
of sand interbeds were identified. Although
the core recovery is very poor, these beds
are loosely carbonate cemented. Two types
of sands can be identified on the basis of the
presence/absence of bioclasts, namely silici-
clastic (Sa) and bioclastic (Sb) sands.

In the lower and central part of the records,

they appear (Sa) as homometric fine-grained
quartz sands with very scarce bioclasts, mica
flakes and resistant heavy minerals. They
constitute the typical detrital layers of the
aquifers of the zone and are karstified when
carbonate cemented.

At the top of all the borehole records, with
the exception of PDG5 and PDG6 in which
peaty deposits are common, thick sand beds
are observed (Sb) up to 20 m thick. In the
core boxes, they appear as a black slurry,
and, under the microscope, as fine-grained
quartz sand (quartz 80%, limestone 20%).
The quartz grains show low roundness,
although some attested eolinization and have
a high sphericity. Mica flakes are frequent.
Bioclasts are very abundant: planktonic and
bentonic forams, pelecypoda, gastropods,
Dentalium, sea urchin spicles, briozoans and
unidentifiable fragments. In some cases, bio-
clasts are black tanned (organic matter). The
organic-rich ‘black fine-grained’ matrix stains
the slurried core black.

(5) Gravels (G). Although gravel beds were esti-
mated as thick deposits in the upper part of
cores PDG5 and PDG4, and at the bottom of
PDG6, they are poorly known because the
poor core recovery during the drilling oper-
ations did not allow some coarse clasts and
possible finer-grained material from interbeds
to be retrieved. The scarce gravels are well
rounded and made up of Cretaceous lime-
stone clasts.

Fossil content

A large number of ostracode valves were recovered
from almost all of the samples in the PDG7 and
PDG2 cores (only six samples were barren from a
total of 84), the presence of C. torosa (Fig. 6d)
being continuous along the entire length of the
boreholes. In general, the valves were well pre-
served, being translucent in most cases. However,
black-stained valves were also present in some
cases; articulated valves in life position were
also common. Other ostracode genera, including
Semicytherura, Cytherella, Loxoconcha (Fig. 6g),
Cytheroptheron, Cushmanidea, Cytherois, Carino-
cythereis, Hemicyprideis and Aurila, were recov-
ered together with C. torosa in some samples.
These genera are common inhabitants of the interti-
dal and circalittoral zones in marine coastal areas of
temperate zones (Guillaume et al. 1985), although
Loxoconcha, Cyprideis and the non-marine ostra-
code Eucypris can also be found in highly saline
marshes, lagoons and continental ponds, such as:
Salines Lake, eastern Spain (Roca & Julià 1997);
Sebkha Melalla, Algeria; Hassi el Mejna, Daiet el
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Melah and Hassi Cheikh, northern Sahara (Fontes
et al. 1985; Gasse et al. 1987); Lake of Tunis,
Tunisia (Carbonel & Pujos 1982); and the Guadix-
Baza Basin, southern Spain (Ortiz 2000). Notwith-
standing, the samples containing these genera
were considered to be deposited under brackish–
saline conditions. Only in two samples were Herpe-
tocypris reptans individuals – typical of water
bodies with a low salinity (De Deckker 1981) –
found together with C. torosa representatives
(marked with a black dot in Fig. 7).

Foraminifera tests were present in most sam-
ples of PDG7, with the exception of nine horizons
(10.0, 19.0, 38.65, 66.0, 95.0, 95.6, 115.30 and
139.40). We separated the foraminifera species
into two assemblages: autochthonous and alloch-
thonous associations. Allochthonous foraminifera
indicates resedimented tests (from contemporary
environments) and reworked tests coming from
older strata, while the autochthonous association
consists of indigenous specimens. The autochton-
ous association consisted of Miliolinella eburnea

Fig. 6. Pictures of fossil remains from the Pego-Oliva record. (a) Cerastoderma glaucum. (b) Scrobicularia
plana. (c) Ammonia beccarii. (d) Cyprideis torosa. (e) Chara sp. (f ) C. glaucum shell with marcasite framboids.
(g) Loxoconcha elliptica. (h) Elphidium crispum.
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(D’Orbigny), Ammonia becarii tepida (Lin.) (Fig.
6c), Elphidium excavatum (Terquem) (Fig. 6h) and
Aubignyna perlucida (Heron-Allen and Earland),
whereas the allochthonous association was formed
by Bucella granulata (Di Napoli), Ammonia bec-
carii beccarii (Lin.), Elphidium crispum (Lin.),
Asterigerinata mamilla (Williamson), Lobatula
lobatula (Walter and Jacob), Quinqueloculina vul-
garis (D’Orbigny), Q. bicornis (Walter and Jacon),
Triloculina trigonula (Lamarck), Rosalina globu-
laris (Cushman), Nonion commune (D’Orbigny),
Adelosina laevigata (D’Orbigny), Elphidium com-
planatum (D’Orbigni), E. macellum (Fitchel and
Moll), E. advenum (Cushman) and Miliolidae. These
species coincide with those described by Mateu
(1989), Viñals et al. (1989) and Mateu et al. (1999)
in the Pego-Oliva Basin record.

Several species of molluscs were identified in the
cores of PDG7 and PDG2, including the gastropods
Cerithium sp., Cerithium vulgatum (Bruguière),
Aporrhais pespelicani (Linné) and the pelecypods,
Cardium sp., Pecten jacobaeus (Linné), Chlamys
sp., Ostrea sp., Anomia epippium (Linné), Lima cf.
lima (Linné), Ebala eulimoides (Feki), Manglia
sp. and Donax cf. trunculus (Linné). The pelecypod
Cerastoderma glaucum (Poiret) (Fig. 6a) was

present in all levels and Scrobicularia plana
(da Costa) (Fig. 6b) was found in many samples,
reflecting, together with other fauna, brackish
environments.

Samples in PDG7 and PDG2 containing marine
fossils (molluscs, ostracodes and/or autochtonous
foraminifera) are shown in Figures 4 and 7.

n-Alkanes

Marshlands receive organic matter from both
autochthonous (e.g. phytoplankton, bacteria and
aquatic macrophytes) and allochthonous sources
(e.g. terrestrial plant debris and pollen), and so
environmental changes affecting the plant distri-
bution are reflected in the biogeochemistry of sedi-
ments, although no specific differentiations can be
recognized. In this regard, biomarkers contribute
to the reconstruction of palaeoenvironmental
conditions from marine and continental records
(Meyers & Ishiwatari 1993; Meyers 1997, 2003).
Sometimes the interpretation is not simple because,
in most cases, organic matter is a mixture of
components from many sources and with variable
degrees of preservation. Despite diagenesis and
alteration of the original organic matter when

Fig. 7. Downcore plots in PDG7 and PDG2 of the lithologies and the n-alkane groups. Chronology and MIS episodes
are also shown. Chronology was based on the correlation equations of Figure 5.
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sinking, sedimentary organic matter retains key
information about its origin, and about how it was
delivered and deposited (Meyers 2003). Within
organic compounds, n-alkanes are among the
biomarkers most commonly used. This is attribu-
table to the fact that these compounds are less sus-
ceptible to microbial degradation than most types
of organic molecules because they lack the func-
tional groups that confer chemical reactivity, and
they also have low water solubility (Prahl & Carpen-
ter 1984; Meyers et al. 1995). These compounds
retain key information about the origin of the
organic matter and about how it was delivered and
deposited (Meyers 2003). The n-alkanes present in
sediments reflect mainly the contribution from
algae, aquatic macrophytes and land plants.
Several n-alkane ratios can be used for palaeoenvir-
onmental reconstruction (Table 6).

The samples in the Pego-Oliva record (PDG7
and PDG2 cores) showed n-alkanes with an
odd-over-even carbon number predominance, with
a chain length distribution ranging mainly from
C15 or C17 to C31 or C33. This dominance is typ-
ical of non-mature organic matter from young
sediments.

In order to handle the large number of data, we
independently performed a multivariate analysis
and a cluster analysis of data from the PDG7 and
PDG2 boreholes. These analyses were carried out

to establish the n-alkane indexes for each core,
shown in Figure 7. For this purpose, we selected
the terrigenous/aquatic ratio (TARHC) ratio, as an
indicator of organic matter origin (algal v. terres-
trial), the aquatic proxy (Paq) ratio, as a proxy for
lake-level oscillations, and the relative percentages
of C27, C29 and C31 with respect to the sum
C27 + C29 + C31, which are linked to the amount
of deciduous trees and grass inputs.

The two boreholes showed a high inverse corre-
lation between the relative percentages of C27 and
C31 (Tables 7 & 8), which may be related to wet–
dry phases. The relative percentage of C29 was not
associated with the relative percentage of C27 but
showed a certain negative correlation with the per-
centage of C31 (correlation coefficients of 20.34
in PDG7 and 20.43 in PDG2: Tables 7 & 8).
These results suggest that contribution of C29 was
related not only to the presence of conifers (in
which C29 dominates) but also to the variations of
grass assemblages.

Of note, the Paq ratio, a proxy for aquatic macro-
phytes v. terrestrial plant input, in the two boreholes
showed an inverse correspondence with the TARHC

ratio, meaning that the algal contribution was gener-
ally linked to an increase in macrophyte input.

In PDG7 there was a negative covariation
between the TARHC ratio and the relative percen-
tage of C27, thereby suggesting that, in some

Table 6. Information provided by the n-alkane ratios

n-Alkane ratio Information

Predominant n-alkane chain Indicator of the origin of the organic debris input: phytoplankton and
algae are dominated by low molecular weight n-alkanes,
maximizing at C17 (Gelpi et al. 1970; Blumer et al. 1971;
Cranwell et al. 1987); submerged/floating macrophytes maximize
at C21, C23 and C25 (Cranwell 1984; Ogura et al. 1990; Viso et al.
1993); high molecular weight n-alkanes are dominant in terrestrial
vascular plants (.C25), maximizing at C27, C29 and C31 (Cranwell
et al. 1987)

Terrigenous/aquatic ratio – TARHC

(C27 + C29 + C31/C15 + C17 + C19)
Discriminates between the land plant (high values) and algal (low

values) inputs (Silliman et al. 1996; Bourbonniere & Meyers 1996;
Tenzer et al. 1999)

Aquatic proxy (Paq)
(C23 + C25/C23 + C25 + C29 + C31)

A proxy to determine the input of submerged/floating aquatic
macrophyte relative to the emergent and terrestrial plant input
(Ficken et al. 2000). Paq , 0.1 is linked to a considerable
contribution from terrestrial plants; Paq ¼ 0.1–0.4 reflects the
relevant development of emergent macrophytes; Paq . 0.4
indicates a major input of submerged/floating macrophytes

Relative percentage of C27, C29

and C31 n-alkanes with respect
to the sum C27 + C29 + C31

C27 enrichment is attributed to colonization by deciduous trees and,
therefore, the presence of more humid conditions. In contrast, large
amounts of C31 in sediments are associated with dry phases, with
the development of extensive grass cover and pines. Conifers,
especially pines, are rich in the C29 homologue, but also show a
considerable C31 content (cf. Schwarcz et al. 2002; Ortiz et al.
2004a, 2010).
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cases, the increase in algal input was linked to
humid conditions. In PDG2, Paq values show a
good correspondence with the relative percentage
of C27, implying that a rise in water input produced
an increase in the water level of the marsh with the
development of submerged macrophytes. There-
fore, different conditions developed in distinct
parts of the Pego-Oliva Basin.

A cluster analysis (complete linkage and Eucli-
dean distance) performed on the TARHC ratio, Paq
ratio and the relative percentage of C27 with
respect to the sum C27 + C29 + C31 differentiated
six groups in PDG7 and five in PDG2 (Table 8).
The mean values of the n-alkane ratios for each
group are shown in Table 9. We did not include
the relative percentages of C29 and C31 in the
cluster analysis because the high correlation coeffi-
cients between these ratios and the relative percen-
tage of C27 make this information redundant.

Group 1 represents the ‘most aquatic’ environ-
ment, as inferred from the lowest value of TARHC

and the highest Paq, indicating phases with sub-
stantial algal and aquatic macrophyte contributions.
The following groups until group 6 (PDG7) and
group 5 (PDG2) represent gradually changing con-
ditions to more terrestrial ones (higher input of

terrestrial plants). Thus, samples of groups 3 and 4
are linked to a mixed contribution of algal and ter-
restrial plants, although the contribution of decid-
uous trees (%C27) varied. The groups defined in
the two boreholes are aligned in Table 9 on the
basis of their relative similarity.

Of note, in all groups from PDG7 there was a
visibly higher presence of caducifolia-derived
alkanes (C27) than in PDG2. Also, the values of
%C27 in the groups did not show a clear correspon-
dence with TARHC or Paq values (higher %C27

values were obtained in PDG7-III), meaning that
the characteristics of the terrestrial plants varied,
with a higher C27 homologue content during more
humid periods. The palaeogeography of the marsh
and variations in the water-table elevation, sedi-
mentological conditions and sea level played an
important role in determining the conditions of the
marsh. On the basis of this interpretation, we classi-
fied each sample according to the cluster number to
which it belonged and we constructed an n-alkane
index log for each borehole (Fig. 7).

Interpretation and discussion

Sedimentology and stratigraphy

The amino acid chronology of PDG2, PDG3 and
PDG7 allowed us to establish a correlation
between these cores based on marine isotopic
stages (MISs), which was tentatively extended to
the other four cores. The assignment of the various
MISs (Fig. 4) was established from the age–depth
equations for the PDG2, PDG3 and PDG7 cores
(Fig. 5) based on AAR datings, which were further
used for the palaeoenvironmental reconstruction.
Topographic levelling of the boreholes was not
necessary as the largest difference between their
elevations was 2 m (Table 1). The fence correlation
(Fig. 4) of the records from the seven boreholes
drilled in the Pego-Oliva marsh gives a general
view of the basin geometry and completes the
study of Viñals (1996). The sedimentation rates
obtained for the PDG2, PDG3 and PDG7 cores indi-
cate that the rate was markedly lower in PDG3 than
in the others. In our view, the geometry of the base-
ment, faulted in blocks (Fig. 1) (Viñals 1996 and
confirmed by Ballesteros Navarro et al. 2009),
reflects differential subsidence (Fig. 3). The lithos-
tratigraphic correlation between PDG5 and PDG6
is rather uncertain because of the highly variable
sedimentation on alluvial fans proximal to the
sierras, and no numerical ages were obtained.

The high correlation coefficients of the age–
depth functions in the dated cores also imply that,
during the calculated time span of active sedimen-
tation in the Pego-Oliva Basin, no major stratigra-
phical hiatuses occurred. Moreover, there was a

Table 8. Correlation coefficients and significant
levels between the Paq ratio, TARHC, and the relative
percentages of C27, C29 and C31 n-alkanes with
respect to the sum C27 + C29 + C31 in PDG2

TARHC %C27 %C29 %C31

Paq 20.54 0.51 20.23 20.33
p , 0.05 p , 0.05 p ¼ 0.21 p ¼ 0.07

TARHC 0.03 0.21 0.25
p ¼ 0.14 p ¼ 0.98 p ¼ 0.17

%C27 20.19 20.81
p ¼ 0.30 p , 0.05

%C29 20.43
p , 0.05

Table 7. Correlation coefficients and significant
levels between the Paq ratio, TARHC, and the relative
percentages of C27, C29 and C31 n-alkanes with
respect to the sum C27 + C29 + C31 in PDG7

TARHC %C27 %C29 %C31

Paq 20.54 0.27 20.10 20.21
p , 0.05 p ¼ 0.8 p ¼ 0.51 p ¼ 0.18

TARHC 20.34 0.09 0.28
p , 0.05 p ¼ 0.56 p ¼ 0.07

%C27 20.19 20.86
p ¼ 0.21 p , 0.05

%C29 20.34
p , 0.05
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clear linear distribution of age (Asp D/L values)
against depth for the PDG2, PDG3 and PDG7
cores. Should such major hiatuses have occurred,
mainly during lowstand sea-level stages, the D/L
values (or age equivalents) would appear as a stair-
cased arrangement with plateaus in an age–depth
plot marking the lack of sedimentation. Never-
theless, an unknown number of minor hiatuses
occurred (caliche beds in some boreholes), but
they were not detectable by AAR owing to a series
of error sources linked to this method, including
analytical preparation, sample errors and taphon-
omy. In the most unfavourable cases (raised beach
deposits), the method clearly allowed identifica-
tion of MIS (Hearty 1986, 1987; Hearty et al.
1986; Torres et al. 2000, 2010), thus it is difficult
when major hiatuses with a time span comparable
to that of a MIS interval occurred. These age–
depth functions and the differential subsidence
found between PDG7 and PDG3 are consistent
with the subsidence rates calculated in Viñals
(1996). There are only scarce data available to
establish a comparison with the Pego-Oliva Basin,
but some information on Jávea Bay, to the south of
our study area and where Rey & Fumanal (1996b)
calculated a subsidence ratio of 0.45 m ka21,
supports the palaeoenvironmental evolution inter-
preted here.

On the basis of the lithologies observed in the
Pego-Oliva record, we interpreted the facies and
facies associations, which complete those of
Viñals (1996), as follows.

The alluvial (‘riverine’) influence linked to allu-
vial fans was represented by gravels (G), sands
(Sa – probably channelled deposits), and brown
lutites (Fmy) and sandy lutites (Sa-Fmy) from the
alluvial plain (alluvial-fan facies association). The
brown sands and sandstones with very scarce uni-
dentifiable bioclasts could correspond to fluvial
deposits of low-energy streams (Sa). Their associ-
ation with Fmy lithology was interpreted as allu-
vial plain and alluvial-plain-related ponds. These
lutites contained variable amounts of ostracodes
(C. torosa) and foraminifers (A. beccarii), and only
a couple of samples were sterile.

Anoxic bottoms and high productivity are
documented by grey/black fine-grained sediments
(Fmb), which were interpreted as deposited in a
marsh, fitting the definition of a salt-marsh provided
by Adam (1993). These sediments sometimes
showed a high presence of plant debris, constituting
a peatland. Thus, peat deposits (F) correspond to
wetland patches where emergent plants thrived or
water-weed debris accumulated (fen and swamp
facies association).

Fmb and Fmy corresponded to a low-energy
environment and present a very limited variety of
fossil genera. In fact, the macrofossil associations
can be described as paucispecific, being dominated
by C. glaucum, S. plana and, in some beds, large
amounts of Cerithium sp. The C. glaucum–
Cerithium sp. association is still present in
brackish-water ponds some kilometres from the
Mediterranean Sea. The microfossil association is
overwhelmingly dominated by the C. torosa and
A. beccarii association.

Fmb corresponded to high biological pro-
ductivity and relatively anoxic bottoms, but the
reproductive success of the biological association
appeared to be ensured as attested by the abun-
dance of spats and siblings of C. glaucum. In Fmy
deposits, high biological productivity also took
place but the water bottom was oxic or changed
during emersion periods. However, according to
Boyden & Russell (1972), the presence of C.
glaucum attests a well wave-protected environment.

Fmb corresponded to a lagoonal environment in
the Pego-Oliva Basin, from a seawater influence
(saline marsh-lagoon facies) to brackish-water
conditions dominated by the absence of a marine
influence (brackish marsh facies). Full marine con-
ditions (infralittoral) were never reached, but in
some horizons there are some fossil remains that
undoubtedly point to a marine influence. These
shells were, in most cases, broken and deeply
abraded (such as Aporrhais pespelicani, Cerithium
sp. and Ostreidae indet.) and belonged to species
usually inhabiting the infralittoral zone. They were
washed onto the beach and were wave-abraded,
and finally transported to the protected lagoon

Table 9. Mean values of the TARHC ratio, Paq ratio, and the relative percentage of the alkane C27

within the six groups identified in PDG7 and the five groups established in PDG2 from the cluster
analysis

Group means for PDG7 Group means for PDG2

PDG7-I PDG7-II PDG7-III PDG7-IV PDG7-V PDG7-VI PDG2-I PDG2-II PDG2-III PDG2-IV PDG2-V

Paq 0.52 0.46 0.35 0.38 0.33 0.28 0.44 0.28 0.22 0.20 0.13
TARHC 1.76 2.48 2.70 4.09 7.14 28.57 2.48 3.47 4.55 12.42 28.50
C27 (%) 48.29 38.47 64.01 32.14 20.53 31.12 43.64 25.49 16.49 16.49 22.33
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zone during heavy storms. Fmy probably corre-
sponds to a brackish-water temporary pond that is
probably saline spring/river-fed (brackish marsh).

In some cases, oxygen reached the bottom, and
yellow-white carbonate-rich layers (marls, marly
limestones and limestones) were deposited. We
interpret these carbonate deposits (M) as palustrine,
with the depth of the water body probably not being
very high (brackish palustrine facies). Some beds
representing palustrine episodes were useful for
correlation purposes, as identified in various bore-
holes (Fig. 4).

The input of waters with high salinities would
have changed the water of the marsh/lagoon drasti-
cally from brackish to saline. This change did not
need direct seawater entry into the marsh/lagoonal
environment, at least during high sea-level periods,
but severe droughts and the feeding by saline
springs could have produced the higher salinity
waters in the marsh (Cann & De Deckker 1981).

The black sands from the top of the records have
a dominant littoral character (Sb): beach-barrier/
back-barrier facies association. It is evident that
some of these sediments correspond to a back-
barrier environment: there, reworked beach and
dune sands and bioclasts settled in an organic
matter-rich sediment environment, and these mate-
rials were covered with a thin black film made of
organic material (carbonaceous film). However,
clean clasts (angular)/bioclasts (rounded) attest
that this did not happen all of the time, and near
the back-barrier small peat patches probably devel-
oped interfingering with sands. The core recovery
process mixed sand beds.

Based on these considerations, the different
facies associations of the seven boreholes shown
in a fence diagram (Fig. 4) indicate varying
palaeoenvironmental conditions. The PDG1 and
PDG2 boreholes are almost identical and show a
good correspondence of lithologies. PDG5, PDG6
and PDG4 were situated near the sierras where
small alluvial fans developed, as attested by the
presence of gravel and fine-grained sediments
linked to the fan-toe (Fig. 1). The chronologies
also allow us to confirm that there is a correla-
tion between some palustrine/lacustrine episodes
(marked with a P on Fig. 4) of white carbonate
beds (marls and limestones).

The correlation of the boreholes based on the
chronological framework allowed us to observe
facies, fossils and biomarker associations. These,
in turn, allowed us to establish the records of
various palaeonvironmental patterns in the Pego-
Oliva Basin, as discussed later (Fig. 8).

Biomarkers are commonly used for palaeoenvir-
onmental reconstructions, although their use to
ascertain the arrival or disappearance of certain
plant species is not possible and comparison with

pollen records is required. However, this region
showed poor pollen remains (Fumanal & Dupré
1986). Notwithstanding, the n-alkanes provide
information about the contribution of the main
groups of vegetation to sediments: algal, aquatic
macrophytes and land plants (Table 6), and in
most cases these compounds are used as indirect
approaches to define palaeoclimate in terms of
water availability and moisture.

We chose to use a restrictive biofacies interpret-
ation because almost all of the macro- and micro-
fossil species showed a marked euryhaline
character, in such a way that almost the entire
record corresponds to a brackish lagoonal environ-
ment. The fence age correlation reveals a very
complex palaeolandscape with channels (Sa, G),
alluvial-plain fine-grained deposits (Fmy), and
marshes covered by dominantly brackish water
with high organic productivity (plants, and paucis-
peciphic shell beds) and partially anoxic bottoms
where molluscs thrived (Fmb).

Clear marine inputs seem to be scarce and we
considered it to be present where marine mollusc
shells appear (Fig. 4), these being transported to
the marsh zone during storms in periods of high-
stand sea level, namely in odd MISs (MIS 15, MIS
11, MIS 10–MIS 9 boundary and MIS 5), although
they also appear in some even MISs (MIS 14, MIS 6
and MIS 4). However, with two exceptions, these
shells occur near the boundary with the overlying
odd MIS and could be explained through uncertain-
ties of AAR dating ages. In PDG7, there are clear
marine representatives during the AAR-dated MIS
4. This information correlates well with the marine
influence postulated by Mateu (1989). These mono-
tonous environmental conditions in the upper part
of the record were first mentioned by Mateu (1989),
but Viñals (1996) identified a wider number of sub-
environments that, on the basis of the lithofacies and
biofacies, were very difficult to establish and, more
importantly, the Pego-Oliva Basin was never in an
infralittoral environment.

Thus, this interpretation of the terrestrial (brack-
ish) character of the Pego-Oliva Basin infill can
explain the abundance of biomarkers derived from
upper plants and trees. In fact, Dupré et al. (1988)
indicate that during some periods in the Late Pleis-
tocene the coastline was 7–10 km further east of
its present-day position. This observation would
explain the considerable terrestrial-plant contri-
bution to the Pego-Oliva Basin.

Palaeoenvironmental reconstruction

The oldest materials appeared in PDG7 and con-
sisted mainly of grey, fine-grained carbonate
lutites (Fmb) covering a time span of between
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about 620 and 460 ka (from MIS 15 to the MIS 12–
MIS 11 boundary). On the basis of the fossil content
(macrofossils and presence/absence of marine
microfossils) and biomarkers, we interpreted a
series of episodes with marine influence, in which
algae and aquatic macrophytes increased, alternat-
ing with periods in which brackish waters were
dominant (saline marsh-lagoon and brackish
lagoon). The dominant fine-grained sedimentation
of black-grey lutites indicated reducing bottoms
and high biological productivity, and the almost
constant presence of the C. glaucum, C. torosa, A.
beccarii and S. plana association precludes anoxic
conditions in some horizons with marcasite and
fully pyritized phytoclasts. These observations thus
indicate the presence of sulphate-reducing bacteria.

During the middle part of MIS 15 there was a
dominance of samples belonging to the group 5
n-alkane group in PDG7, thereby indicating a

terrestrial plant input, although samples at the
beginning and the end of this stage showed a domi-
nance of aquatics (group 1), which, together with the
fossil content, indicates a marine influence. During
MIS 14 there was a mixed terrestrial–aquatic
plant input, with a slight decrease in the algae and
aquatic input, in only one case did freshwater
fauna, including charophytes (Fig. 6e), occur, indi-
cating a decrease in the marine influence or a
direct fluvial transportation from inland areas.
During MIS 13, the aquatic input became the most
important one (group 1). During MIS 12, terrestrial
plants were abundant, indicating the dominance of
terrestrial conditions, although brackish-water con-
ditions remained. However, a brief pulse with a
certain marine influence occurred at the end of
MIS 12. In PDG2, dark lutites (Fmb) also occurred,
as well as a dominance of plant biomarkers. At the
end of MIS 12, a peatland developed.

Fig. 8. Sketches diagrams of the main palaeogeogaphical scenarios interpreted in the Pego-Oliva Basin. (a) Sketch
diagram (I) Alluvial saline marsh/lagoon-dominated (barrier offshore). (b) Sketch diagram (II) Alluvial-brackish
marsh. (c) Sketch diagram (III) Alluvial-fan-dominated (local brackish marsh with episodic peatland deposits).
(d) Sketch diagram (IIIb) Short lacustrine event. (e) Sketch diagram (IV) Present-day, beach, barrier, backshore,
brackish marsh, alluvial fans.
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Between 440 and 230 ka (MIS 11–MIS 7 pro
parte) the wetland bottoms became oxic (yellow-
brown sediments – lithologies Fmy, Sa and M) in
PDG7, and sands and lutites linked to the probable
progradation of the Pego alluvial fan accumulated,
although brackish-water conditions prevailed
(Fig. 7). The fossil content was markedly impover-
ished, but the ostracode C. torosa (which inhabits
waters with a wide range of salinities) was com-
mon, while the pelecypod C. glaucum was scarce.
Caliche (noduli) and root casts indicated short
aerial exposure. The n-alkane indexes were from
groups 1 and 2, indicating an increase in the algae
and aquatic plant input at the expense of terrestrial
plants, these conditions extending until the begin-
ning of MIS 7. There was an alluvial-fan prograda-
tion, which was also recorded in PDG3 (Fig. 4). In
contrast, the environmental conditions interpreted
from PDG2 differed and deposits of Fmb continued
(Fig. 7), with organic matter from terrestrial plants
predominating (n-alkane index groups 3–5), except
for MIS 8 when aquatic input dominated (group 1).
During MIS 11, MIS 9–MIS 8 boundary and MIS 7,
there were some episodes in which marine fossils
were recorded, associated with grey lutites, these
probably linked to highstand sea levels. At the end
of MIS 12, caliche beds developed and near the
top of this interval, in PDG2 (MIS 7), peat accumu-
lated (P), implying that this area sporadically and
locally acted as a pond. However, these deposits
were not thick and appeared together with
allochthonous marine microfossils.

In the middle part of MIS 7 (c. 230–200 ka)
there was a change towards Fmb lithologies, with
C. glaucum and biomarkers from aquatic plant pro-
venance (groups 1 and 2) in PDG7. The sporadic
presence of pyrite/marcasite was observed. These
conditions changed sharply to a more terrestrial
plant input (group 6), with light lutites (Fmy), thus
indicating oxic bottoms. However, in PDG2, brack-
ish to saline conditions occurred in a short pulse
with stagnant waters, which was followed by
yellow fine-grained sands interpreted to be back-
barrier deposits, although the recovery of this inter-
val was poor. Changes in lateral facies explain the
distinct palaeoenvironments recorded in PDG7 and
PDG2 (Fig. 8).

In MIS 6 (180–130 ka) there was an important
terrestrial influence, the algal and aquatic input
being markedly reduced (group 6), being especially
noticeable in PDG2, with the presence of non-
marine fauna. In our view a brackish marsh, fed
mainly by aquifers and rivers, existed that was
little affected by marine processes.

It is noticeable that the MIS 6–MIS 5 boundary
in PDG7 (c. 140–130 ka) was marked by a short
palustrine/lacustrine event (Fig. 7), which was
characterized by the abundance of ostracodes. This

finding is consistent with the palustrine event ident-
ified by Dupré et al. (1988) in the P7 borehole at the
same depth.

In both PDG7 and PDG2, MIS 5 (c. 130–80 ka)
began with black lutites followed by marine sands
(Sb) with molluscs, ostracodes and forams. Algae
and aquatic plant-derived biomarkers dominated
towards the top, and it is noticeable that in
PDG2 the presence of terrestrial plant biomark-
ers coincided with a bed of peat (carbonaceous
phytoclasts).

From the top of MIS 5 to the end of the record
(80 ka–Present), it was not possible to clearly dis-
tinguish the stage boundaries because loose sands
were slurried during drilling. According to Dupré
et al. (1988), these were washover deposits,
whereas Durán et al. (2005) reported that they were
aeolian in origin. The most outstanding charac-
teristics of these sands (Sb) are their excellent
sorting, their medium grain size, and the presence
of large amounts of bioclasts, namely shell frag-
ments, abraded foram tests and others. Given the
current faunal assemblage on beaches and the
absence of wind-blown marine organisms in aeo-
lian deposits, the hypothesis of washover accumu-
lation is the most plausible explanation for the
origin of these sediments. It seems that during this
part of the record marine-influenced facies and
algal origin n-alkanes prevailed, thus pointing to a
palaeogeographical pattern with a back-barrier in
the east of the study area that protected a saline–
brackish marsh inwards (Viñals 1996).

The study of the Pego-Oliva Basin performed by
Dupré et al. (1988) showed that pollen data are
scarce. In fact, these data were significant only in
the uppermost metres, reflecting the climate ameli-
oration in the Holocene; but the deeper samples
reflected only an aquatic environment. Those
authors detected a stratigraphical hiatus between
11 and 15 m depth; however, we did not observe
this through AAR dating, although only a few
samples were studied in the uppermost metres.

In the Elx Bay zone, south of the Pego-Oliva
Basin, Blázquez (2005) defined an almost continu-
ous sedimentation period tentatively extending
from MIS 12 to the Holocene: regressive periods
were linked to the arrival of alluvial deposits
during even MIS, and episodes with infralittoral
conditions or lagoonal facies with marine influence
during MIS 11, MIS 7 and MIS 5 corresponded to
highstand sea-level periods. This coincides with
the palaeoenvironmental conditions interpreted in
the Pego-Oliva Basin, where facies with a marine
influence were recorded in the same odd MIS
(Fig. 7). Although alluvial-fan progradation was
also observed in the Pego-Oliva record during even
MIS, a continental brackish wetland developed, and
there were some episodes in which some marine
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influence occurred, which can be explained by the
local neotectonic subsidence (Fig. 3). The upper-
most part of the Elx Bay record consists of marine
sands, coinciding with those observed in the
Pego-Oliva Basin.

Similar to the Pego-Oliva Basin, in the Crotone
Basin (Calabria, southern Italy) alluvial-fan progra-
dation was observed in some cores during even
MISs, whereas during odd MISs brackish–saline
lagoonal deposits occurred (Capraro et al. 2011).
In the Venetian Lagoon, alluvial deposits occurred
in MIS 2, while a marine influence took place
during the Holocene sea rise (Serandrei Barbero
1975; Favero & Serandrei Barbero 1980, 1983).
Likewise, in the Apulian Tavoliere plain (southern
Italy), De Santis et al. (2010) found lagoonal con-
ditions with Cerastoderma sp. remains, and with
alluvial-fan progradation especially during MIS
12, MIS 10, MIS 8 and MIS 6. Coinciding with
De Santis et al. (2010), sea-level highstands were
especially noticeable during MIS 11 and MIS 5,
allowing the formation of marine terraces in the
Mediterranean realm (Zazo 1999; Schellmann &
Radtke 2004).

The marine conditions that developed during
MIS 5 (although we were unable to differentiate
MIS boundaries), even in PDG7, showed a good
correspondence with transgressive conditions that
produced the development of raised marine deposits
along the Spanish Mediterranean coast (Hearty
1987; Hearty et al. 1986; Torres et al. 2000, 2010;
Dabrio et al. 2011), and the coasts of Italy (Hearty
1986; Belluomini et al. 1986, 1993; Hearty et al.
1986), Morocco (Brückner 1986; Hearty 1986)
and Tunisia (Hearty 1986; Miller et al. 1986). Simi-
larly, the coastal area south of the province of Ali-
cante hosts a lagoon (Santa Pola Lagoon) that has
been separated from the open sea by coastal barriers
since at least Middle Pleistocene times (Dabrio et al.
2011). Likewise, in the Jávea and Moraira bays,
located 30 and 40 km south of the Pego-Oliva
Basin, respectively, Fumanal et al. (1993b), Viñals
(1995a, b) and Viñals & Fumanal (1995) recognized
the presence of marine transgressive episodes dur-
ing MIS 7 and MIS 5, whereas MIS 8 and MIS 6
corresponded to regressive phases characterized by
the progradation of alluvial fans.

Conclusions

The abundance of the ostracode C. torosa in almost
all of the beds of the cores studied allowed AAR
dating of the Middle Pleistocene–Holocene record
of the Pego-Oliva Basin, which covers approxi-
mately 650 ka (from MIS 15 to MIS 1). However,
in the uppermost sands the most recent four MIS
were only tentatively placed. A statistically

significant lineal depth–age function was observed
for three boreholes, demonstrating the lack of
major (MIS interval) stratigraphical gaps, although
local subsidence rate variations were detected
from changes in the isochron slopes in PDG7 and
PDG3, which affected the thickness and type of
the deposits in different parts of the basin, and pro-
duced lateral changes in facies. The goodness of fit
of the ages calculated through the racemization–
age algorithm confirmed the previously published
Holocene and Upper Pleistocene ages obtained
through thermoluminescence and radiocarbon
methods in samples from former Pego-Oliva bore-
holes (Dupré et al. 1988; Viñals & Fumanal 1995;
Viñals 1996).

On the basis of the lithology and sedimento-
logical characteristics, six lithofacies associations
were distinguished, corresponding to beach/back-
barrier deposits, saline marsh-lagoon, brackish
marsh, brackish palustrine, fen/swamp (peatland)
and alluvial-fan (fluvial) influence.

The use of organic geochemistry, namely the
n-alkane content, which is extensively used in
palaeoenvironmental reconstruction, was a useful
tool to employ for the Pego-Oliva record. The stat-
istical analysis of the n-alkane ratios allowed us to
distinguish several environmental (plant–biomes)
patterns. Our results reveal that there was a constant
and considerable input of terrestrial plant-derived
biomarkers to a shallow wetland, where the domi-
nance of algae, submerged, floating or emergent
macrophytes varied.

The Pego-Oliva Basin can be defined during
most of its geological history as a brackish wetland,
distally linked to alluvial fans in the western part,
and to a low stepped platform to the east (Fig. 4).
Sporadically quasi-lagoonal conditions developed
and saline waters invaded the basin mainly during
some odd MISs, although the biomarker input indi-
cated that the terrestrial influence remained substan-
tial. Only during short time periods did palustrine
or peatland conditions appear. There is a good
correspondence with other records in the western
Mediterranean realm, although local conditions pro-
duced some differences, these were caused mainly
by variations in subsidence rates.

Palaeogeography began with a clear alternation
of brackish marsh–lagoon periods with anoxic con-
ditions from MIS 15 to MIS 12 (palaeogeographical
sketch diagrams I & II, Fig. 8).

During MIS 11–MIS 7, there was a clear alluvial
influence (sands and brown lutites) in the western
part of the basin (PDG3, PDG4 and some in PDG7).
These deposits were not recorded in the PDG2
record, in which brackish marsh conditions pre-
vailed, sometimes with peat accumulation (palaeo-
geographical sketch diagrams II and III, Fig. 8):
However, some carbonate horizons of PDG7 and
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PDG2 were correlated, marking brackish palustrine
conditions (palaeogeographical sketch diagram
IIIb, Fig. 8). During MIS 9, saline marsh–lagoon
conditions occurred. Towards the basin boundary,
alluvial fans were active as attested by gravel and
sand deposits.

A following period with brackish marsh devel-
opment and barrier deposits was confirmed in MIS
7 by the presence of black lutites with mollusc, for-
aminifer and ostracode associations, all of which
hatched in the basin dominion (palaeogeographical
sketch diagrams II and IV, Fig. 8). Afterwards, allu-
vial fans prograded (at the end of MIS 7–MIS 6)
with a brackish marsh in the central part, and
a palustrine event was interpreted in the MIS
6–MIS 5 boundary (palaeogeographical sketch
diagram IIIb, Fig. 8).

During MIS 5–MIS 1, the palaeogeography of
the Pego-Oliva Basin changed, with the presence
of barrier sands in its northern dominion (PDG2)
during highstand sea-level periods (Viñals &
Fumanal 1995; Viñals 1996), whereas, in the
central part (PDG7), a marsh was present (palaeo-
geographical sketch diagram IV, Fig. 8); this
wetland remains active today.

In brief, here is provided the first complete
palaeogeographical evolution of the Pego-Oliva
Basin (Mediterranean coast, Iberian Peninsula).
Using AAR, sedimentology, fossil content and bio-
markers, a series of paleoenvironmental data was
obtained for almost the whole of the Middle Pleisto-
cene record. These data indicate that, in spite of
variations in sea level, the terrestrial influence
remained for a long time.
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In: López Vera, F. (ed.) Quaternary Climate in
Western Mediterranean. Universidad Autónoma de
Madrid, Madrid, 325–343.

PLEISTOCENE OF THE PEGO-OLIVA MARSHLAND

 by guest on July 24, 2013http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


Fumanal, M. P., Mateu, G., Rey, J., Somoza, L. &
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F. J., Soler, V. & Delgado, J. 2004a. Numerical
dating algorithms of amino acid racemization ratios
analyzed in continental ostracodes of the Iberian
Peninsula (Spain). Application to Guadix-Baza Basin
(southern Spain). Quaternary Science Reviews, 23,
717–730.

Ortiz, J. E., Torres, T. et al. 2004b. The palaeoenvi-
ronmental and palaeohydrological evolution of Padul
Peat Bog (Granada, Spain) over one million years,

T. TORRES ET AL.

 by guest on July 24, 2013http://sp.lyellcollection.org/Downloaded from 

http://dx.doi.org/10.1029/2004PA001059
http://dx.doi.org/10.1029/2004PA001059
http://dx.doi.org/10.1029/2004PA001059
http://sp.lyellcollection.org/


from elemental, isotopic, and molecular organic geo-
chemical proxies. Organic Geochemistry, 35,
1243–1260.

Ortiz, J. E., Torres, T., Julià, R. & Llamas, F. J. 2004c.
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