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Abstract This study reports on the first investigation into the potential of luminescence dating to establish
a chronological framework for the depositional sequences of the Sperchios delta plain, central Greece. A
series of three borehole cores (20 m deep) and two shallow cores (4 m deep), from across the delta plain, were
extracted, and samples were collected for luminescence dating. The luminescence ages of sand-sized quartz
grains were obtained from small aliquots of quartz, using the Single-Aliquot Regenerative-dose (SAR) protocol.
The equivalent dose determination included a series of tests and the selection of the Minimum Age Model
(MAM) as the most appropriate statistical model. This made it possible to confirm the applicability of quartz
Optically Stimulated Luminescence (OSL) dating to establish absolute chronology for deltaic sediments from
the Sperchios delta plain.

Testing age results of the five cores showed that the deltaic sediments were deposited during the Holocene.
A relatively rapid deposition is implied for the top ~14 m possibly as a result of the deceleration in the rate of
the sea-level rise and the transition to terrestrial conditions, while on the deeper parts, the reduced sedi-
mentation rate may indicate a lagoonal or coastal environment.
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1. Introduction
During the last few decades, many studies have
been conducted regarding the Holocene stratigraphic
configuration of several deltaic successions around the
Mediterranean (e.g., Amorosi et al., 2005; Boyer et al.,
2005; Bruno et al., 2015; Pechlivanidou et al., 2014).
The majority of the research is confined to seismic
profile interpretations (e.g., Lafuerza et al., 2005;
Somoza et al., 1998; Styllas, 2014), geochemical and
sedimentological studies (e.g., Pechlivanidou et al.,
2014), and tectonics and geodynamics (e.g., Lafuerza
et al., 2005; Somoza et al., 1998; Styllas, 2014).

The Sperchios delta plain is located in central
Greece and covers an area of 121.5 km2. Several times
in the past, the river's main channel shifted its course
due to hydrological changes or tectonic activity in the
Sperchios basin. These changes on the river's channel
resulted in the development of many deltaic pro-
longations in the Maliakos Gulf and created an exten-
sive deltaic plain due to the high rates of
sedimentation (Poulos et al., 1997).

Previous studies in the Sperchios delta plain have
mainly been conducted regarding the palaeogeography
of the battle terrain in ancient Thermopylae, particu-
larly concerning the reconstruction of the shoreline
position at the time of the battle (Kraft et al., 1987;
Tziavos, 1977; Vouvalidis et al., 2010a). More
recently, the palaeogeography of the Late Holocene
Sperchios delta plain has been outlined by
Pechlivanidou et al. (2014), with sedimentological,
palaeontological, geochemical, and mineral magnetic
property approaches to detect the palae-
oenvironmental signal of Sperchios deltaic deposits. In
this study it was estimated that the transition from
lagoonal to terrestrial conditions and the development
of the Sperchios delta plain took place around
~6000 cal yr BP (Pechlivanidou et al., 2014) following
the slowing rate of sea-level change as recorded across
the broader region of the Aegean (Lambeck and Purcell,
2005; Pavlopoulos, 2010; Pavlopoulos et al., 2012).

However, little effort has been made so far to
reconstruct the comprehensive and sequential history
of the upper part of the Sperchios delta plain based on
numerical age data, with the available ages mainly
based on archaeological and radiocarbon dates which
bear a range of limitations and uncertainties (e.g.,
sample contamination and inaccurate estimation of
the ratio of 14Ce12C). Previous chronological studies
for the delta (Pechlivanidou et al., 2014; Vouvalidis
et al., 2010b) remain limited in literature. Thus, a
systematic application of dating techniques is
required, which would provide an insight into the Ho-
locene geomorphologic history of the area by estab-
lishing the chronology of the region.

Over the last three decades luminescence dating
methods have been developed and now they are
widely applied to dating sediments from different
geological environments (e.g., aeolian, fluvial and
marine). In recent years, OSL (Optically Stimulated
Luminescence) dating of fluvial deposits has gained
much attention (e.g., Theodorakopoulou et al., 2009;
Zacharias et al., 2009) because of the advantage of
directly determining the time elapsed since deposi-
tion, thus avoiding indirect dating using radiocarbon or
other methods (e.g., Wallinga and Bos, 2010; Wallinga
et al., 2010). Detailed reviews on the application of
OSL dating on fluvial sediments are given in Wallinga
(2002) and Rittenour (2008).

Although OSL dating is now widely applied to a wide
range of sedimentary environments, its application on
fluvial deposits is still limited, since such deposits may
have the problem of incomplete bleaching of grains.
Grains transported by fluvial processes may not be fully
bleached, as water turbulence and short trans-
portation do not allow for a complete resetting of the
OSL signal (Ditlefsen, 1992; Rendell et al., 1994).
During burial diagenesis, the OSL signal builds up again
adding to a residue signal and resulting in a broad
distribution of the equivalent dose (DE).

A number of different methodologies that can
assist in obtaining the best estimate of DE are nowa-
days available (e.g., Lepper and McKeever, 2002; Olley
et al., 1998; Stokes et al., 2001), and of these the most
widely used, are the “age models” of Galbraith et al.
(1999). These models are based on statistical analysis
of the DE values and their validity has been
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demonstrated in empirical and modeling studies (e.g.,
Arnold et al., 2009; Bailey and Arnold, 2006).
Galbraith and Roberts (2012) provide a review of the
statistical characteristics that are used to obtain the
best DE value.

In this study, we investigate the applicability of OSL
dating on sand-sized quartz to construct a reliable
chronological framework for the upper (~20 m) sedi-
ments of the Sperchios delta plain. Here we present a
new chronology for the Sperchios delta plain and pro-
vide sedimentation rates of its depositional sequences
during the Holocene. Taking into account that limited
light exposure prior to deposition and burial of the
quartz grains may result in incomplete resetting of the
OSL signal, we employed statistical approaches for
obtaining reliable DE estimates.
2. Study area and core description
The Sperchios delta plain embraces part of an
active rift system formed by an extensional deforma-
tion of the Greek mainland since the Early Pliocene
(~5 Ma) (Kilias et al., 2008). The rift was characterized
by an asymmetric half-graben (Eliet and Gawthorpe,
1995) mainly controlled by movements of its active
fault boundary along its southern margin. The main
fault system which has determined the topography of
the area is located in the southern part of the Sper-
chios basin and can be subdivided into two different
parts: (1) the SperchioseIpati fault zone located in the
west, abutting the valley of the Sperchios River to the
south, and (2) the Kamena VourlaeArkitsa fault zone in
the east, abutting the Maliakos basin to the south
(Eliet and Gawthorpe, 1995; Kilias et al., 2008). Fault
tectonism took place at the end of the Pliocene and
the beginning of the Pleistocene periods, and con-
tinues to the present. Due to neotectonic movements,
the Pliocene deposits developed in the south of the
Maliakos Gulf, had been uplifted by more than 500 m
(Gartzos and Stamatis, 1996; Maroukian and Lagios,
1987), where a vertical displacement of about
1800 m has been suggested for the southern boundary
of the Sperchios River catchment area, as a result of
intense tectonic activity during the Quaternary
(Maroukian and Lagios, 1987).

The Sperchios basin chiefly comprises the
PaleoceneeEocene flysch formations, mainly appear-
ing in the western and southern parts of the basin
(~46% of the total area). Extended limestone forma-
tions can be found in the eastern and southern parts of
the basin (~14% of the total area), while ophiolite and
molasse formations cover the central mountainous
part (~11% of the total area). The Sperchios River
valley area, as the central part, is covered by the
Quaternary unconsolidated fluvial deposits, including
the Holocene deltaic sequences (Fig. 1).

Previous studies have indicated that terrestrial
sediments were found at the deepest parts
(~40 m.b.s.l.) in the central part of the present Sper-
chios delta plain and represent fluvial sediments
accumulated probably during the Late Quaternary or
during the earliest stage of the last transgression
around the PleistoceneeHolocene boundary, when the
rate of sea-level rise was outpaced by the sediment
accumulation rate (Pechlivanidou et al., 2014).

Sea-level rise during the Early Holocene (Lambeck
and Purcell, 2005; Pirazzoli, 1996; Vouvalidis et al.,
2005) flooded the area of the present delta plain and
created sediment successions comprising coastal sed-
iments and distal prodelta deposits (Pechlivanidou
et al., 2014). During the MiddleeLate Holocene,
deceleration in sea-level rise favored the progradation
of the Sperchios delta and a shift back to terrestrial
conditions, as sediment supply exceeded the relative
rate of sea-level rise.

Different sedimentary facies represent different
palaeoenvironmental changes across the Sperchios
delta plain. Terrestrial sediments represent the fluvial
processes, while, the presence of molluscan shell
fragments probably indicates the rising sea-level con-
ditions and a coastal environment. Our research sam-
ples, extracted through coring described as below,
comprise the sedimentary facies of the Holocene
transgressiveeregressive strata overlying the Late
Pleistocene deposits that followed the general strati-
graphic development of the Holocene Mediterranean
deltas (Stanley and Warne, 1994). Selections of coring
locations were based on the proximity of each bore-
hole to the Sperchios River and current coastline, to
achieve a good representation of the diachronic sedi-
mentary processes that have taken place in the Sper-
chios basin. And, the Holocene depositional sequences
of the Sperchios delta plain were studied on the basis
of samples from these five cores (Fig. 1).

The basic information of the five cores is given in
Table 1.

Coring instruments included a truck-mounted hy-
draulic rotary rig with an auger being pushed in using
hydraulic power or percussion, if needed (Fig. 2a) and
a vibra coring unit with a vibrating motor used to assist
in driving the core barrel into the sediment (Fig. 2b).
The auger used a 7.5 cm lined bore. Throughout the
drilling operation, the boreholes were sleeved in order
to prevent the collapse of sediment into the borehole
and avoid sampling disturbed sediments. The retrieved
core samples were immediately capped.



Fig. 1 Geologic map of the study area and geographic sampling sites of the five cores, Sperchios delta plain, central Greece (with the Gauss
plane rectangular coordinate system; modified from Marinos et al., 1963, 1967).
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Three cores were derived from the central part of
the Sperchios delta plain using the truck-mounted
hydraulic rotary rig and two cores were from the
lower part of the Sperchios delta plain by vibra coring;
the maximum drilling length was 20 m. All core depths
are recorded as meters below sea-level (m.b.s.l.). A
simplified diagrammatic representation of these five
cores is provided in Fig. 3, based on macroscopic ob-
servations and grain-size analyses.
Table 1 The basic information of the five cores extracted from
the Sperchios delta plain.

Core ID Latitudeelongitude
coordinates

Elevation
(m.b.s.l.)

Maximum
core

length (m)

GT1 38�4905700N 22�2803500E 6 20
GT2 38�4802400N 22�2903600E 11 17.7
GT3 38�5200800N 22�2804500E 2 13.8
GM5 38�5301200N 22�3200600E 0.3 3.9
KR7 38�5003900N 22�3104300E 1 3.1

Note: m.b.s.l. = meters below sea-level.
During macroscopic observations, attention was
usually paid to sediment color, grain size, textures,
structures, etc. Regarding grain-size analyses, since
that no continuous sampling was executed over the full
cores length, it is impossible to discuss detailed grain-
size grading trends. Sample selections for grain-size
analyses as well as for luminescence dating were
based on macroscopic observations (distinct sedimen-
tary layers). In total, 31 samples were collected for
grain-size analyses. Grain-size analyses were con-
ducted at the laboratory of sedimentology of the
Hellenic Centre for Marine Research (“H.C.M.R.”), and
using the Micromeritics® SediGraph 5100 device. The
lithological characterization of each sample was ob-
tained using triangular charts (Folk, 1974). The results
of grain-size analyses along with their lithological
characterization are shown in Table 2 and Fig. 3.
Sediment color was distinguished visually by compari-
son with standard Munsell Soil Color Charts (Munsell
color company, 1994) and is reported in general terms.

In total, 19 samples were collected from the five
cores at varying depths, among which the deepest one



Fig. 2 Drilling operation scene and coring instruments: (a) the truck-mounted hydraulic rotary rig and (b) the vibra coring.

Fig. 3 Sedimentary facies of the five cores from the Sperchios delta plain based on macroscopic observations and grain-size analyses. The
sampling spots (e.g., GT1-3) for luminescence dating are indicated by laboratory codes.
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Table 2 Grain-size analyses of the five cores along with their
lithological characterizations.

Sample Sand (%) Silt (%) Clay (%) Lithological
characterization

GT1-1.7 12.8 38.0 49.2 Sandy silty clay
GT1-3 15.2 35.4 49.4 Sandy silty clay
GT1-6.5 6.2 39.1 54.7 Silty clay
GT1-9 7.8 37.2 55.0 Silty clay
GT1-12 1.1 49.8 49.1 Silty clay
GT1-13.5 4.3 45.5 50.2 Silty clay
GT1-14.5 6.5 38.1 55.4 Silty clay
GT1-15.2 1.5 23.5 75.0 Clay
GT1-17.3 38.2 18.7 43.1 Sandy clay
GT1-19.8 2.3 54.2 43.5 Silty clay
GT2-0.8 74.3 20.6 5.1 Silty sand
GT2-5.7 9.8 60.5 29.7 Sandy silt
GT2-10.5 3.8 68.1 28.1 Silt
GT2-13.4 8.1 38.2 53.7 Silty clay
GT2-14.3 44.8 33.1 22.1 Sandy silty clay
GT2-15.5 9.8 56.3 33.9 Silty clay
GT2-17.5 2.7 58.4 38.9 Silty clay
GT3-1.3 7.7 39.1 53.2 Silty clay
GT3-2.3 8.1 35.4 56.5 Silty clay
GT3-4.8 8.8 58.7 32.5 Sandy silt
GT3-5.8 4.5 56.1 39.4 Silty clay
GT3-8.1 4.7 58.3 37.0 Silty clay
GT3-13.7 16.6 60.3 23.1 Sandy silt
GM5-0.5 62.8 10.2 27.0 Silty sand
GM5-1.3 13.3 37.5 49.2 Sandy silty clay
GM5-2.6 6.4 37.7 44.1 Silty clay
GM5-3.8 4.8 57.1 38.1 Silty clay
KR7-0.2 70.1 22.3 7.6 Silty sand
KR7-1 79.5 17.2 3.3 Sand
KR7-2 83.7 10.8 5.5 Sand
KR7-3 89.2 7.3 3.5 Sand
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was up to 14 m.b.s.l. (Fig. 3, GT1-19.8), for optically
stimulated luminescence dating.
3. Luminescence dating
3.1. Sample preparation and measurement
facilities

Samples collected from the five cores were sub-
mitted to the Luminescence Dating Laboratory of the
National Centre for Scientific Research, “Democritos”
Greece, where they were opened under subdued red
light conditions to obtain samples for OSL analysis. For
each core sample, one half was brought into light for
macroscopic observations and grain-size analyses, and
at the same time, to select suitable depth intervals for
OSL sampling. However, the OSL samples were taken
from the other half of the core.

We tried to sample sandy intervals and avoid sam-
pling closely to the interval boundaries to facilitate
reliable estimation of the gamma dose rate. Each
sample taken for luminescence dating represents
~8 cm of core length. The outer 1 cm of the sediments
was discarded to avoid possible contamination of
disturbed sediments while recovering the core.

Quartz is commonly the preferable mineral in OSL
dating of fluvial deposits, as its residual signals are
usually lower than those for feldspar (e.g., Fiebig and
Preusser, 2007), and the quartz OSL signal is more
stable over geological timescales (Wintle and Murray,
2006). We chose sand-sized grains for DE determina-
tion as these allow OSL measurements on aliquots
containing only a few grains, which facilitates better
interpretation of the completeness of OSL resetting
prior to deposition and burial (e.g., Duller, 2008).

Following conventional laboratory practices (e.g.,
Preusser et al., 2008), quartz coarse-grains were pre-
pared using the procedure of chemical treatment with
10% hydrochloric acid to remove carbonate cements
and 10% hydrogen peroxide to remove organic content,
and then were dried and sieved. Fractions were treated
with 40% hydrofluoric acid to avoid contribution of the
alpha-irradiated outer part of the mineral, followed by
a rinse with 10% hydrochloric acid to remove fluo-
rosilicate and a final sieving to separate traces of any
remnant byproducts. Purified quartz grains which were
treated with 40% hydrofluoric acid for 90 min to remove
all othermineralsmainly fell in the range of 80e125mm.

Single aliquot measurements carried out on small
aliquots are assumed better to reflect any in-
homogeneities in the equivalent dose distribution than
using larger aliquots (e.g., Fuchs and Wagner, 2003;
Olley et al., 1998). Thus, for each sample, at least
12 aliquots were measured using aliquots with only the
central 2 mm diameter covered with quartz grains.

Measurements were carried out on a Risø TL-DA 15
luminescence reader fitted with a Thorn EMI photo-
multiplier tube. Irradiation was from a calibrated
90Sr/90Y b source. Blue LEDs (470 nm) were used for
stimulating the aliquots and a 7.5 mm Hoya U-340 filter
was the signal detection filter mounted in front of the
photomultiplier tube. The single-aliquot regenerative-
dose (SAR) protocol after Murray and Wintle (2003) was
applied for DE measurements (Table 3).

3.2. Dose rate determination

To avoid potential problems related to an inho-
mogeneous gamma radiation field, OSL samples were
taken from thick lithological-homogeneous sediment
layers and far from lithological boundaries. Besides, a
separate sample for dose rate analysis was taken over
the entire range of the luminescence sample.



Fig. 4 Representative luminescence decay curve and correspond-
ing sensitivity-corrected dose response curve for one aliquot from
quartz of sample GT1-19.8. The vertical red lines indicate the initial
integral signal (0.8 s) which was used to obtain the luminescence
signal, while the green lines indicate the time interval (last 8 s) used
for background subtraction.

Table 3 The single-aliquot regenerative-dose (SAR) protocol
applied for this study to quartz grains.

Step Treatment

1 Give dose
2 Preheat, 10 s at 240 �C
3 Blue-LED stimulation, 40 s at 125 �C
4 Give test dose
5 Cut-heat, 0 s at 200 �C
6 Blue-LED stimulation, 40 s at 125 �C
7 IR diodes stimulation, 100 s at 125 �C
8 Return to Step 1

136 E. Tsakalos et al.
The calculation of the dose rates (U, Th, K) was
based on analytical data obtained by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS; ACME
laboratories, Canada) and using the “The Dose Rate
calculator” (DRc) software developed by Tsakalos
et al. (2016). The DRc uses the conversion factors
proposed by Gu�erin et al. (2011) and the attenuation
factors (due to water content) for alpha radiation by
Aitken (1985), beta radiation by Nathan and Mauz
(2008), and gamma radiation by Gu�erin and Mercier
(2012). DRc also calculates the cosmic ray contribu-
tion to the total dose rate according to Prescott and
Stephan (1982) and Prescott and Hutton (1988, 1994)
using the altitude and latitude of the sampling site,
its present-day depth and the density of the over-
burden. The final dose rates are obtained by correcting
for the acid etching of grains and the grain size.
Sediment water content was determined using the
Table 4 The dose rate (U, Th, K) calculation to quartz grains with 80e

Sample U (ppm) Th (ppm) K (wt%) Cosmic ray
radiation (Gy)

GT1-3 1.9 8.6 2.2 0.09
GT1-9 1.9 9.6 2.5 0.04
GT1-12 1.6 8.1 2.4 0.03
GT1-14.5 1.9 8.9 2.4 0.02
GT1-19.8 2.1 9.5 2.7 0.01
GT2-5.7 1.1 4.1 1.3 0.06
GT2-10.5 1.2 4.2 0.9 0.03
GT2-14.3 1.5 5.6 1.5 0.02
GT2-15.5 1.7 7.4 2.4 0.02
GT2-17.5 2.2 8.2 2.6 0.02
GT3-5.8 2.6 9.1 2.9 0.06
GT3-8.1 2.4 9.1 2.7 0.04
GT3-13.7 1.8 7.6 1.7 0.02
GM5-1.3 2.0 7.8 2.2 0.12
GM5-2.6 1.7 7.1 1.9 0.10
GM5-3.8 1.7 5.9 1.5 0.09
KR7-1 1.4 4.0 1.4 0.12
KR7-2 1.6 4.9 1.4 0.10
KR7-3 1.3 4.9 1.3 0.09

Note: The depths were measured as from the surface.
present water content with an error of ±5% and
considered to remain constant during burial. The dose
rates are listed in Table 4.

3.3. OSL measurements

A typical decay and a doseeresponse curve for one
aliquot (sample GT1-19.8) from the coarse-grain
(80e125 mm) quartz is shown in Fig. 4. A measure of
the residual IRSL (infrared stimulated luminescence)
125 mm size from OSL samples.

Depth (m) Water content (wt%) Total dose rate (Gy/ka)

3 27.8 2.56 ± 0.03
9 33 2.67 ± 0.04

12 34.7 2.42 ± 0.04
14.5 36.3 2.48 ± 0.03
19.8 39.3 2.66 ± 0.03
5.7 34.1 1.39 ± 0.02

10.5 35.8 1.09 ± 0.01
14.3 39.2 1.58 ± 0.02
15.5 39.6 2.29 ± 0.03
17.5 39.9 2.51 ± 0.04
5.8 33.6 2.91 ± 0.25
8.1 35.1 2.83 ± 0.04

13.7 39.9 1.88 ± 0.03
1.3 38.3 2.36 ± 0.03
2.6 39.7 2.01 ± 0.03
3.8 40.3 1.70 ± 0.03
1 38.4 1.51 ± 0.02
2 37.6 1.58 ± 0.02
3 40 1.43 ± 0.02
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to detect feldspar contamination was also incorpo-
rated at the end of each sequence. No signal response
was observed during infrared stimulation, which was
carried out for each aliquot at the end of a measure-
ment sequence. Therefore, it is concluded that a sig-
nificant feldspar contamination is unlikely in the
quartz samples investigated in this study.

3.3.1. Validation tests

Prior to standard dating using the SAR procedure,
the performance of the protocol parameters was
confirmed by a preheat plateau test (Murray and
Wintle, 2000) and a dose recovery test (Murray and
Wintle, 2003) (Figs. 5e7).

As shown in the steps of the SAR protocol (Table 3),
a high temperature is applied before the Blue-LED
stimulation. This is necessary so that electrons accu-
mulated in any thermally unstable traps will be ther-
mally stimulated and released, preventing their
unwanted contribution to the stable OSL signal that
will be measured in the next step of the SAR protocol.
If an unwanted signal contributes to the OSL signal, it
will result in an increased DE and therefore get a wrong
overestimated age. A preheat plateau test shows that
Fig. 5 Results of the preheat-dose recovery test performed for quartz f
groups of three using six different preheat temperatures from 200 �C up t
dose ratios calculated for each group. The target value is unity (black lin
The results were checked for sensitivity changes.

Fig. 6 Results of the cut-heat test performed for quartz from samples (
changes.
if there is any unwanted contribution to the stable OSL
signal, it will cause erroneous DE determination
(Wintle and Murray, 2006). In the preheat test, a
number of DE values are determined using different
preheat temperatures (Murray and Wintle, 2000;
Roberts et al., 1999); and the preheat temperature
which is taken for measurement should be obtained in
a plateau. Since the examined samples may be
bleached, the scattered DE distribution would be ex-
pected, thus obtaining the right preheat plateau is
difficult. In this study we used a combination of pre-
heat and dose recovery test which can overcome this
problem. For this test, aliquots of two samples were
bleached in the OSL reader using Blue-LEDs for 40 s to
reset the natural signal (e.g., Athanassas, 2011; Kunz
et al., 2013; Trauerstein et al., 2017). The bleached
aliquots were then irradiated with a fixed b-dose of
11.5 Gy and measured at various preheat tempera-
tures (20 �C spacing) ranging from 200 �C to 300 �C with
a cut-heat at 200 �C. The measured (or recovered)
dose is almost equal to the given dose, i.e., the ratio of
the measured dose versus the given dose is close to
unity (value of 1), between temperatures 220 �C and
240 �C (Fig. 5), and the former temperature was
selected for the subsequent measurements. The
rom samples (a) GT1-3 and (b) GT2-17.5. Aliquots were measured in
o 300 �C (held for 10 s each). Black dots indicate the measured/given
e). The range of acceptability is between 0.9 and 1.1 (dotted lines).

a) GT1-3 and (b) GT2-17.5. The results were checked for sensitivity



Fig. 7 Results of the dose recovery test for samples (a) GT1-3 and (b) GT2-17.5. Six aliquots for each sample were measured. Black dots
indicate the measured/given dose ratios calculated for each aliquot. The target value is unity (black line). The range of acceptability is
between 0.9 and 1.1 (dotted lines). The dashed line shows the mean ratio (N = 6) of the given dose to the recovered DE. The results were
checked for sensitivity changes.
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recycling ratios were systematically consistent with
unity (ranging from 0.98 to 1.05) and the recuperation
never exceeded 2%.

Many chronological studies (e.g., Madsen et al.,
2005; Wintle and Murray, 2006) have shown that
quartz samples can be affected by thermal transfer. An
approach similar to the preheat-dose recovery test
was applied, during which no artificial irradiation was
given, at various cut-heat temperatures between
140 �C and 240 �C (with a preheat at 240 �C) to
examine if thermal transfer is apparent. Results
clearly show that the equivalent dose (DE) is insensi-
tive to cut-heat temperatures between 140 �C and
200 �C, resulting in the selection of the 200 �C tem-
perature for cut-heat for all quartz samples. And, for
cut-heat temperatures from 220 �C to 240 �C, the DE

increased around 0.5 Gy (Fig. 6).
The reliability of these measuring parameters was

further confirmed by a dose recovery test undertaken
on aliquots from two samples. Six aliquots of sample
GT1-3 and six aliquots of GT2-17.5 were bleached by
sun exposure for 6 h and then an 11.5 Gy dose was
given. SAR protocol was then applied to the test if the
11.5 Gy dose could be recovered. For a well performing
SAR protocol, the ratio between the measured dose
and the given dose should be close to unity (Murray and
Wintle, 2003), at least be in the range of 0.9e1.1. The
test showed that recovery ratios were within the 2s-
level (0.9e1.1; Fig. 7). The mean ratio (N = 6) of the
given dose to the recovered DE was 0.97 ± 0.03 for
sample GT1-3 and 0.98 ± 0.01 for sample GT2-17.5
(Fig. 7; the dashed line), signifying that the SAR pro-
tocol generates a well equivalent dose accuracy and
precision. Furthermore, all “recycling ratio” values for
the same aliquot were within ±5% of unity (mean ratio
0.97 ± 0.04). That is, we consequently performed the
SAR protocol as described in Table 3.
4. Results and discussion
4.1. Determination of the DE value based on
statistical models

The establishment of the SAR protocol has revealed
that different aliquots of the same sample give
different equivalent doses. And this brought up the
matter of how the equivalent dose (DE) distribution of
a sample is to be depicted in order to get a meaningful
and reliable representation and thus extract the
necessary information for age calculations. A simple
way of getting a first impression of how the equivalent
doses are distributed is to produce a probability den-
sity function (PDF). However, the influence that an
individual DE value distributed upon the overall dis-
tribution cannot be seen and examined in a single PDF.
To avoid the uncertainty inherent in PDFs, Galbraith
et al. (1999) developed the “radial plot” for the pre-
sentation of single-aliquot data.

The variety in DE distributions can indicate that a
sample was subjected to diverse bleaching conditions
(Arnold et al., 2007; Olley et al., 1999; Rodnight et al.,
2006) and post-depositional processes, and/or
millimeter-scale differences in the beta dose rate to
individual grains (Jacobs and Roberts, 2007) or even
intrinsic differences in the luminescence sensitivity of
the measured aliquots.

Dating of deltaic sediments utilizing luminescence
techniques could be problematic. Because of the
transportedeposition mode of such sediments,
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sunlight exposure for the mineral grains might be not
long enough to release any stored energy completely
from the crystal lattice prior to deposition. In het-
erogeneously bleached samples, such as fluvial sedi-
ments, the DE distribution generally shows larger
variability (e.g., Arnold et al., 2007; Olley et al., 1999;
Rodnight et al., 2006). This has brought up the matter
of how the best estimate of DE could be extracted and
used for age calculations.

Different approaches and methodologies have been
proposed for assisting in obtaining the best estimate of
the DE (e.g., Galbraith et al., 1999; Lepper and
McKeever, 2002; Olley et al., 1998; Stokes et al.,
2001), and of these the most broadly used are the
“Age Models” developed by Galbraith et al. (1999).
Many studies used over-dispersion values as the only
diagnostic criterion for the choice of the most appro-
priate methodology (e.g., Olley et al., 2004a). This
value gives an estimate of the relative standard devi-
ation of the true DE, remaining after the measurement
error of each aliquot has been taken into account; if
the measurement error was the only reason for the
variation observed in DE, then the over-dispersion
would be zero. Theoretically, for a well-bleached and
homogeneous sample, an over-dispersion value close
to zero would be expected. However, in a study testing
the accuracy of various statistical models, Bailey and
Arnold (2006) concluded that the selection of the
most appropriate methodology based only on a single
descriptor for the DE distribution (such as the degree of
Table 5 Determination of the most appropriate equivalent dose (DE) u

Sample DE distribution characteristics

Over-dispersion Skewness Kurtosis

GT1-3 22% 2.8 −0.5
GT1-9 24% 0.6 −1.6
GT1-12 20% 2.5 −0.7
GT1-14.5 19% 1.1 −0.6
GT1-19.8 16% 1.5 −0.2
GT2-5.7 21% 1.9 1.3
GT2-10.5 17% 1.7 1.3
GT2-14.3 24% 1.9 1.6
GT2-15.5 16% 1.9 1.8
GT2-17.5 18% 1.0 −0.3
GT3-5.8 24% 0.4 −1.4
GT3-8.1 28% 1.3 1.9
GT3-13.7 15% 0.4 −0.8
GM5-1.3 27% 0.2 −1.6
GM5-2.6 23% 0.5 1.1
GM5-3.8 26% 1.0 0.3
KR7-1 29% 1.5 0.4
KR7-2 24% 1.5 1.9
KR7-3 19% 0.6 −1.1

Note: (a) For the weighted mean, each value was weighted by 1/s DE.
over-dispersion) is not possible, and that no single
analysis method is applicable to all samples from
different depositional environments; and they pro-
posed that the decision process should include a series
of criteria which could describe the shape of the DE

distribution (skewness, kurtosis, over-dispersion) and
the presence of negative DE values. Bailey and Arnold
(2006) also developed a decision process guide
(Bailey and Arnold, 2006; page 2500) that can be used
to help choose the most suitable methodology on a
case-by-case basis.

Based on such considerations, we applied the
Minimum Age Model (MAM) suggested by Galbraith
et al. (1999) to determine the appropriate DE value.
The MAM can be used for heterogeneous bleached
samples and can identify the well-bleached aliquots by
applying a truncated normal distribution to the log DE

values (Galbraith and Laslett, 1993; Galbraith et al.,
1999). The width of this minimum DE distribution is
derived from statistical measurement errors of each DE

value and the over-dispersion.
In our study, the DE distributions of the measured

aliquots clearly show a significant scatter with values
of skewness ranging from 0.2 to 2.8, kurtosis ranging
from 0.2 to 1.9, and over-dispersion values ranging
from 15% to 29% (Table 5), which may be considered as
typical for fluvial sediments (e.g., Arnold et al., 2009;
Olley et al., 2004b; Rodnight et al., 2006).

Aliquots of two samples are depicted in radial plots
along with their MAM calculated DE value in Fig. 8.
sing numerical parameters.

DE value (Gy)

Mean Weighted mean(a) MAM value

7.15 ± 2.2 6.1 ± 1.1 5.74 ± 0.83
18 ± 2 13.8 ± 3 12.5 ± 1.43
19 ± 5.7 14.9 ± 1.3 14 ± 1.65

21.9 ± 3.3 17.8 ± 2.2 16.9 ± 1.8
30.4 ± 8.7 25.5 ± 2.7 23 ± 2.3
8.2 ± 2.6 6.9 ± 1.1 5.4 ± 0.76

11.2 ± 1 7 ± 0.3 6.4 ± 0.22
19.3 ± 1.4 14.3 ± 0.6 11.2 ± 0.4
25.8 ± 3.2 21.9 ± 1.3 20 ± 1.1
47 ± 5.3 40.7 ± 2.9 35.3 ± 2.2

18.6 ± 4.1 14.8 ± 2 11.1 ± 1.7
26.5 ± 4.6 17.1 ± 2.8 12.6 ± 1.6
18.1 ± 2.5 15.5 ± 1.8 12.9 ± 1.8
4.2 ± 0.7 3.1 ± 0.4 1.7 ± 0.4
6.3 ± 1.1 4.7 ± 0.8 3.8 ± 0.8
7.3 ± 1.2 5.8 ± 0.9 5.3 ± 0.9
4.6 ± 1.1 2.4 ± 0.4 0.98 ± 0.2
5.1 ± 1 3 ± 0.6 1.8 ± 0.5
7.6 ± 1.9 5.1 ± 0.9 3.8 ± 0.7



Fig. 8 Radial plots of the DE values for two samples (a) GT1-3 and (b) GT2-17.5 (aliquot number = 24). The dark line corresponds to the DE

value calculated using the Minimum Age Model. Both samples clearly show a significant scatter in the DE values which may be considered as
typical for fluvial sediments.
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Here, DE value of each aliquot is displayed along with
its associated relative standard error and precision.

The descriptive statistics which facilitated the age
model decision procedures based on Bailey and Arnold
(2006) and the range of OSL derived DE values are
shown in Table 5. Table 5 also compares the DE values
derived using the MAM with the mean and the weighted
mean values. Data indicate that differences between
the mean DE value and the MAM DE value range from
20% to almost 80%, while the weighted mean dose es-
timates differ from about 5% to 60% comparing to MAM
DE values. In all samples, MAM produced smaller DE

values than the mean and weighted mean values, and
produced a reduction in the associated DE errors.



Table 6 Equivalent doses, dose rates and resulting OSL-dating
ages for quartz samples from the Sperchios delta plain.

Sample DE (Gy) Dose rate (Gy/ka) OSL-dating
age (ka)

GT1-3 5.74 ± 0.83 2.56 ± 0.03 2.2 ± 0.3
GT1-9 12.5 ± 1.43 2.67 ± 0.04 4.7 ± 0.5
GT1-12 14 ± 1.65 2.42 ± 0.04 5.8 ± 0.7
GT1-14.5 16.9 ± 1.8 2.48 ± 0.03 6.8 ± 0.7
GT1-19.8 23 ± 2.3 2.66 ± 0.03 8.7 ± 1.1
GT2-5.7 5.4 ± 0.76 1.39 ± 0.02 3.9 ± 0.5
GT2-10.5 6.4 ± 0.22 1.09 ± 0.01 5.9 ± 0.2
GT2-14.3 11.2 ± 0.4 1.58 ± 0.02 7.1 ± 0.3
GT2-15.5 20 ± 1.1 2.29 ± 0.03 8.7 ± 0.5
GT2-17.5 35.3 ± 2.2 2.51 ± 0.04 14.1 ± 0.9
GT3-5.8 11.1 ± 1.7 2.91 ± 0.25 3.8 ± 0.6
GT3-8.1 12.6 ± 1.6 2.83 ± 0.04 4.5 ± 0.6
GT3-13.7 12.9 ± 1.8 1.88 ± 0.03 6.9 ± 1.0
GM5-1.3 1.7 ± 0.4 2.36 ± 0.03 0.7 ± 0.2
GM5-2.6 3.8 ± 0.8 2.01 ± 0.03 1.9 ± 0.4
GM5-3.8 5.3 ± 0.9 1.7 ± 0.03 3.1 ± 0.5
KR7-1 0.98 ± 0.2 1.51 ± 0.02 0.6 ± 0.1
KR7-2 1.8 ± 0.5 1.58 ± 0.02 1.1 ± 0.3
KR7-3 3.8 ± 0.7 1.43 ± 0.02 2.7 ± 0.5
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4.2. Age estimates and sedimentation rates

Equivalent doses, dose rates and resulting OSL ages
for all samples are given in Table 6; ages are given with
1-sigma (1s) confidence interval, including all random
and systematic uncertainties. Ages range from
14.1 ± 0.9 ka to 0.6 ± 0.1 ka and indicate an EarlyeLate
Holocene deposition. Dating results for the five cores
are in correct chronostratigraphic order (within un-
certainties) as the deepest sample in each core shows
the oldest age estimate. The reliability of the OSL ages
can additionally be supported by independent previous
chronological studies conducted in the area. 14C dating
on marine shells collected through coring in the region
of the delta (Pechlivanidou et al., 2014) gave similar
ages at the corresponding depths. Particularly, core
samples GT1-9 and GT3-5.8 gave ages of 4.7 ± 0.5 ka
and 3.8 ± 0.6 ka respectively at depths of 3 m.b.s.l.
and 3.8 m.b.s.l. They were collected at proximal
(comparable) spots and similar depths to the sp1 and
sp4 core samples of Pechlivanidou et al. (2014) at
depths of 2 m.b.s.l. and 2.3 m.b.s.l. which were dated
as 1403 ± 113 cal yr BP and 1778 ± 108 cal yr BP
respectively, indicating a common Late Holocene
deposition.

The sedimentary facies of the Sperchios delta
represent transgressive to regressive sequences,
overlying on Late PleistoceneeLate Holocene de-
posits. Terrestrial sediments probably represent fluvial
sediments accumulated during the Early (8.7 ± 1.1 ka
as sample GT1-19.8 shows) to Middle (6.8 ± 0.7 ka as
sample GT1-14.5 shows) stages of the Holocene
regression in the southecentral part of the present
delta, when the rate of sea-level rise was surpassed by
the sedimentation rate. In the northecentral part of
the basin (core GT3), terrestrial sediments (most
probably fluvial) were dated as 6.9 ± 1.0 ka (sample
GT3-13.7) to 3.8 ± 0.6 ka (sample GT3-5.8) repre-
senting the MiddleeLate Holocene deposition. These
terrestrial deposits are found from ~14 m.b.s.l. to
~8.5 m.b.s.l. in the southecentral part and
~11.7 m.b.s.l. to ~3.8 m.b.s.l. in the northecentral
part of the Sperchios basin. Pechlivanidou et al.
(2014) also dated fluvial sediments derived from a
40-m.b.s.l. borehole and suggested that these deposits
represented the beginning of the last transgression
around the Pleistocene/Holocene boundary. Further,
Tziavos (1977) found that fluvial sediments developed
under the present delta plain near Anthili (central part
of the delta) at ~37 m.b.s.l., which indicate the
occurrence of the Sperchios alluvial plain prior to the
Holocene transgression.

Under the sea-level rising conditions and when the
rate of sea-level rise outpaced sediment supply rate,
the gradual flooding of the study area started. This is
indicated by the presence of molluscan shell frag-
ments, most probably suggesting a coastal/lagoon
environment. The OSL ages assign these conditions
from 5.8 ± 0.7 ka (sample GT1-12) to 4.7 ± 0.5 (sample
GT1-9) for the southecentral part of Sperchios basin
and soon after 3.8 ± 0.6 ka (sample GT3-5.8) for the
northecentral part of the basin. Regarding the south
part of Sperchios basin (core GT2), the total absence of
molluscan shell fragments indicated that the sea did
not reach this part of the basin during the last
14.1 ± 0.9 ka.

Deceleration in sea-level rise favored the pro-
gradation of the delta, as the rate of sediment supply
outpaced the rate of sea-level rise. The shift back to
terrestrial conditions is estimated to have started soon
after 4.7 ± 0.5 ka (sample GT1-9) for the southecentral
part of the basin. These conditions are represented by
deltaic deposits dominated by fine-grained (clay)
sediments and the complete absence of molluscan
shells.

For the eastern part of the basin (next to current
coastline), a shift back to coastal conditions indicated
by the presence of molluscan shell fragments, started
at ~0.6 ± 0.1 ka (sample KR7-1).

The data can be used to determine sedimentation
rates occurred in the Sperchios delta plain; however,
several limitations in such calculations exist, including
factors such as surface run off and tectonic subsi-
dence, among others, that act as substantial modera-
tors of the sedimentation rate of an area.
Nevertheless, in the present study, they cannot be
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examined and incorporated in the calculations of
sedimentation rates; consequently sedimentation
rates provided here should be considered with caution.
OSL ages are plotted against the corresponding core
depth in Fig. 9. Six ages from two cores (GM5 and KR7)
collected at the downstream part of the delta, in close
proximity to the current coastline, define a nearly
linear sedimentation rate ranging from ~0.7 mm/yr
over the deepest 3 m to ~2 mm/yr over the upper 1 m.
Fig. 9 Model plots of the OSL-dating age versus its corresponding core de
the Sperchios basin; and (b) two cores of GM5 and KR7 at the downstr
certainty interval. A fit of the points indicates the sedimentation rate a
The mean sedimentation rate for the upstream part
(cores GT1, GT2 and GT3) of the basin during the
MiddleeLate Holocene (~7e2.2 ka) was calculated at
~2.6 mm/yr. For the southecentral part of the basin
(core GT1), sedimentation remains constant until
~8.7 ka (full length of the core GT1).

Despite the fact that sedimentation in the Sper-
chios basin is mainly controlled by sea-level variations,
one might expect that the significant local tectonisms
pth for (a) three cores of GT1, GT2, and GT3 at the upstream part in
eam part in the Sperchios basin. Error bars indicate one sigma un-
t different depths.
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may have resulted in a different depositional regime
and stratigraphic architecture at its southern margin.
A distinct break and a large reduction by a factor of
~0.7 mm/yr sedimentation rate at ~15 m for the
southern margin (core GT2) of the Sperchios basin are
evident at ~7 ka (Fig. 9). Different sedimentation rates
identified in core GT2 may be interpreted as the result
of sediment supply from laterally sourced depositional
systems which were controlled by several active
normal fault segments of the Sperchios basin.

Furthermore, the striking change observed in
sedimentation rates at ~7 ka may indicate the transi-
tion to terrestrial conditions and the development of
the Sperchios delta plain following the deceleration in
the rate of the sea-level rise recorded across the
broader region of the Aegean (e.g., Stanley and
Warne, 1994). This is in agreement with previous
studies in this area (e.g., Pechlivanidou et al., 2014)
and also with studies conducted in other deltas in the
Mediterranean (e.g., in the Rhone delta, Boyer et al.,
2005; and, in the Aliakmon delta, Styllas, 2014).
5. Conclusions
1) Since the increase of experience on effective
absolute dating studies of fluvialedeltaic formations
by employing the OSL technique is still on demand, the
present study was mainly focused on the methodo-
logical approach that would allow accurate and pre-
cise absolute dating ages to be produced. From the
depositional environment, incomplete bleaching of
the samples was expected; and the methodological
approach was proven from the DE distributions and
statistical parameters.

From a methodological perspective, this study
suggests that: (1) the luminescence SAR approach
utilizing quartz grains on small (2 mm) aliquots is a
viable method to determine the burial age of deltaic
deposits. And, (2) DE distribution analysis based on
statistical parameters allowed the choice of the
appropriate statistical model which led to precise DE

values and to reduction of the associated age errors.
2) Furthermore, this study suggests that lumines-

cence dating offers excellent potential for establishing
a chronological framework for the depositional se-
quences of the Sperchios delta plain. For the first time,
absolute dating information based on luminescence
dating of deltaic deposits was obtained in the region.

3) The chronology for the five cores in this study
shows that deltaic sediments were deposited during
the Holocene. A relatively rapid deposition is implied
for the top ~14 m possibly as a result of the deceler-
ation in the rate of the sea-level rise and the transition
to terrestrial conditions, while on the deeper parts the
reduced sedimentation rate may indicate a lagoonal or
coastal environment.
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