
18.1 INTRODUCTION

The Megalopolis Basin (Peleponnese, Greece) host-
ed a large lake during the Pleistocene. Its sequence 
consists of fluviolacustrine deposits containing lig-
nite seams. The paleolake sequence commences at 
~900 ka and continued to ~150 ka, covering the 
late Early Pleistocene and the entire Middle Pleisto-
cene (Tourloukis et al., 2018 and references there-
in). It offers the unique opportunity to investigate 
human activity in the basin and its environmental 
context through time, the goal of the MEGAPAL 
survey and CROSSROADS project (Harvati, this 
volume; Karkanas et al., this volume).

In order to shed light on the chronological 
framework of human activity and paleoenviron-
mental change in the Megalopolis Basin, we ap-

plied U-series analyses on bone samples from a 
series of archaeological and paleontological sites in 
the basin. Bone fragments of macro-mammals (37 
specimens in total) were sampled from stratified 
contexts from four sites: Kyparissia-3 (8 specimens) 
and Kyparissia-4 (19 specimens) are located at the 
eastern part of the Kyparissia mine, and both yield-
ed a rich vertebrate fauna (including mainly cer-
vids, hippopotamuses and elephants), while Kypa-
rissia-T (5 specimens), located in the southern part 
of the mine, represents mainly an accumulation of 
hippopotamus bones (Athanassiou et al., 2018). 
The previously known Kyparissia-4 paleontologi-
cal locality was recently revisited by the CROSS-
ROADS team, resulting not only in an expansion 
of its known faunal assemblage (Athanassiou, et 
al., this volume), but importantly in the identi-
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fication of associated lithic artifacts (Karkanas et 
al., this volume). The fourth site, Tripotamos-4 (5 
specimens), a newly discovered locality, is located 
at the southeastern corner of the Choremi mine 
and yielded a rich lithic assemblage together with 
some faunal remains, belonging mainly to cervids 
and bovids (Karkanas et al., this volume). 

18.2 MATERIALS AND METHODS

18.2.1.  U-SERIES DATING

The U-series results show a complex mixture of 
overprinting U-diffusion processes, which require 
a basic introduction to U-series analyses of bones. 
The bones of living organisms are virtually free 
of uranium, which helps to keep mutation rates 
down. Any uranium that is measured in fossil 
bones migrated into the bone after it was buried. If 
the U-uptake was a fast process, occurring shortly 
after burial, the calculated closed system U-series 
age is close to the burial age. However, if the dif-
fusion process is ongoing or delayed, the calculat-
ed closed system U-series results underestimate 
the burial age by an unknown amount. Delayed 
strong U-uptake is often associated with hydrolog-
ical changes, e.g., river incisions leading to an acti-
vation of the ground water circulation or changes 
in the precipitation regime. The calculated U-series 
results must therefore be regarded as minimum age 
estimates for the burial of the bone and actually 
indicate the timing of a U-uptake event. On top of 
this, U-leaching may occur, which complicates the 
interpretation of the results even further. 

The basic principles of U-series measure-
ments using laser ablation mass spectrometry and 
the interpretation of the results from bones were 
described by Grün et al. (2014). U-series dating 
is based on the fact that uranium (U6+) is water 
soluble while thorium is not. Minerals precipitat-

ed from water contain U, but no Th. Within the 
238U decay chain, the activity ratio of 230Th over 
234U is zero to start with. In addition, most wa-
ters contain an excess of 234U over 238U. With time 
the 230Th/234U activity ratio will increase until it 
reaches equilibrium (230Th/234U=1) after about 600 
ka. Similarly, the 234U/238U ratio will decline until 
it reaches equilibrium (234U/238U=1). There is no 
straight algorithm for solving the age equation, 
this is done by iterations in a computer program. 
Graphically, it can be shown in an isotope evolu-
tion diagram (lower most panels of the Figures). 
The measured 230Th/234U and 234U/238U values are 
plotted into the diagram. The curved horizontal 
lines show the development of the 234U/238U ratio 
over time and the vertical lines give the age. Fol-
lowing the 234U/238U lines to the Y-axis yields the 
initial 234U/238U ratio (234U/238U0) that was present 
in the U-source.

18.2.2.  DIFFUSION ADSORPTION AND 
DIFFUSION ADSORPTION DECAY MODELS 

Two models were developed for describing U-dif-
fusion into bone: diffusion adsorption (DA; for 
details see Pike et al., 2002) and diffusion adsorp-
tion decay (DAD; Sambridge et al., 2012). Both 
treat bone as a homogeneous medium, thus are 
only applicable to dense bones. Looking at a cross 
section of a bone, the DA model predicts constant 
234U/238U ratios and u-shaped U-concentration 
and age profiles. The model assumes that after an 
unspecified, but relatively short time after burial 
the system becomes closed (Pike, 2000). Thus, the 
afore-mentioned u-shaped age profiles will flatten 
out with time. If older samples are plotted in an 
isotope evolution diagram, they will form a clus-
ter (see e.g., Fig. 2D). The DAD model assumes 
continuing U-diffusion. The U-concentration and 
age profiles are similar to those of the DA mod-
el, however, the 234U/238U ratios would also show a 
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u-shaped profile and the u-shaped age profiles are 
maintained over time, similar to Figs. 6F and G. In 
the isotope evolution diagram, the data would cross 
the 234U/238U evolution lines, as shown in Fig. 6H.

Leaching can be recognised by increasing ages 
towards the outside of the bone combined with de-
creasing U-concentrations. Data points that lie to 
the right of the 234U/238U lines in the isotope evo-
lution diagram must have experienced U-leaching 
(e.g., Fig. 7D). Secondary overprints are character-
ised by lower ages at the outside (e.g., Fig. 2G). If 
the U-source of a secondary overprint has a differ-
ent 234U/238U0 composition, these show up in the 
234U/238U cross sections (e.g., Fig. 1B) and isotope 
evolution diagrams (e.g., Fig. 1D). 

The samples were measured at the Radioiso-
tope Laboratory at the School of Earth and En-
vironmental Sciences, University of Queensland 
following the procedures described by Grün et al. 
(2014). All isotopes were measured simultaneous-
ly. The figures show examples of the various U-dif-
fusion processes. All errors are 2-σ. Averaged ages 
from a bone sequence were calculated from the in-
tegrated analytical results before converting them 
into a single age. No 232Th corrections were carried 
out as all analyses had elemental U/Th ratios well 
in excess of 1000. 

All samples from Kyparissia-T were from 
spongy bones and were not analyzed. The other 
three sites are discussed by their relative age ac-
cording to their stratigraphical position (youngest 
to oldest). 

18.3 RESULTS

18.3.1.  TRIPOTAMOS-4

Figs. 1 and 2 show the results from four of the 
five bones from the site. TRP4-F29 (Figs. 1A to 
D) shows two distinct U-diffusion processes. To-

wards the outside, the 234U/238U ratios and U-con-
centrations increase while the 230Th/234U ratios and 
resulting ages decrease (Figs. 1B, C), indicating 
a secondary U-overprint. The process is clearly 
demonstrated in the isotope evolution diagram 
(Fig. 1D). The central data points cluster around 
180 ka, but it cannot be ascertained whether these 
were also partly affected by the secondary over-
print. Thus, it is not certain that this cluster pres-
ents the timing of an earlier distinct U-diffusion 
event. Note that the secondary overprint is very re-
cent (Holocene). TRP4-F24 (Figs. 1E to H) shows 
an older section with higher 234U/238U ratios, low-
ering towards the outside (Figs. 1F). These regions 
are associated with increasing 230Th/234U ratios and 
decreasing U-concentrations (Figs. 1F, G), both 
signs of leaching. This is further demonstrated 
in the isotope evolution diagram with two data 
points in the leaching zone (Figs. 1H). The central 
data cluster has an average age of 206±11 ka. 

Samples TRP4-F20 and F31 (Fig. 2) be-
have significantly different to the previous two. 
TRP4-F20 (Fig. 2A to D) is the best-behaved sam-
ple of the whole data set. As there is no structure 
in the isotope ratio and age cross sections (Figs. 
2B and C), continuous diffusion can be ruled out. 
The cluster in Fig. 2D represents a single diffusion 
event at 362±43 ka. TRP4-F31 (Fig. 2E to H) 
shows a secondary overprint at the outside from a 
U-source with higher 234U/238U0 ratios. The rest of 
the data form a cluster at 466±110 ka. A third sam-
ple (TRP4-F23), behaving similarly to F-31, con-
tains a cluster at 368±46 ka. The weighted mean of 
the three samples points to a U-mobilisation event 
at 365±31 ka.

At Tripotamos-4 three distinct U-uptake 
events are recorded: the last during the Holocene 
(overprint in TRP4-F29), an earlier during MIS 
7 (191 to 243 ka, MIS boundaries from Lisiecki 
and Raymo, 2005). The three older clusters may be 
the result of two uptake phases, one during MIS 9 
(300 to 337 ka), the other during MIS 11 (374 to 
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424 ka), however, the data are not precise enough 
to make this distinction. The weighted mean is 
closer to MIS 11 but does not exclude MIS 9.

18.3.2.  KYPARISSIA-3

Probably the most interesting sample from this site 
is KYP-901. It contains virtually no uranium: 0.25 

ppm at the first data point and 0.09±0.04 ppm for 
all others. This means that there are areas where no 
U-mobilisation took place for more than 400 ka. 
The presence of the lignite bands may be respon-
sible for the complex U-history of the bones. The 
lignite redox reduces U6+ to U4+, which is water in-
solvable. If waters run through a high redox area 
before reaching a bone, it may well be free of any 
uranium (as perhaps demonstrated by KYP-901). 

Figure 1:   Results of TRP4-F29 and TRP4-F24 from Tripotamos-4. A, E: photos of the bone and location of the individual laser 
spot analyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations 
(right scale); D, H: isotope evolution diagrams.
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KYP-131 (Figs. 3A to D) shows a secondary 
overprint at the outside. The rest clusters around 
466±121 ka, some of the scatter is probably due 
to uranium micro-migration within the bone (e.g., 
Duval et al., 2011). The data of KYP-18 (Figs. 3A 
to D) are in the same isotope range as KYP-131 
but scatter more (compare Figs. 3D and H). 

Sample KYP-94 (Fig. 4A to D) shows a sec-
ondary overprint at the outside with average ages 

of 204±12 ka. The data further inside have large 
uncertainties because of the low U-concentrations, 
they average at 346±89 ka.  KYP-85 (Fig. 4E to H) 
shows the same overprint at the outside as KYP-94 
at 205±11 ka. 

The remaining data have large uncertainties 
because of the low U-concentrations. The sample 
also shows a significant amount of leaching (Fig. 
4H). Samples KYP-14A and B (Fig. 5) are from 

Figure 2:  Results of TRP4-F20 and TRP4-F31 from Tripotamos-4. A, E: photos of the bone and location of the individual laser spot 
analyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations 
(right scale); D, H: isotope evolution diagrams.
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the same bone. The data of KYP-14A (Fig. 5A to 
D) cluster tightly at 110±4 ka with only the outer 
data point indicating a later overprint. The inner 
data points of sample KYP-14B (Fig. 5E to H) 
cluster around 114±4 ka, relating to the same up-
take event indicated in KYP-14A. The outer, old-
er data points may relate to an earlier U-uptake 
event that diffused only into the outer section of 
the bone. This may be related to the 200 ka event 

observed in KYP-85 and 94, but the apparent ages 
are somewhat younger because of mixing with the 
later U-diffusion. 

The bones from Kyparissia-3 document three 
distinct U-uptake events at 110±4 ka, 205±8 ka 
and 347±35 ka. The first two can be clearly asso-
ciated with the interglacials of MIS 5 and MIS 7, 
while the one at 347±35 ka may relate to MIS 9 
(300 to 337 ka) or MIS 11 (374-424 ka).

Figure 3:  Results of KYP-131 and KYP-18 from Kyparissia-3. A, E: photos of the bone and location of the individual laser spot 
analyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations 
(right scale); D, H: isotope evolution diagrams.
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18.3.3.  KYPARISSIA-4

This is stratigraphically the oldest site. Virtual-
ly all samples show leaching. KYP4A-F125 (Fig. 
6A to D) shows leaching at the inside surface, but 
also within the sample. The remaining data points 
cannot be explained by a simple diffusion pro-
cess. It seems that two U-sources were operating 
with slightly different 234U/238U ratios, one slightly 

above the 234U/238U0 evolution line and one slight-
ly below (Fig. 6D). However, such sequences of 
data cannot be produced by diffusion in direction 
of the analysed transect (the data according to the 
DA model would cluster, according to the DAD 
model it would follow the direction of the blue 
data points in Fig. 6H). It could be explained by 
continuing diffusion into separate individual vol-

Figure 4:  Results of KYP-94 and KYP-85 from Kyparissia-3. A, E: photos of the bone and location of the individual laser spot ana-
lyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations (right scale); 
D, H: isotope evolution diagrams.
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umes, e.g., diffusion proceeding at a right angle to 
the transect. But this is speculative. 

18.4 DISCUSSION

14 samples behaved similarly to KYP4A-F78 (Fig. 
6E to H). At first glance, the samples show iso-
tope distributions that are expected from the DAD 

model: both the 234U/238U and 230Th/234U ratios 
show u-shaped profiles (Fig. 6F), the calculat-
ed ages and U-concentrations are also u-shaped. 
However, all samples have the highest U-concen-
trations at the outside and all samples show leach-
ing (Fig. 6H). The relationship of increasing the 
234U/238U ratios with increasing 230Th/234U ratios is 
the direct result of a continuing U-diffusion pro-
cess (as postulated by the DAD model). The blue 

Figure 5:  Results of KYP-14A and KYP-14B from Kyparissia-3. A, E: photos of the bone and location of the individual laser spot 
analyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations (right 
scale); D, H: isotope evolution diagrams. 
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data points in Fig. 6H result from a theoretical 
calculation of a 280 ka old sample using the data 
from Grün et al. (2014, their Fig. 4D). However, 
the analytical data of the bones from Kyparissia-4 
cannot be fitted by the DAD model as the extrap-
olation of the 234U/238U ratios towards the surfaces 
of the bone would require very large, unrealistic 
values. Fitting the central data points with the 
DAD model results in ages around 150 ka, with 

very large uncertainties (the result for KYP4A-F78 
was 154±25 ka). It seems that the samples have 
undergone at least three U-diffusion stages: firstly, 
an uptake leaving u-shaped diffusion isotope and 
U-concentration profiles, then leaching, then a lat-
er overprint. The u-shaped isotope profiles may be 
the result of the mixing of the first uptake and a 
later overprint (this was also observed for an old 
sample from Melka Kunture, Grün et al. (2014), 

Figure 6:  Results of KYP4A-F125 and KYP4A-F78 from Kyparissia-4. A, E: photos of the bone and location of the individual laser 
spot analyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations 
(right scale); D, H: isotope evolution diagrams. The blue data points in Figure 6H are from a model calculation using the DAD diffu-
sion model and data from Grün et al. (2014), their Figure 4.
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their Fig. 18).  It is not possible to speculate when 
these processes took place.

Two samples showed massive leaching as 
shown by KYP4A-F194 (Fig. 7A to D). Note that 
the U-concentration profile is still u-shaped (Fig. 
7C). Two other samples behaved like KYP4A-F151 
(Fig. 7E to H) showing clusters around 100 ka 
and leaching towards the outside of the sample. 
The cluster of KYP4A-F151 has an average age of 

112±4 ka, that of the other sample (KYP4A-F106) 
was too scattered. The DA model predicts that the 
U-concentrations would decrease towards the out-
side as a result of leaching, but this is clearly not 
the case (Fig. 7G). 

The bones from Kyparissia-4 show a com-
plex history of U-uptake and leaching processes. 
As frustrating as it is, only one sample allows the 
identification of a distinct uptake phase at 112±4 

Figure 7:  Results of KYP4A-F194 and KYP4A-F151 from Kyparissia-4. A, E: photos of the bone and location of the individual laser 
spot analyses; B, F: Plot of the measured 230Th/234U and 234U/238U ratios; C, G: calculated ages (left scale) and U-concentrations 
(right scale); D, H: isotope evolution diagrams.
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ka. While it is clear that earlier continuing uptake 
processes took place, it is not possible to derive any 
age information from the data.

CONCLUSIONS

The U-series results on the bone samples from the 
Megalopolis Basin allow the identification of three 
distinct U-uptake phases corresponding to MIS 1, 
5 and 7. Whether one or two distinct older uptake 
phases took place cannot be decided because of the 
large errors for the older data. The mean age of the 
older phases falls into the glacial of MIS 10 (337 to 
374 ka). However, assuming that the U-diffusion 
events processes took place during an interglacial 
(as did the three later ones), the older U-accumu-
lations took place either in MIS 9 or MIS 11, or 
both. The results give a minimum age of 365±31 
ka for Tripotamos-4 and 347±35 ka for Kyparis-
sia-3. The only tangible date of 112±4 ka for Ky-
parissia-4 is not particularly helpful to tie down the 
age of this site. A combination of U-series and ESR 
dating on teeth could contribute to provide finite 
age estimates (Grün et al., 1988).
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