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8.1 INTRODUCTION

Previous optical dating of sediment samples from
Marathousa-1 used a multi-aliquot multi-grain
procedure for feldspar mineral grains to obtain the
equivalent dose (Jacobs et al., 2018). This was the
best procedure available at the time for measure-
ment of feldspar grains close to the upper limit of
the technique (Li et al., 2017). A range of statisti-
cally consistent, but imprecise, age estimates were
reported for 8 samples from two excavation areas
at Marathousa 1 that suggested deposition of the
clastic sediment package between lignite seams II
and III during MIS 12 (478-424 ka; Lisiecki &
Raymo, 2005). A measurement procedure for in-
dividual grains of feldspar has since been developed

(e.g., Jacobs et al., 2019) as well as a procedure for
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direct measurement of the internal potassium con-
tent of individual grains (O’Gorman et al., 2021).
Here, we present the updated multi-grain aliquot
ages using a revised internal beta dose rate as well
as single-grain age estimates for the same set of
samples. The single grain D, distributions suggest
that the feldspar mineral grains in the lacustrine
facies are well-bleached and that the age estimates

are reliable.

8.2 MATERIALS AND METHODS

Eight sediment samples were collected from two
excavation areas (A and B) at Marathousa 1 from
the clastic sediment package between lignite seams
IT and III. Details about the location of samples,
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sample collection, preparation and estimation of
the environmental dose rate for all samples are pro-
vided in Jacobs et al. (2018).

For D, determination, we applied a single ali-
quot regenerative-dose (SAR) pIRIR procedure for
individual K-feldspar grains (Blegen et al., 2015;
Thomsen et al., 2008), in which the single-grain
pIRIR signal was measured at 275 °C for 2 s using
the IR laser after a prior-IR stimulation at a high
stimulation temperature (200 °C) for 200 s (Li and
Li, 2012). A preheat of 320°C for 60 s was applied
prior to measurement of the natural (L,), regener-
ative (L,) and test dose (T, T,) signals and an IR
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bleaching step at 325°C for 100 s was used at the
end of each measurement cycle.

Luminescence measurements were made on an
automated Risg TL-DA-20 reader. Infrared stimu-
lation of individual K-feldspar grains was achieved
using a focused laser beam (830 nm) (Better-Jen-
sen et al., 2003). Individual K-feldspar grains were
mounted onto standard Rise single grain discs
(Botter-Jensen et al., 2000). The IRSL emissions
were detected using an Electron Tubes Ltd 9235B
photomultiplier tube fitted with Schott BG-39
and Corning 7-59 filters to transmit wavelengths
of 320-480 nm.
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Figure 1: a, LS-normalised L,/T. data and best-fit SGC. b, Ratio of SAR D. and SGC D. values shown as a radial plot; the grey bar is
centred on unity (ratio of 1). c. Measured-to-given dose ratios for individual grains shown as a radial plot; the grey bar is centred
on unity (ratio of 1). d. Whole-of-grain average K concentrations (wt%) plotted as a function of T,-sensitivity.
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To estimate the D, a combined standardized
growth curve (SGC) and L, T, method (Li et al.,
2015b, 2017, 2020) were adopted. To establish the
SGC, a total of 2700 grains from different samples
were measured with a full SAR pIRIR procedure.
The following criteria were used to reject grains
with unsuitable behaviors or poor dose response
curves (DRCs): 1) the initial T, signal is less than
30 above of the corresponding background count,
or the relative standard error on T, is >25%; 2) the
ratio of the L /T, zero-dose value to the maximum
regenerative-dose L,/ T, value is >5%; 3) the L,/T,
data points are too scattered, i.e., they have large
figure-of-merit (FOM) and reduced-chi-square
(RCS) values higher than 10% and 5, respectively.
This resulted in a total of 457 grains accepted for
SGC establishment. We adopted the least-square
normalization (LS-normalization) procedure (Li
et al., 2016) to normalize the L /T, data and used
a general-order kinetics (GOK) function (Gural-
nik et al., 2015) to fit the normalized data. The
LS-normalized data and the corresponding SGC
are displayed in Fig. 1a (n = 2560), showing that
different grains share the same dose response pat-
tern that can be well described by the SGC.

We validated the SGC by comparing SGC-de-
rived D, values against D, values obtained for the
same grains using their individual full SAR dose
response curves; 96.7% of grains have SGC and
SAR D, values that were indistinguishable from
each other at 20 (Fig. 1b). We further tested the
suitability of the approach using a dose recovery
test (given dose = ~600 Gy; measured-to-given
dose ratio = 1.01 + 0.01; n = 135; Fig. 1¢), and
a residual dose test after bleaching in a solar sim-
ulator for 8 hours (10 £ 1 Gy; n = 68). Both tests
gave satisfactory results. Given the old ages of our
samples, we did not apply any residual dose correc-
tion. No fading correction was applied according
to the lack of fading observed from single aliquots
(Jacobs et al., 2018).

All luminescence data, including curve fitting,

equivalent dose estimation, error estimation, age
model analysis and graphic display were analyzed
using the R packages numOSL (Peng et al., 2013;
Peng and Li, 2017) and Luminescence (Kreutzer et
al., 2012).

Whole-of-grain average potassium (K) con-
centrations of individual grains (n = 86) from two
samples from the Megalopolis Basin—ELS1 and
TRP5—were measured using qualitative evalua-
tion of minerals using energy dispersive spectros-
copy (QEM-EDS). Measurement and analysis of
grains followed the procedure presented in O’Gor-
man et al. (2021). Only grains that had a lumines-
cence signal and that were accepted for D, deter-

mination were included.

8.3 RESULTS

The distributions of the SGC-normalized L,/T,
values for the accepted grains from 7 of 8 samples
are shown in Fig. 2a—g (left panels). Not enough
data was obtained for sample MAR-R9. All other
samples show D, distributions that are dominat-
ed by a single population, but with the presence
of a small proportion of outliers (shown as open
circles). Qutliers were identified based on the
normalised median absolute deviation (nMAD)
(Rousseeuw et al., 2006); any log L,/T, ratio that
has a nMAD value greater than 2 was rejected.

The ‘T, threshold’ procedure was also applied
to test whether there is any dependence of D, on
brightness (e.g., Jacobs et al., 2019). The results are
shown in Fig. 2a—g (right panels). The final D, val-
ues were determined from only those grains in the
plateau region (dashed lines). The final D, value for
each sample, the weighted mean L,/T, value after
applying nMAD, was calculated using the central
age model (Galbraith et al., 1999) and then pro-
jected onto the SGC.

The QEM-EDS results show that the internal

K content of the measured feldspar grains are cor-
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Figure 2: The radial plots on the left panel show the distributions of re-normalized L,/T, ratios for K-feldspar grains. The open
circles are outliers identified by nMAD. The right panel shows the nMAD CAM re-normalized L,/T, ratios plotted as a function of T,
threshold each sample. The blue lines represent the plateau region of the re-normalized L./T, ratio.

related with sensitivity when T, is less than ~500
counts per 0.1 s of stimulation time; the latter was
measured as the intensity of the test dose signal for
the natural dose (T,). We calculated the mean K
content by filtering the grains using a series of T,
thresholds (Fig. 1d), which shows that the mean K
content increases with T, threshold. This is similar
to the pattern shown for the L,/T, results (Fig. 2).
The T,-weighted mean internal K concentrations

of grains from ELS1 and TRP5 are 11.9 + 0.4 and
11.7 £ 0.7 wt%, respectively. When combined, an
overall mean of 11.8 + 0.4 wt% K is calculated,
resulting in an internal beta dose rate of 0.827 +
0.048 Gy/ka (assuming a Rb concentration of 400
+ 100 pg/g; Huntley and Hancock (2001)) for 200
pm-diameter grains. This is consistent with the
previously assumed 0.829 + 0.099 Gy/ka (Jacobs
etal., 2018). Based on the new QEM-EDS results,



ZENOBIA JACOBS ET AL.

82

EXTERNAL DOSE RATE (GY/
ToTAL EQUIVALENT DOSE
WATER KA) INTERNAL DOSE AGE + 20
SAMPLE DOSE RATE
CONTENT (%) RATE (GY/KA)* (kA)
BETA GAMMA (Gv/ka) D, (Gv)* METHOD N¢ 0D (%)°
622 +£55 MAR 418 £ 93
MAR-R4 75 0.52+0.05 | 049+0.05| 0478 +0.053 1.49+0.10
629°% SG 31/37 9+2 4227
MAR-R9 64 0.72+0.07 | 0.60+0.05| 0.846+0.075 | 2.17+0.11 816 + 88 MAR 392 + 96
884 +74 MAR 392 + 80
MAR-R10 57 0.82+0.07 | 0.59+0.05 | 0.846+0.075 | 2.26+0.13
91077 SG 309/343 14+1 4037
1124 + 58 MAR 471+ 74
MAR-01 57 0.84+0.07 | 0.68+0.07 | 0.846+0.075 | 2.39+0.14
992°% SG 120/126 14+1 4167
940 + 56 MAR 453+ 75
MAR-R2 50 0.65+0.06 | 0.55+0.04 | 0.846+0.075 | 2.08+0.12
107077 SG 86/98 14+1 5167
0.73£0.06 0.660 +£0.090 | 2.02+0.12 959 + 35 MAR 474 + 35
MAR-R3 50 0.63+0.04 .
0.69 £ 0.06 0.846 +0.075 | 2.17+0.11 115757 SG 137/146 17+1 515"
887 +44 MAR 422 + 80
MAR-R5 53 047 +0.04 | 0.45+0.04 | 0.846 +£0.075 1.77+£0.11 -
732 o SG 52/58 12+1 415°%7
855 + 50 MAR 433 +73
MAR-R6 53 0.56 £0.05 | 0.57+£0.05 | 0.846 +0.075 1.97+0.12 -
9435 SG 20/28 10+1 47775

@ Grain size for MAR and SG De values for MAR-R3 is 90-125 um in diameter, for the MAR age for MAR-R3 is 125-180 pym

® The error on the MAR D is at 1o, whereas the errors on the SG estimates are at 2a.

N = number. The numbers shown are before and after rejection of outliers and passing the T_threshold.

40D were obtained after removing outliers.

in diameter and for the rest it is 180-212 ym in diameter.

Table 1: Equivalent dose (D) and environmental dose rates for multi-grains (MAR) and single-grain (SG) age estimates for samples
from Marathousa 1.
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we, therefore, have assumed a K concentration of
12 + 1 wt%, with a larger uncertainty assumed to
allow larger variation among different samples.

The revised total dose rates and multi-grain age
estimates are reported in Table 1, together with the
new single-grain ages presented here for the first
time. Ages are presented in stratigraphic order. Un-
certainties on the single-grain D, values and age
estimates are presented at 20 to reflect the asym-
metry of the estimates as a result of working along
the saturated part of the dose response curve.

The multi- and single-grain ages are statistical-
ly consistent, suggesting that both methods are re-
liable for estimation of burial dose for the sedi-
ments at Marathousa. Our preferred age estimates
are, however, those obtained by single grains as
these represent the smallest meaningful unit of
measurement (e.g., Jacobs and Roberts, 2007).
The single-grain ages range from 40335 ka at 20
for MAR-R10 in UB5a above the hiatus in the top
part of the sequence to 5161 ka for MAR-R2 in
UB7 at the base of the sequence. All ages from all
units are statistically consistent and there is no
clear stratigraphic trend; the resolution of the
chronology is too coarse. The ages for all samples
from between lignite seems II and III are consis-
tent with deposition during MIS 12.
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