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A B S T R A C T   

Ongoing work in Daraki-Chattan cave, India, has revealed important Paleolithic rock art (petroglyphs) in the 
form of cupules. The site is rich in stone tools of Acheulian industry to Oldowan-like industry including several 
hammerstones. The present investigation concerns a further detailed methodological and complementary 
approach for dating a quartz-arenite sandstone clast from just above the lowest exfoliated cupule, combining 
surface luminescence chronology with petrography. The optically stimulated luminescence equivalent dose 
pro昀椀les versus depth from quartz were studied to date this clast. Two different dose-depth pro昀椀les were 
measured spanning to 28 mm depth, one natural depth pro昀椀le and one for a sample following exposure to 
daylight for nine months. Equivalent dose versus depth pro昀椀les indicate bleaching in several millimeters. Varied 
spatial luminescence response, its effect on the luminescence-depth pro昀椀les and interpretation to circumvent 
minor anomalies are fully discussed in terms of non-luminescent/dull faint minerals, coating, and inhomoge-
neous distribution of feldspars. Thin section analysis was performed using both optical and cathodoluminescence 
microscopy. The former indicates mineral origin, distribution and size with dominance of monocrystalline quartz 
grains that makes rock type classi昀椀ed to a typical quartz sandstone (arenite); the latter identi昀椀es blue- and dull 
cyan-luminescent quartz crystals and recognizes luminescent minerals centers. Three additional micro-samplings 
were performed for X-ray and scanning electron microscopy analysis on speci昀椀c points of the pro昀椀le for minerals 
and chemical elements. The method followed and dose pro昀椀les from the present buried sandstone, suitably 
discussed, provided an average date for at least two burial sun exposure histories of the fallen stone piece of 
around 46 ka and 71 ka before current era, providing a constrained terminus post quem for the exfoliated clast 
from the cave wall with petroglyphs.   

1. Introduction 

The absolute date of carved rock art (petroglyphs), and their complex 
classi昀椀cation and interpretation, is a fast-developing topic in 

archaeological and Quaternary contexts that has attracted worldwide 
attention (MAA, 2017; Bednarik and Li, 1991). Hence auditable rock art 
dating, the unearthed archaeological data, and a long term of various 
environmental impacts are all essential components of scienti昀椀c rock art 
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research. 
Within the topic of luminescence dating, the novel version of surface 

luminescence dating (SLD) has been introduced to date stone surfaces of 
archaeological monuments by Liritzis (1994a, b), as long as the lumi-
nescence signal has been reset due to exposure to solar radiation. Any 
electron re-trapping in the crystal lattice traps of the minerals (quartz 
and feldspar) that constitute the stone can be erased due to some later 
sun bleaching (Liritzis, 2022; Liritzis et al., 2020a, b). Thus, SLD was 
also developed to derive exposure, burial ages, and hard-rock erosion 
dates (Smedley et al., 2021; Brill et al., 2021; Brown and Moon 2019; 
Ageby et al., 2022; Chapot et al., 2012; Galli et al., 2020). Thus, for a 
previously steadily exposed stone surface to sunlight, following a fall 
and burial into the ground sediments these traps are gradually re昀椀lled by 
environmental radiation derived from natural radioisotopes in the 
stone’s context. 

In contrast, for a long-standing stone surface in sunlight (e.g. rock art 
surfaces), the bleached luminescence in the stone’s inner parts is a 
function of a) the depth below its surface, b) the time the surface has 
been exposed to sunlight and c) the intensity of the sunlight (Liritzis and 
Galloway, 1999; Laskaris and Liritzis, 2011; Liritzis and Va昀椀adou, 2015; 
Liritzis et al., 2017). Of course, lithology might also affect the bleaching 
of the minerals (Ou et al., 2018). The reminiscent luminescence on a 
rock surface as a function of depth is described by a mathematical 
function that includes the age or sun-exposure time from the time of 
block cut stone to present (Laskaris and Liritzis, 2011; Sohbati et al., 
2012; Liritzis et al., 2017). The daylight penetrates a fresh stone surface 
to a depth ranging between 5 and 15 mm below the surface, depending 
on the kind of rock lithology and exposure time (Laskaris and Liritzis 
2011; Sohbati et al., 2015; Liritzis et al., 2017). 

The application of the SLD method to rocks is a fast-developing ab-
solute dating methodology built up on past published reports (Haber-
mann et al., 2000; Greilich and Wagner, 2009; Laskaris and Liritzis 
2011; Sohbati, 2013; Liritzis et al., 2013a,b; 2013c, 2017); however, this 
technique was further developed, not only for dating construction ma-
sonries but also stones exposed to sunlight and later buried with one or 
more exposure-reburial histories on applications and mathematical 
modelling. Readers are referred to recent articles (Gliganic et al., 2019; 
Freiesleben et al., 2015; Sohbati et al., 2012; Sellwood et al., 2022; 
Liritzis et al., 2010, 2015) as well as reviews on the topic (Scarre, 2010; 
Liritzis, 2011). 

The present work concerns a methodological approach of dating a 
selected quartz-arenite clast (DC-3) from an excavated pro昀椀le at the 
entrance of Daraki-Chattan cave in central India. The cave is located in 
the Indragarh-Chanchala Mata plateau, north of Bhanpura in Madhya 
Pradesh, which is surrounded by steep escarpments (Fig. 1a). The two 
cave walls are densely covered with about 500 cupule petroglyphs 
(Kumar and Krishna, 2015; Krishna and Kumar, 2016; Bednarik et al., 
2005). However, at the entrance, insolation has caused the exfoliation of 
the rock art on about 7–10 cm thick slabs. Expecting to 昀椀nd these slabs in 
the sediment below, it was excavated and 28 cupules on slab fragments 
were indeed recovered throughout most of the 2.5 m deep sediment 
below the sloping 昀氀oor of the cave. The upper half of the sediment 
contained numerous Acheulian stone tools, which even occurred at the 
surface. Therefore, we endeavored to determine how far the exfoliated 
rock art extended down the cultural sequence. As it continued well into 
the Mode 1 (pre-Acheulian) lower half of the sequence (layers 4, 5 and 6 
in Fig. 1b), it should be of this chopper-dominated industry (Bednarik 
et al., 2005). The Indian Acheulian tends to fade out about 200 ka ago 
(Raghvan et al., 1989; Szabo et al., 1990; Mishra, 1992; Paddayya, 1991; 
Korisettar, 2002) and is preceded by an Oldowan-like chopper industry 
(the age of which remains controversial; Bednarik et al., 2005). 

This raised the issue of dating this Lower Paleolithic rock art but 
attempts to use various methods failed. We decided to apply surface 
luminescence dating, but the exfoliated cupule slabs had all been 
exposed to light during excavation. We therefore re-opened the exca-
vation trench (which had been 昀椀lled in) and secured clast DC-3 under 

complete exclusion of light (exposing it at night under a black plastic 
tent) from close to the location of the lowermost exfoliated rock art 
fragment (i.e., ca. 18 cm above it and distanced <20 cm horizontally). 
Thus, DC-3 would provide an effective minimum age of the burial of the 
lowest cupule slab. 

The stratigraphical attribution of the exfoliated cupules to a Mode 1 
industry underlying signi昀椀cant Mode 2 (Acheulian) deposits also implies 
that the Daraki-Chattan rock art is earlier than any of the other proposed 
Lower Paleolithic cupules of world. They are all in Africa: those on the 
decorated quartzite pavements of Potholes Hoek and Nchwaneng in the 
southern Kalahari, South Africa (tentatively placed at 410 ka ago; 
Beaumont and Bednarik 2013), and those on an excavated sandstone 
slab from the Lower Sangoan of Tai Island, Sudan (dated 200 ka ago; Van 
Peer et al., 2003). 

Earlier optically stimulated luminescence (OSL) dating in Indian 
caves included a) three sediment samples from Daraki-Chattan and b) 
four samples from Bhimbetka. All these provided results that were 
inconclusive in that they included a major inversion at the latter site, 
and Holocene dates for Acheulian tools at the former site (Bednarik, 
1993; Bednarik et al., 2005). OSL dating was later performed to another 
exfoliated sandstone fragment with code name DC-LIR-1 from Boulder E 
which derives from a shallower depth of the stratigraphy (Fig. 1b) 
(Liritzis et al., 2019). The present work is a follow up of this earlier work 
in this cave. 

The ultimate goal of the present study is the dating investigation of a 
quartz-arenite clast (laboratory name DC-3) that was derived from the 
excavation trench at a depth around 2 m in front of the cave’s entrance 
and was recovered there stratigraphically above and below pieces 
bearing cupules and grooves. 

The rationale is the investigation of equivalent dose versus depth of 
two pro昀椀les (from the weathered top, extending down to a depth of 
nearly 3 cm, see, Liritzis et al., 2013a; 2013c, 2017, 2019), and con-
ducting meticulous petrographic investigation with elemental, micro-
scopic and spectroscopic techniques to achieve a reliable dose and dose 
rate result. One dose pro昀椀le concerns the original sample that was not 
exposed to sunlight during and following collection, and another dose 
pro昀椀le results from an experimental test of the same stone sun-bleaching 
for nine months, introducing an extended methodological approach 
regarding possible burial-bleaching histories. The speci昀椀c aim of the 
present study is to attempt a direct dating of the burial of the clast which 
gives a terminus post quem for the production of the nearby petroglyph. 

2. Methods 

2.1. OSL analysis 

2.1.1. On-site sampling 
The sample with laboratory reference name DC-3 is the subject of the 

present work; it is a quartz-arenite sandstone (Fig. 2a) originating from a 
low level of the excavation (Fig. 1b). It was covered by around 20 cm of 
sediment, and was collected under 100% light-proof conditions, as 
sampling took place during night. Images “before” and “after” the 
sample collection that refer speci昀椀cally to the context of the DC-3 are 
shown in Fig. 2b. The sample was recovered from ~ 2 m below ground 
surface,near the base of the sediment column. 

Іt is a clast in the sediment; its only relevance to the dating of rock art 
is that it occurred slightly above the lowest exfoliated cupule fragment 
and it wasn’t exposed to light. This speci昀椀c sample was collected from 
immediately to the right of the slab with the cupule; therefore, it is 
reasonably expected to be younger than the cupule, one of thirty found 
in the excavation (Fig. 2). Indeed, this refers to a conservative exfolia-
tion time, so it provides merely a minimum age of the cupule. All cupules 
are probably roughly of the same age, but they exfoliated at different 
times (from Lower to Middle Palaeolithic times) and all we can know is 
when they were deposited in their respective locations. 

Macroscopically it consists of two, somewhat 昀氀attened surfaces 
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Fig. 1. (a) Map of India indicating the site of the present study, (b) The section of Daraki Chattan rock art, stratigraphy and cave entrance. The location of rock 
sample DC-3 is indicated by a star, at a depth of about 2 m next to the number 6 in black circle. Exfoliated cupules and boulders bearing cupules and grooves were 
found buried in the sediment, as well as Acheulean and Mode 1 tools. Numbers 1–6 in black spots represent layers (Bednarik et al., 2005; their Fig. 26). 
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weathered with rich reddish oxides (Fig. 3a); however, the inner part of 
the sample was intact, without weathering tracks. It is not known which 
one of the 昀氀attened areas was exposed to daylight. Sampling was per-
formed perpendicular to these aforementioned surfaces of interest to at 
the slab’s pro昀椀le (from the weathered top extending down to a depth of 
nearly 3 cm). The NaI scintillometer gamma-ray readings were taken by 
inserting the probe in the hole left by the removal of the sample, as per 
photo Fig. 2b left (see also color marker left and middle of Fig. 1b). In a 
radius of ~30 cm around sample DC-3 is large quartzite clasts domi-
nated gravel 70% and sand 10%. 

2.1.2. Laboratory subsampling and preparation 
The initially retrieved rock art sample was kept in dark since the 

collection time from the excavation in India. Under red light room 
conditions, the rock sample was cut vertically into two sub-cores. For the 
昀椀rst sub-core, abrasion occurred immediately after cutting the rock art 
sampling into two pieces. The second sub-core, before slicing, was 
exposed to sunlight in Rhodes Island, Greece, over a total length of 9 
consecutive months. For both sub-cores, the surfaces of the rock frag-
ments (about 4 cm × 3 cm × 3 cm) were cleaned with diluted HCl. Each 
surface was then lightly abraded using a medium coarse rasp; grains 
from 1 cm2 area were abrades, starting at the top surface and abrading 
down to the bottom surface, in 1 mm increments up to a depth of ~30 
mm (40–45 subsamples). Gentle removal of grains in closely spaced 
intervals along the pro昀椀le was made using 50 rubs per layer of varying 
thickness in mm. Despite the fact that the sampling depth was the same 
for both cores, a total of 43 layers was recovered for the rock art and 48 
layers for the bleached analogue) (Fig. 3a and b), corresponding to a 
sampling rate of about 0.7 mm/layer to the best-case scenario. The size 
of the grains had an average of (400 ± 10) μm (medium to coarse sand). 
The abraded grains of gentle plating of all subsamples were then treated 
with acetone. No acid treatment was made, thus alpha particle dose- 
rates are included in the total dose rate. Throughout the samples’ 

length, variation of physical properties, such as texture and color, were 
monitored. Table 1 presents the physical properties of each sub- 
sampling area. The top and bottom sides were easier to rub while 

intermediate layers more dif昀椀cult, as shown in Table 1 above. This softy 
top and lower parts may be caused from the weathered exposure of the 
former surface with the groove and the sedimentary environment after 
the fall for the latter. The obtained grains were cleaned with acetone, put 
in aluminum discs and further measured using the single aliquot 
regenerative OSL protocol. Consequently, for dose-rate evaluation the 
two radiation components of alpha particles and beta particles dose-rate 
from the surrounding environment of grains in the rock were accounted 
plus the gamma rays-dose rate from the adjacent volume of sediment 
and clasts in a radius of approximately 30 cm. 

The functional behavior of bleached luminescence from the outer 
surface to the inner parts of the rock is worth examining with the aim of 
extracting information regarding the dose variation as a function of 
depth and sun exposure time. Thus, the nine months sun exposure was 
selected to examine and con昀椀rm the behavior of equivalent doses versus 
depth in the rock specimen regarding bleaching. That is what shape such 
a pro昀椀le can take, and how useful such a ratio pro昀椀le can be in informing 
us on the bleaching depth. Hence, in November 2019, part of the DC-3 
sample was covered with aluminum foil, leaving the upper side 
exposed to sunlight for nine months (14 Nov. 2019–14 Aug. 2020). 

2.1.3. Apparatus 
OSL signals were measured using a RISØ TL/OSL DA-15 lumines-

cence reader following irradiation to beta radiation at ambient tem-
perature using a90Sr/90Y beta source at a dose rate of 0.083 Gy/s 
determined for quartz with a size of 90–140 μm. All measurements were 
carried out in nitrogen atmosphere and the luminescence light was 
detected by an EMI 9235QA photomultiplier tube through a 7.5 mm 
Hoya U-340 昀椀lter (transmission band between 290 and 370 nm). Pre-
heating was carried out in a nitrogen atmosphere using a slow heating 
rate of 2 çC/s, to avoid signi昀椀cant temperature lag (Kitis et al., 2015). All 
OSL measurements were carried out in the continuous-wave (CW-OSL 
hereafter) mode for 150 s at 110 çC, using a set of blue LEDs of wave-
length 470 ± 20 nm operated at 36 mW/cm2 maximum optical power 
density at the sample position (90% of the maximum stimulation in-
tensity). For infrared stimulations, an infrared solid-state laser (880 nm, 

Fig. 2. (A) Cupule on very large rock slab excavated in situ in lower part of layer 3, as indicated in Fig. 1b, and adjacent in situ cupules (right); (B) Position of DC-3 
sandstone clast, shown by black dot; left: before sampling, middle: after sampling, collected piece between the lower two 3D markers, and right: the context, about 2 
m below ground. The markers are for 3D visualization. 
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FWHM 75 nm, maximum power 135 mW/cm2) was used, at steady 
stimulation intensity (80% of the maximum stimulation power) 
(Bøtter-Jensen et al., 2000). In a given aliquot, 10 mg (±5%) of grains 

having particle sizes in the range of 140–200 μm were used. The low 
heating rate does exclude interference from the 110 çC TL trap as the 
stimulation temperature is 110 çC instead of 125 çC. 

2.1.4. OSL measurements, protocols and technical details 
In the present study equivalent doses (ED) were measured applying 

the SAR OSL protocol (Murray and Wintle, 2000), following the modi-
昀椀cations suggested by Banerjee et al. (2001) for polymineralic/mixed 
quartz-feldspathic samples. Table 2 summarizes the steps of the applied 
protocol. The procedure is similar to the double SAR procedure, con-
taining additional SAR steps in order to minimize the need for chemical 
separation which is quite important in cases where the sample quantity 
is limited. Nevertheless, only the blue stimulated luminescence signal is 
being used. This approach was used primarily for the two reasons listed 
below (a) the low mass quantity of each sample-layer, that made the 
isolation of the dominant quartz mineral rather dif昀椀cult and (b) for 
comparison with the previous results of our group (Liritzis et al., 2019), 
because in that latter pilot work the same protocol was applied. 

In any version of the SAR OSL protocol, the signal intensity of an 

Fig. 3. Sampling for OSL: (a) the DC-3 sandstone sample with reddish weathered surfaces and the main stone body in yellow, and besides the pro昀椀le of layers 
removed, (b) Macroscopic appearance of the sample DC-3. The labels DAR3-1, 2,3, indicate the three qualitatively different subdomains where further micro- 
sampling has been performed for mineralogical and chemical composition under X-ray techniques (X-ray powder diffraction and X-ray 昀氀uorescence analysis). 

Table 1 
Layers sampled, thickness, color and hardness of the various layers from the two 
samples.  

Buried Clast Properties Bleached 
analogue 

Properties 

13.5 mm 
(layers 
1–17) 

Soft, reddish brown 
weathered surfaces 

5.5 mm (layers 
1–7) 

Soft, reddish brown 
weathered surfaces 

6 mm (layers 
18–33) 

Hard, dark yellow 
surfaces 

7.0 mm (layers 
8–22) 

Hard, dark yellow 
surfaces 

7.9 mm 
(layers 
34–47) 

Soft, yellow surfaces 8 mm (layers 
23–37) 

Hard, yellow surfaces   

7.5 mm (layers 
38–49) 

Soft, yellowish white 
surfaces  
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aliquot of extracted grains is recorded at 昀椀rst without attributing any 
dose in step 1 (called natural OSL, NOSL hereafter); then the same 
aliquot is subjected to a series of subsequent laboratory irradiations with 
a calibrated radiation source and OSL measurements. Each OSL mea-
surement removes electron charge from the excited levels and the lab-
oratory irradiation regenerates quartz’s ability to yield luminescence. 
This technique enables the use of a limited quantity of sample. Six 
different regenerative doses were applied incrementally in order to 
construct the dose response curve, along with a zero-dose check for the 
extent of thermal transfer and a repeat dose point (15 Gy) in order to 
examine the adequacy of the test dose sensitivity correction procedure. 
Infrared stimulation was applied in order to deplete the non-quartz 
signal; thus the main measurement (Li) is obtained during step 4. After 
each regenerative dose, the sample was preheated to remove unstable 
OSL components; this preheating temperature was selected according to 
preliminary preheat plateau test; an example is presented in the upper 
plot of Fig. 4, where the variation of three parameters, namely ED, 
recuperation as well as recycling ratios are plotted versus the preheating 
temperature. 

Sensitivity changes were both monitored and corrected with the aid 
of a test dose, delivered after each regenerative, natural, and zero dose 
OSL measurement following a cut-heat temperature of 180 çC for the 
same reason as the preheat treatment. The ED is calculated by 
comparing (using interpolation) the NOSL normalized signal to the 
regeneration signals induced by the increasing regenerative doses. All 
the tests required to guarantee trustworthy equivalent dose estimation 
were performed, including recuperation, recycling ratio and isolation of 
OSL signal from quartz (Fig. 4). For more details on the SAR OSL tech-
nique, the readers could refer to (Liritzis et al., 2013a) and (Li and Li, 
2019). 

Optically stimulated luminescence signals were measured and 
equivalent doses were calculated for two different cases, namely for 
each sub-piece of the rock art sampling. The same protocol was applied 
for both data sets. In order to make the reading of the article easier, the 
昀椀rst data set will refer to the buried rock art set while the second data set 
will be termed as bleached analogue. Aliquots were accepted for OSL 
analysis if they met the following criteria.  

I. Detectable net natural test signal greater than three sigma above 
the background signal (lower plot of Fig. 4)  

II. Recycling ratio values within 15% of unity and recuperation 
values less than 20% (Figs. 4 and 5)  

III. Sensitization correction (average value within 1 ± 0.2 over all 
test doses for each sample)  

IV. Depletion of the IRSL signal within 150 s of stimulation (in the 
presence of the corresponding signal). Based on these four 

aforementioned criteria, a tiny fraction of aliquots has been 
considered as outliers. For the number of aliquots that were used 
for the calculation of the equivalent dose of each layers, the 
following comments stand:  
1. The equivalent doses (of all 49 layers) that were calculated in 

the present study lie in a wide range, between 10.36 and 
92.88 Gy for the buried rock art. It is quite interesting to note 
that in the case of the bleached analogue, the minimium ED 
corresponding to the bleached edge of the sample is not zero 
Gy, being calculated around 3.5 Gy, implying a residual due to 
charge transfer in agrrement to recuperation tests, while the 
maximum ED value for the bleached analogue does not exceed 
82 Gy.  

2. All ED values were calculated with high precision, namely low 
error values. Error values are even lower for the buried rock 
art.  

3. For the majority of the aliquots for the SAR analysis, saturating 
exponential expressions were used for 昀椀tting dose response 
curves. A typical example of such a dose response curve is 
presented in the inset of lower Fig. 4 using the normalized 
signal, Li/Lt, for each regenerative dose. For the remaining 
aliquots, the dose response was 昀椀tted using linear equations, 
mostly due to low ED values.  

4. Even though recuperation values met the aforementioned 
criteria, it is quite interesting to note that the values of the 
bleached analogue are systematically higher compared to 
those of the archaeologically bleached data set. This latter 
feature could be easily revealed from Fig. 5 where the recu-
peration values are plotted versus depth for both samples. 
High recuperation values indicate phenomena of charge 
transfer, which in turn could be attributed to the bleaching 
effect. 

2.2. Dose rate determination 

Thick source alpha counting was used for the determination of the 
uranium and thorium content. The a-counter used is an ELSEC low level 
alpha-counter 7286 with an EMI 6097 B PM tube, and ZnS(Ag) on mylar 
昀椀lm, incorporating an internal 6502 microprocessor and properly cali-
brated (Liritzis and Va昀椀adou, 2012). The U-238 and Th-232 are 
measured using the “pairs technique” (Aitken, 1985, 1998). The rock 
sample was crushed and ground down in agate mortar, the granulates 
sieved in particles 昀椀ner than 90 μm and dried in a drying oven for 24 h at 
60 çC to remove any humidity. Prior to the reading the pulverized 
samples were transferred in specially designed containers and sealed for 
4 days to allow build-up of gaseous Radon (Rn-222, half-life t1/2 = 3.823 
days) (Aitken, 1985, 1998; Liritzis and Va昀椀adou, 2012). 

The grains are of medium to coarse size, the predominant grain size 
had a mean of 400 ± 10 (1σ) μm (see Fig. 3). The a-ef昀椀ciency factor is 
taken equal to 0.10 ± 0.02 applied for medium to coarse-grained quartz 
(Olley et al., 1998). No acid treatment was performed. Attenuation co-
ef昀椀cients for alpha and betas per isotope are taken from Durcan et al. 
(2015, their Figs. 2 and 3); for φ = 400 μm on average for U and Th it is 
Da*0.1. The respective attenuation for betas per isotope on average are: 
for U and Th × 0.80, K: × 0.90, Rb: × 0.70. Considering the coating layer 
in quartz of 8–10 μm the average U and Th attenuation for alphas and 
betas is getting lower to about × 0.70 (Liritzis et al., 2019). The 
cosmic-ray dose-rate 0.20–0.30 mGy/a is not included in the NaI (Tl) 
reader. Cosmic rays dose rate for latitude 24çN and longitude 75çE and 
altitudes 450 m a.s.l. is estimated as 0.30 mGy/a. An average value of 
0.25 ± 0.05 Gy/ka was used. 

The total dose-rate can only be approximated under contemporary 
burial status, that is found ~200 cm below ground surface (Fig. 1b). Due 
to the inhomogeneous context no costumed software is prudent to use 
and each separate radiation component is meticulously evaluated (Lir-
itzis et al., 2013b; Liritzis, 2022). 

Table 2 
Steps, actions, comments, and technical speci昀椀cations on the (double) SAR 
protocol of the present study.  

Step 
no 

Action Comments & Technical Speci昀椀cations 

1 Regenerative dose, Di D1=0 Gy (Natural), D2-D7 Regenerative doses (8, 
15, 35, 50, 75 and 120 Gy), D8=0 Gy 
(Recuperation test), D9= D3 (Recycle point) 

2 Preheat Duration 10 s, Temperature 200 çC 
3 IR stimulation Duration 150 s, Temperature 30 çC: to deplete signal 

contamination from non-quartz minerals 
4 CW-OSL 

measurement 
Duration 100 s, Temperature 125 çC: Natural & 
regenerative OSL measurement Li from quartz 

5 Give test dose, Di Dt=15 Gy 
6 Cut-heat Duration 0 s, Temperature 180 çC 
7 IR stimulation Duration 50 s, Temperature 30 çC: to deplete signal 

contamination from non-quartz minerals 
8 CW-OSL stimulation Duration 100 s, Temperature 125 çC: Test dose OSL 

measurement Lt from quartz 
9 Return in 1 for a fresh 

sample 
Each measurement cycle was repeated for (at least) 2 
different aliquots.  
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2.3. Mineralogical, chemical and structural analysis 

2.3.1. Handling of the sample 
For the petrographic analysis the rock sample was cut using a dia-

mond saw, following a direction perpendicular to the outer, reddish 
colored surface rich in iron oxides (upper part of the sample in Fig. 3), to 
obtain a rectangular slab for preparing a thin section. For a thorough 
examination of any possible compositional variability existing across the 
sample, three different micro-samplings were further performed using a 
diamond tipped micro-drilling machine in subdomains of the sample 
where macroscopic differences were conspicuous (points DAR3_1, 
DAR3_2, DAR3_3; indicated by labels in Fig. 3c above). The material 
obtained from the three micro-samplings as well a whole sample aliquot 
was powdered using an agate mortar, to evaluate their mineralogical 
and chemical composition under X-ray techniques (X-ray powder 

diffraction and X-ray 昀氀uorescence analysis, respectively). 

2.3.2. Equipment and type of analysis 
The mineralogical and petrographic characteristics of the studied 

sample were obtained through thin section preparation and optical 
microscopy at the Laboratory of Mineral and Rock Research, Depart-
ment of Geology, University of Patras, Greece – LMRR. Microscopic 
observation of the thin sections was performed using a Zeiss AxioScope, 
along with a polarizing microscope equipped with a Jena ProgRes C3 
video camera. 

For compositional analysis, X-ray diffraction (XRD) was studied at 
the premises of LMRR. In particular, an aliquot of the studied sample 
was ground to <10 μm powder by using an agate mortar and was sub-
sequently analyzed under a BRUKER D8 Advance X-Ray diffractometer, 
with Ni 昀椀ltered Cu Kα radiation, operating at 40 kV/40 mA. The 

Fig. 4. Upper plot presents the equivalent dose (blue dots), the recycling ratio (red diamonds) and the recuperation values (black squares) as a function of the 
preheating temperature measured for an inside layer; an ED preheat plateau is yielded within 180 and 220 çC (line). The stimulation temperature of 200 çC was 
selected due to being in the middle of this plateau as well as due to the lowest corresponding recuperation value. Lower plot presents OSL signals following a selection 
of regenerative doses (according to Table 2). Just the initial 10 s of stimulation are presented for the sake of clarity. The inset presents a typical SAR growth curve, 
measured for an aliquot selected from the same layer. ED value (43.1 Gy) is provided by the interpolation of the natural normalized OSL signal (open dot) onto the 
dose response growth curve (line) resulting from the measurement sequence (昀椀lled dots). The dose response curve passes through the origin (昀椀lled star, recuperation 
point); Filled diamond represents the recycle point value. 
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interpretation of the acquired diffractograms and mineral identi昀椀cation 
was performed using DIFFRACplus EVA software (Bruker-AXS, Madison, 
WI, USA) based on the International Centre for Diffraction Data Powder 
Diffraction File (2006). The scanning area covered the interval 2ç–70ç

2θ, with a scanning angle step of 0.015ç 2θ and a time step of 0.1 s 
(Iliopoulos et al., 2011). 

The material remaining following the preparation of thin section was 
analyzed by means of X-ray 昀氀uorescence coupled with energy dispersive 
spectroscopy (XRF–EDS) performed at Laboratory of Electron Micro-
scopy and Microanalysis, School of Natural Sciences, University of 
Patras, Greece – LEMM, using a NEX CG, Rigaku system with an X-ray 
tube with Pd anode, working under a tube power of 50 W (50 kV to 2 
mA). It is equipped with 5 secondary targets and a silicon drift detector 
(SDD). Standardless analysis performed using RPF-SQX (Rigaku pro昀椀le 
昀椀tting – spectraquant X) software with a fundamental parameters 
method for accurate quanti昀椀cation combined with full pro昀椀le 昀椀tting 
method. 

The analytical techniques that were applied to investigate the in-
ternal nature of the rock art piece also include scanning electron mi-
croscopy coupled with energy dispersive spectroscopy (SEM–EDS) for 
both compositional and morphological analysis of the sample. A JEOL 
6300 scanning electron microscope equipped with an EDX spectrometer 
at LEMM was used for the main characterization; all measurements were 
performed on a carbon coated polished thin section under backscatter 
mode. The measurements were performed non-invasively and on intact 
surfaces using a removable, conductive carbon tape at 20 kV acceler-
ating voltage for 120 s count time; the analytical data were obtained 
using INCA software. 

Finally, cold cathodoluminescence (CL) microscopy was applied for 
unveiling further compositional details of the mineral grains at LMRR, 
using a Leitz Wetzlar Orthoplan Microscope on which a Reliotron III 
cathodoluminescence system is attached. The conditions used were 10 
kV excitation voltage and 0.200–0.400 mA current. Images were 
captured with a canon powershot A630 digital camera. 

3. Results 

3.1. Mineralogical, chemical and structural analyses 

3.3.1. Optical microscopy 
Sample DC-LIR1 was thin sectioned to be examined under a polar-

izing petrographic microscope (PLM) equipped with a progress Jenoptik 
digital camera aiming to characterize it both compositionally and 
texturally. Fig. 7a and b indicate that sub-angular to sub-rounded quartz 
grains predominate (>95% per volume), whereas potassium feldspar, 
quartzite fragments and argillite fragments are only rarely encountered. 
The size of the grains ranges from 0.2 to 0.6 mm (medium to coarse 
sand) with rare exceptions up to 0.8 mm (maximum grain size = 0.85 
mm). All grains are consolidated together through a cementing material 
which is either of siliceous composition (up to a depth of 4 mm from the 
upper reddish colored external surface; see Fig. 2) or iron rich siliceous 
(at depth greater than 4 mm from the upper reddish colored external 
surface; see Fig. 2). In the former case the thickness of the cementing 
material can reach up to 9 μm, as Fig. 7c and d indicate, whereas in the 
latter case, it never exceeds 4 μm (Fig. 7e and f). Fig. 6 presents the 
sample and the axis of sampling. 

Following a very careful examination of the quartz grains, their 
detrital origin can be recognized. Their shape is rounded to subrounded, 
but it is always severely obscured by the development of authigenic 
quartz over their rounded borders. Occasionally, the rounded shape of 
the detrital grains is nicely outlined due to their abundant tiny inclusions 
they contain, which however are completely lacking from the authigenic 
overgrowths (Fig. 7c to f). The abundance of such inclusions coupled 
with the undulatory extinction observed in most of the detrital quartz 
grains indicate their genetic af昀椀nity to metamorphic parent rocks. The 
grains are homogeneously distributed and are very well sorted. The 

petrographic analysis conducted has veri昀椀ed the sedimentary character 
of the analyzed rock, which due to the dominance of monocrystalline 
quartz grains can be classi昀椀ed is a typical quartz sandstone which due to 
the great amount of quartz can be referred to as quartz arenite (Fig. 7a 
and b). Compared to an earlier studied cobble the present sample is 
signi昀椀cantly more mature and coarser (medium to coarse sand) than the 
very 昀椀ne to 昀椀ne sand sample analyzed previously in Liritzis et al. (2019). 
Indeed, the intergranular pore space is considerably less represented in 
sample DC-3 (Fig. 7 e,f) compared to the counterpart reported in Liritzis 
et al. (2019). Similar differences can be outlined in terms of the chemical 
composition of the two samples (see, Table 3). Sample DC-3 is the one 
more siliceous (97% wt in respect to 94.1% wt if the less iron-rich parts 
of both samples are considered). 

On the other hand, if the Fe-rich parts of the two samples are 
considered then sample DC-3 contains higher amounts of Al2O3 (19.97% 
wt in respect to 4.21% wt) but is signi昀椀cantly poorer in Fe content 
(1.67% wt in respect to 60.90% wt). Then the larger size of DC-LIR1 
sandstone and sampled grain sizes coupled with Fe-stained coated 
grains, patina and weathered status, action of seepage of water into the 
samples and the cracking in that studied rock piece and the diffusion of 
weathered solution, produced a complex dose and dose rate evaluation 
consequence and consequently the age estimates. These differences in 
mineralogy and different origin of stone that fell from 昀氀aking, 
strengthens further the chronological signi昀椀cance of the obtained dates 
in this ongoing project in Indian Daraki-Chattan cave and associated 
rock art. 

3.1.2. Cathodoluminescence 
Cathodoluminescence analysis was performed to get an idea of the 

structural status within the piece overgrowths on detritus quartz 
implying possible chemical and/or physical changes during growth. The 
speci昀椀c analysis was performed on a non-polished, uncovered thin 
section prepared from the original specimen. The thin section was 
examined under the cathodoluminescence microscope across its length 
as the red arrow indicates. Images of Fig. 8 were captured with a Canon 
Powershot A630 digital camera. According to this image, the thin sec-
tion across the sample exhibit differences between luminescence of 
quartz grains (Fig. 8). Speci昀椀cally, blue- and dull cyan-luminescent 
quartz crystals were identi昀椀ed. Such discrepancies offer a 昀椀rst insight 

Fig. 5. Recuperation values versus depth from the surface for both samples (red 
dots for the bleached and blue squares for the original). Each data point cor-
responds to an average over two individual measurements for the same layer. 
For the sample that has been subjected to bleaching, the recuperation values are 
by two-fold increased, indicating the effect of intense charge transfer. 
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into the depositional processes of the sample under examination. 
Blue-luminescent quartz is attributed to the detrital origin of such 

grains, whereas dull cyan to red-luminescent quartz indicates their 
possibly authigenic origin. It is worth noting that in many instances 
(indicated with red arrows in Fig. 8) quartz grains exhibit a sub-rounded 
shape under CL observation, which is however heavily obscured through 
transmitted light observation. In fact, under plane polarized light the 
same grains appear angular to subangular due to their overgrowth by 
authigenic quartz, which is only revealed during the CL evaluation. In 
fact, petrographically it is quite far from what we call metamorphic 
quartzite. In a metamorphic quartzite we have recrystallization of 
quartz, therefore we would not expect the evidence to be evident 
regarding its authigenic or detrital origin and which are recognized by 
cathodoluminescence but also by careful petrographic observation. It is 
thus a sandstone that has undergone a high degree of diagenesis and the 
studied sample a quartz-arenite. 

3.1.3. X-ray powder diffraction analysis 
Fig. 9 presents typical X-ray diffractograms that were acquired for a 

selection of sample layers. Mineral identi昀椀cation was feasible by the 
interpretation of these, based on the International Centre for Diffraction 
Data Powder Diffraction File (2006). Quartz (Qz; SiO2) was revealed as 
the main mineralogical phase; nevertheless, traces of birnessite (Br; 
Na0.55Mn2O4⋅1.5H2O) and afghanite (Af; (Na,Ca,K)8(Si,Al)12O24(SO4, 
Cl)3) could be also detected throughout the depth of the sample. 

3.1.4. Bulk chemical analysis (XRF/EDS) 
The mean of 昀椀ve runs of the XRF/EDS analysis of the whitish part of 

the sample and the mean of three runs of the reddish part are given in 
Table 3. The major elements content of the sample DC-LIR1 reported by 
Liritzis et al. (2019) is also given for comparison reasons. Table 3 pre-
sents the SEM-EDS data on speci昀椀c points of the pro昀椀le for minerals and 
chemical elements corresponding to Fig. 10. It is worth noting the 
presence of zircon which implies high dose in that area and respectively 
may explain the individual high doses in some rare occasions along the 
pro昀椀le. 

3.4. OSL analysis and dating 

3.2.1. ED pro昀椀le description 
Fig. 11 presents the depth pro昀椀les of both natural equivalent doses 

for the buried clast (curve a) and the equivalent doses of the bleached 
analogue (curve b). At the same 昀椀gure, the boundaries within the 
collected samples are also presented. The term “boundaries” is used, as 
these indicate areas where physical properties of the sample, such as 
texture and color, change; the major sub-sectioning of the samples due 

to different physical properties is tabulated in Table 1. As it becomes 
quite prominent from this latter 昀椀gure, the behavior of the ED indicates 
a number of intense spikes, namely not continuous and quite steep in-
tensity discontinuities. These could be attributed to the main usual 
concerns with the current OSL SLD technique, such as uncertainties due 
to coring, slicing and labor-intensive sample handling in general, 
because of frequent mechanical breakage, leading to uncertainties in 
depth estimates, random inter-slice scatter in OSL intensity and spatial 
resolution problems. 

It is quite interesting to note that both macroscopical observations as 
well as analytical measurements using XRF, XRD, SEM-EDS and PLM 
indicated that the presence of spikes is monitored within the depths that 
are correlated with associated change of the physical properties within 
the sub-pieces. For the outer soft and reddish-brown material, the grains 
were coated with reddish (Fe, Mn)-aluminosilicate which occurred in 
situ, i.e. is post-depositional. The weathered solution covers grains along 
their cracked path resulting to a cemented coating of appreciable 
thickness which obviates luminescence light and their radiation emis-
sion to be detected (Liritzis et al., 2019). Effects of both staining and 
coating to quartz grains because of iron have been observed via 
SEM-EDS and stand as the main reason for the lack of totally zeroed 
quartz grains in the outer surfaces of either sub-piece. Similar to our 
previous study on the same archaeological site (Liritzis et al., 2019), the 
ED of the outer surface layer that has been exposed to light for prolonged 
time is not zero. Instead, a residual level of ED value was calculated 
which is explained as rather charge transfer process (see, also Liritzis 
et al., 2008). For the piece which is soft at the outer part regarding some 
high dose spikes in the sur昀椀cial layers especially, it can be explained due 
to diffusion into the quartzite for (a) variable sunlight bleach and (b) 
intrusion of potassium hydrolysates. The potassium values are variable 
and problematic as observed here (see Table 5), and the 0.03 (inner 
core) versus 0.4 (outer layers) of K2O values in the present piece of rock 
is indicative. For the latter, the presence of anomalies in the concen-
tration of some elements (in metals, such as K, Na, Mn, Mg, Ca and Fe, 
and in non-metals, such as, F and P) can be related to possible 
contamination because of elements 昀椀xation (Brinkiene et al., 2016). 
Compounds of sodium and potassium are abundant in nature and highly 
soluble in water. Some groundwater contains moderate amounts of 
dissolved material and transport of K+ (and rubidium, a beta emitter 
too) will be controlled by diffusion into bed sediments and harder media 
e.g. rocks (Du et al., 2005) as predicted and observed transport con-
centrations of K has been documented (Jackman et al., 1984). 

3.2.2. Physical interpretation and assessment of the ED pro昀椀les 
Concerning the Equivalent dose (ED) pro昀椀le versus depth, the spikes 

that are associated with quite large ED values imply domination of a 

Fig. 6. Sampling of the clast in red dim light conditions, upper surface was exposed to sun light in Rhodes Island, Greece.  
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sensitive 昀氀uorescent mineral (mostly quartz and in some cases feld-
spars), a feature that was easily revealed by the PLM measurements. In 
contrast, low ED values imply the presence of faint, or even non- 
luminescent minerals (such as mica or iron oxides) and/or absorption 
from an attached to grains non-luminescent medium; the former feature 
was also veri昀椀ed by the corresponding PLM measurements. This varied 
spatial luminescence response and its effect on the luminescence-depth 
pro昀椀les is an important 昀椀nd. 

Signal or ED depth pro昀椀le stands as the most important feature of 
rock SLD, as it enables the identi昀椀cation and, under certain circum-
stances, the dating of multiple burial and exposure events. Both dose 
pro昀椀les of the present study increase towards a seemingly saturating 
exponential value. Nevertheless, the presence of spikes makes the 
interpretation of these pro昀椀les quite dif昀椀cult. Thus, several data points 
were treated as outliers and were rejected following physical/mineral-
ogical criteria imposed by the characterization techniques applied 
(compare Figs. 11 and 12). Fig. 12 presents the corrected equivalent 
dose depth pro昀椀les for both bleached analogue as well as the original 
quartzite, following rejection of the outliers; both pro昀椀les are presented 
in the same plot for the sake of comparison. The few data points of the 
ED pro昀椀les were considered as outliers and thus rejected, and the 
rejection reason was a combination of (a) ED value that is not following 
the expected S-shaped pattern along with (b) CL and PL measurements 
that indicated very faint or very bright points and (c) compositional data 
that provide solid proof that at these speci昀椀c points, there are spatial 
phase transitions. 

Both pro昀椀les indicate the same behavior up to the depth of ~13.5 
mm, yielding the typical S-shape that is attributed to the attenuation of 
daylight 昀氀ux causing differential eviction of trapped charges with depth. 
A plateau (P1) is observed between ~ 6.5 and 15 mm of depth, dis-
playing a 昀氀at ED distribution (with some scatter). Such a plateau is 
expected to form during burial by uniform dosing of a previously 
bleached rock pro昀椀le. In deeper sampling the onset of saturation is 
reached. This is applied for a fresh rock surface which is for the 昀椀rst time 
exposed to light, which then penetrates the surface; the higher the 

Fig. 7. (A) Representative photomicrographs of sample DC-3 considered in the 
present study, examined under a polarizing petrographic microscope (PLM). 
The presence of such inclusions, together with the undulatory extinction found 
in the majority of the detrital quartz grains, suggests that they are genetically 
related to metamorphic parent rocks and size of the grains ranges from to 
0.20–0.85 μm. a) and b) predominant sub-angular to sub-rounded quartz grains 
whereas other minerals are only rarely encountered; c) and d) grains consoli-
dated through a cementing material of siliceous composition reaching a 
thickness up to 9 μm; e) and f) cementing material of iron rich siliceous, 
whereas thickness never exceeds 4 μm. (B) Representative photomicrographs of 
sample DAR3 (left column) compared to those reported for the sample analyzed 
(right) in Liritzis et al. (2019) for DC-1. 

Table 3 
The fresh surface of the buried sample analyzed by means of XRF/EDS. The 
average over 昀椀ve individual measurements of the XRF/EDS analysis of the 
whitish part of the sample and the mean of three runs of the reddish part. 
Comparison with earlier sample DC-1 (or DC-LIR-1 in earlier publication).   

DAR3 whitish 
part 

DAR3 reddish 
part 

DC1 whitish 
part 

DC1 reddish 
part 

MAJOR ELEMENTS (oxides in % wt.) 
SiO2 97.00 82.13 94.10 20.61 
TiO2 0.02 0.23 0.08 0.42 
Al2O3 2.12 13.97 4.94 4.22 
Fe2O3 0.11 1.67 0.46 60.90 
MgO 0.08 0.48 – 0.33 
MnO ND 0.03 – 1.30 
CaO 0.07 0.12 0.13 0.06 
P2O5 ND 0.14 – – 

K2O 0.03 0.40 0.05 0.24 
Na2O 0.13 0.26  – 

TRACE ELEMENTS (ppm) 
V 10 78   
Cr 6 42   
Co 6 5   
Ni 4 20   
Cu 99 19   
Zn 6 14   
Rb ND 6   
Sr 16 15   
Y 4 5   
Sn 93 75   
Ba 65 79   
Hf ND 10   
W ND 17   
Pb 3 13    
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exposure time the more activation energy is reaching the traps and more 
electrons are released, that is, more OSL light is measured. Thus, during 
exposure, the traps in layers near the surface are 昀椀rst emptied, and those 
in the deeper layers follow an exponential-like function of having been 
bleached, until the saturation is reached. It becomes prominent that the 
common equivalent dose pro昀椀le saturates at around (55 ± 5 Gy). This 

latter value was calculated via a 昀椀tting approach according to the 
following equation by Polykreti et al. (2002): 
ED(x)=EDres + EDsat " e−μt⋅e−kx 

It is worth mentioning that the former equation was not applied for 
the calculation of the bleaching duration-age of the quartzite clast 

Fig. 8. Representative photomicrographs along the thin section pro昀椀le (red vertical arrow of Fig. 10a) acquired using the cathodoluminescence apparatus (left 
column) and their relative view under transmitted light (center column: PPL = plane polarized light; right column: XP = crossed Nicols). In several occasions 
indicated with red arrows, the quartz grains display a sub-rounded shape under CL observation, severely obscured through transmitted light observation. 
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sample. This was not possible as many parameters of the aforementioned 
equation are unknown. This equation was used in order to estimate the 
saturation level EDsat (55 ± 5 Gy), the light attenuation coef昀椀cient k 
(0.595 ± 0.063 mm−1) and, indirectly, the bleaching front, namely the 
depth at which the ED gets the 50% value of the corresponding satu-
ration value of 55 Gy. The bleaching front was calculated at ~ (2.4 ±
0.1 mm) and it is indicated as a vertical line in Fig. 12. As expected, in 
the 昀椀rst ca 2.5 mm from top the ED of the bleached experiment are lower 
than the buried rock sample. These results indicate that the ED plateau is 
enough wide, ranging between ~7 and 13.5 mm, corresponding to a 
prolonged exposure time. 

These are the common features of the two ED pro昀椀les. In contrast, 
beyond the outer 13.5 mm, these pro昀椀les show prominent differences. In 
fact, the corrected dose pro昀椀le for the buried rock art yields the presence 
of another plateau P2. The increase of dose beyond a 昀椀rst wide plateau 
slowly reaches another 昀氀at area, which however is not so prominent due 
to scattering, saturating at (85 ± 6 Gy). In general, the features of this 
second single-plateau pro昀椀le were also revealed following 昀椀tting using 
the previous equation. Typical values for the light attenuation coef昀椀-
cient k is (0.463 ± 0.051 mm−1) and the bleaching front of the P2 is 
(17.3 ± 0.3 mm) from surface. Finally, this plateau is also quite wide, 
ranging between ~21.5 mm up to the last measurement, at around 28 
mm. 

For the bleached analogue, beyond 13.5 mm the ED pro昀椀le indicates 
a step-like increase of the ED that is followed by another plateau P3, as 
much wide as the 昀椀rst one, saturating at ~ (65 ± 5 Gy) (see Fig. 12). As 
this step-like increase takes place within only 3–4 data points, 昀椀tting and 
calculation of either light attenuation coef昀椀cient k or bleaching front 
becomes physically meaningless. This second plateau is monitored up to 
a depth of 23 mm; deeper, the ED value starts decreasing monotonically 
for depths up to ~27 mm. 

The shape of both equivalent dose pro昀椀les, consisting of two dose 
plateaus, provides a strong hint towards a multiple exposure event in the 
history of the sample. These events could be either irradiation events, 
corresponding to a stability level of the ED, or exposures to sun light. The 
equivalent dose pro昀椀les of Fig. 12 resemble the corresponding curve 
L4(x) of Freiesleben et al. (2015, their Fig. 1), of Liritzis et al. (2019, 
their Fig. 4) and Liritzis et al. (2017, their Fig. 4). The physics of trapping 
and de-trapping of electrons during radiation and light exposure along 

with the gradual bleaching of luminescence quanti昀椀ed as a function of 
depth which produces a family of sigmoid-like saturating exponential 
curves shifted with depth corresponding to certain sun exposure times, 
have already been discussed in Liritzis et al. (2017). 

When a piece of the petroglyph detaches and falls and is buried to the 
ground, being covered with surrounded sediment, the bleached electron 
traps of the 昀椀rst millimeters from surface are 昀椀lled with electrons due to 
the irradiation of the grains from environmental gamma rays and the 
alpha and beta particles of the rock piece itself, continuously up to the day 
of measurement in the laboratory. The increase of dose in these emptied 
traps when it was exfoliated is sensible with respect to the higher levels 
in deeper layers. At any rate, the second onset of plateau cannot be 
de昀椀ned whether it corresponds to a second exposure time (or 昀椀rst 
exfoliation) or it is the rock’s geological saturation level. As we are not 
aware if there was another detached part from the present piece of clast, 
we may consider a possible 昀椀rst event (possibly exfoliation or burial 
event) which resulted to the accumulation of the 85 ± 6 Gy and a second 
burial event for the 昀椀rst plateau of (55 ± 5 Gy). Therefore, the two 
equivalent doses can be used for de昀椀nitely one, but possibly two, burial 
ages. Nevertheless, there is also the possibility that the plateau ED value 
of (85 ± 6 Gy) corresponds to the equivalent dose accumulated since the 
production of the rock art. Following the above rationale, however, in 
the present study the 昀椀rst plateau suggests one exfoliation event accu-
mulated the equivalent dose value of the P1=(55 ± 5 Gy). Finally, a 
residual dose of 4.90 ± 0.37 Gy is obtained for the 昀椀rst surface layer 
measurement which implies either a recent exposure or most probable 
faint/non-luminescent minerals as explained above through PPL and CL. 

Moreover, according to the dose depth pro昀椀le and the abrupt change 
monitored for the lower face of the rock art sample, it is concluded that 
this lower face must have been the outer face detached from the rock. In 
contrast, the exposure to the sun was performed to the inner detached 
face of the rock; the gradual reduction of dose versus depth in the lower 
part of the pro昀椀le that sampling commenced was the one exposed to 
daylight. Unfortunately, since the material was very soft at the inner 
part, sampling and measurements of the 昀椀nal layers deeper than 28–29 
mm was not possible. 

3.2.3. Dose rate 
The present U, Th measured values are similar to the earlier sample 

Fig. 9. The XRPD patterns obtained through the analysis of the whole rock for DAR3-1, 2, 3 points of Fig. 3b.  
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Fig. 10. A: The pro昀椀le with numbered points analyzed by SEM-EDS data on speci昀椀c points of the pro昀椀le for minerals and chemical elements in Table 4. The red 
arrow indicates the sequence through which the photomicrographs acquired with the CL microscope. B: respective depth in mm (red) magni昀椀ed to read the layers’ 

numbers and thicknesses of DC-3 (see Table 4). 
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DC-1, with U = 0.70 ppm and Th = 3 ppm which are low, compared to 
other measurements in literature for sandstones: 4–7 ppm for Th (on 
average 5.5 ± 2 ppm), and 1–2 ppm for U (on average 1.7 ± 0.7 ppm); 
while for sand-sized quartz Th concentration is 3 ppm and that of U is 1 
ppm. Other minerals deposited in hydraulic equilibrium have on 
average Th = 4 ppm and U = 1 ppm (see, Rogers and Richardson, 1964). 
Sandstone and conglomerate are sedimentary products of weathering, 
erosion, deposition and cementation, similar to shale. Unlike shale, they 
seldom have a high content of radioactive minerals when deposited. 
However, they are much more porous and permeable and often host U 
and Th minerals deposited by groundwater. This latter case occurs in the 
present sandstone exfoliated from the rock art facade. 

Obviously, during exfoliation it fell on the ground and gradually 
became buried into the sediments by percolating waters and sediment 
development from various sources. This gives a variable gamma dose 
rate over time. Today the gamma ray dose-rate is considered over 4π 

geometry, giving full dose to the sample. The actual value of gamma 
dose rate should be lower. At any rate this uncertainty falls within the 
uncertainty of the calculated gamma dose rate. Water uptake (in the 
cave entrance stratigraphic pro昀椀le, see Fig. 1) is estimated to (50 ±
20)% throughout the years applied to the sediment not the rock sample. 
In fact the cave is moderately dark in its deeper part, as the large ves-
tibule permits ample light to enter. The light has not been measured. The 
cave is completely dry most of the year, but during monsoons, there 
might be water on the walls. The large sandstone clasts dominated 
gravel 70% and sand 10% and only ~20% clay and weathered limestone 
deposit, giving an uncertainty only to the gamma rays from the context. 

Considering all above factors, the dose rate derived from the U, Th, 
K, Rb of the rock itself and the surrounding sediment (mainly clasts), 
consists of respective alpha particles dose rate (from U, Th) of the stone 
piece, beta particles dose rate (from U, Th, K, Rb) from the stone piece, 
gamma rays dose rate (from U, Th, K) from the context and cosmic rays, 
and an assumed 0.1 Gy/ka internal dose for the quartz grains. It is equal 
to 1.20 Gy/ka. More details are tabulated in Table 5. 

3.2.4. Age estimation 
The sample after an unknown time on the rock surface had been 

subjected to sun exposure with total bleaching to zero from surface into 
the inner part of the rock to several mm, followed the time from when 
this rock piece became buried in the sediment. Upon burial, these zero 
parts 昀椀lled with a constant added dose which makes the 昀椀rst millimeter 
layers enhanced in dose up to an initial 昀氀at region. This occurs between 
6 and 13 mm. 

The total dose accumulated during burial in this range is P1=(55 ± 5 
Gy). The deeper parts are partially bleached to 昀椀nally reach an apparent 
saturation level which is either a second burial or indeed the geological 
luminescence. Thus, between 21.5 and 27 mm the gradual increase 
reaches the saturation at the P2~85 Gy. Then at the 昀椀rst layers like a 
residual dose implies exposure as reported earlier. 

From the above petrographic and luminescence data and considering 
various events in the history of the exfoliated and buried piece to be 
dated, we calculate the following ages in years before current era (BCE): 

Age = ED P2/DR or 71 ka ago (±12%) and the second burial age is: 
Age = ED P1/ DR or 46 ka ago ( ± 10%).

From an earlier dating project from the same cave and rock art an 
exfoliated piece bearing cupule of around 13 ka BCE broadly coincides 
to the end of the last glaciation, demise of the last ice (Late Glacial and 
Younger Dryas) and transition to the milder climate of the Holocene 
(Liritzis et al., 2019). The low ED at the beginning around 4 mm from 
surface cannot be explained at present attributed to a more recent burial 
event (~4 ka ago) or most probable faint/non-luminescent minerals as 

Fig. 11. Equivalent dose (ED) pro昀椀le versus the depth from the surface for the 
original clast sample coming from the rock surface above the ground (lower 
plot) as well as the bleached analogue (upper plot). In both pro昀椀les, spikes and 
discontinuities are obvious and could be attributed to the phase/composition 
discontinuities of the sample core. In general, both pro昀椀les provide trends for 
the presence of at least one plateau, along with a 昀椀nal saturation plateau at the 
edge of the core. Vertical lines present boundaries for areas indicating similar 
mechanical and optical properties; analytical techniques suggest also similar 
composition. 

Table 4 
The pro昀椀le with numbered points analyzed and minerals.  

Various mineral phases Cement matrix (Average over 5 independent measurements) 
Sample DC-3 DC-3 DC-3 Sample DC-3 DC-3 DC-3 DC-3 
analysis pic3 pic4-1 pic4-3 analysis pic1 pic4 pic5-6 pic9 
mineral ? baryte zircon      
SiO2 – – 32.56 SiO2 57.95 56.90 37.05 63.51 
TiO2 – – – TiO2 – – 1.34 – 

Al2O3 33.59 – – Al2O3 39.19 43.10 30.68 23.78 
P2O5 31.64 – – P2O5 – – 2.97 – 

Cr2O3 – – – K2O – – 0.62 3.05 
Fe2O3 – – – Fe2O3 2.86 – 27.34 8.84 
MgO – – – MgO – – – 0.82 
CaO 1.45 – – CaO – – – – 

SrO 7.49  – Total 100.00 100.00 100.00 100.00 
BaO – 59.71 –      

SO3 3.37 40.29 –      

La2O3 3.99  –      

Ce2O3 7.23  –      

ZrO2 – – 67.53      
Total 88.76 100.00 100.09       

G.S. Polymeris et al.                                                                                                                                                                                                                            



Quaternary Geochronology 78 (2023) 101472

15

explained above (Table 5). 

4. Discussion 

As Fig. 11 reveals, the majority of the OSL ED spikes occur very close 
to the boundaries, as these were identi昀椀ed by the complementary 
analytical characterization techniques, providing thus strong evidence 
regarding the uncertainties due to mineralogical heterogeneity and 
presence of phase transitions-alterations within the host material 
(McKeever, 1985; Townsend et al., 2002, 2008). Besides dosimetry and 
dating, several alternatives and, at 昀椀rst sight, unlikely applications have 

either been reported or just attempted using luminescence, mostly in 
terms of TL. A full list of these applications would, undoubtedly, include 
solid-state crystal and defect structure analysis (McKeever, 1985). 
Luminescence ef昀椀ciency, emission spectra, and excited state lifetimes 
(and thus ED as well) are all in昀氀uenced by a number of factors, the most 
common of which being the crystalline phase, pressure and temperature 
(Townsend et al., 2008; Polymeris et al., 2017). Discontinuous changes 
in these luminescence parameters occur during phase transitions whilst 
exciting, heating, or cooling, the samples. Phase changes also occur due 
to impurities and adsorbates attributed to moisture, as these modify the 
host material re昀氀ect on crystal growth and surface treatments. The 
changes of the luminescence intensity/sensitivity imposed by ionizing 
radiation to the physical properties of various minerals are at the same 
time numerous as well as extremely rapid. In other words, OSL ED ful-
昀椀lls the requirement for high sensitivity and discrimination associated 
with identifying the presence and behavior of both host and precipitate 
phase transitions (Polymeris et al., 2012, 2017). Luminescence offers 
detection of phase inclusions or surface defects even below the ppb 
levels (McKeever, 1985; Townsend et al., 2002, 2008), yielding detec-
tion thresholds comparable, or slightly worse than the 109 - 1010 spins 
for the case of Electron Paramagnetic Resonance (EPR, Ikeya, 1993). 

The sample DC-3 considered in this report is classi昀椀ed as a quartz 
arenite. The petrographic characteristics of this rock highlight its high 
textural and mineralogical maturity, composed mainly of mono-
crystalline quartz of medium to coarse sand size and only traces of poly- 
crystalline quartz (quartzite) and argillite fragments. Concerning the 
non-luminescence in three depths for buried and modern bleached ones 
(~4–5, 11.5–13, ~15, ~21 mm) the cathodoluminescence spectra give 
some clue, by giving dark areas of non-luminescence, yet the SEM-EDS 
taken in three points (Table 3) did not result in any unusual presence 
of non-luminescent oxides but implication for non-luminescent induced 
radiation is possible (Pinnioja, 1998). The latter has been observed and 
OSL and TL intensity is in昀氀uenced by impurities in the mineral lattice, 
such as aluminium, iron, germanium and copper atoms (Schmidt et al., 
1974; McKeever, 1984, 1985; Poolton et al., 1996). Al and Fe have been 
readily found in the analysis of the DC-3 quartzitic sandstone. A model 
proposed by Hashimoto et al. (1997), which analyses the role of Al 
impurity in the lattice, explains the role of the luminescence based on 
observations made in electron spin resonance (ESR), nuclear magnetic 
resonance (NMR) and neutron activation analyses (NAA). In the case of 
small Al impurity concentrations, about 30 ppm, a relatively large 
number of Al-hole centers will be created. These centers act as 

Table 5 
Radioisotopic content of U, Th, K for rock and surrounding (sur-reddish), the dose rates of alpha (Da), beta (Dβ) and gamma ray (Dγ), total doses and ages before current 
era (BCE). Dose rate conversion factors are from Liritzis et al. (2013b).  

U ppma rock/sur Th ppm rock/sur K2O%b rock/sur- 
red 

Dac 

Gy/ka 
Dβ 

Gy/ka 
Dγ

d 

Gy/ka 
Dc, Gy/ 
ka 

Dqe 

Gy/ka 
Dose 
Ratef 

Gy/ka 

D, Gy Age, ka BP 

0.70/2.60 (±0.075, 
0.25) 

3.00/10.60 
(±0.3, 1.0) 

0.03/0.4 (±0.003, 
0.04) 

0.16 ±
0.018 

0.13 ±
0.011 

0.56 ±
0.04 

0.25 ±
0.05 

0.1 ±
0.01 

1.20 ±
0.13 

55 ± 5 
85 ± 6 (4.9 ±
0.4)g 

46 ± 4 
71 ± 5 
(~4.1)  

a The K, U, Th were also measured using a portable NaI scintillometer as average over three readings (K = 0.4 ppm, U = 2.6 ± 0.3 ppm, Th = 10.6 ± 0.3 ppm) made 
by Robert Bednarik for the excavators. Similar values we obtained from SEM-EDS. In fact, colleagues from Ahmedabad NRL India (A. Singhvi et al.) comment that there 
is a problem with K value. It is used to seeing numbers like 1% but since the low (ppm) value is given in numbers by the NaI (Tl) from R. Roberts (Australia), they used 
the same value (Pers comm. 27 February 2016 to Giriraj Kumar from Ashok Singhvi). The rock’s U and Th was measured by calibrated alpha counting. At any rate 
aluminosilicates when subjected to the hydrolysis reaction produce a secondary mineral rather than simply releasing cations, thus leaching potassium e.g. 2KAlSi3O8 
+2H2CO3 +9H2O ↔ Al2Si2O5(OH)4 +4H4SiO4 +2 K +2HCO3. 

b Potassium oxide K2O measured by SEM-EDS equals 0.03% and 0.40% for the white and external reddish colour respectively. Potassium% = K2O*0.83013. Rb is 
taken as K/Rb = 200, Rb––K/200 = 0.1/200 = ~0.0005 = 0. 

c Today the gamma ray dose-rate is calculated over 4π geometry, giving full dose to the sample. The actual value of gamma dose rate should be lower. At any rate this 
uncertainty falls within the error bars of the calculated gamma dose rate. 

d Water uptake is taken 50% and applies to environmental radiation not to the Dα and Dβ of the rock itself. Dγ,wet = Dγ,dry/{[1.14 (w/d−1)] + 1} = Dγ,dry/1.57, w =
saturated weight, d = dry weight. 

e Internal dose-rate to quartz. 
f The corrections to Dα, Dβ, Dγ dose rates are given in the text, Section 4.7.3. 
g The age implies a possible exposure due to re-arrangement of strata. 

Fig. 12. Equivalent dose (ED) pro昀椀le versus depth from the surface for both the 
bleached analogue as well as the original sandstone (quartzite) clast sample; in 
both pro昀椀les some data points yielding spikes and discontinuities were removed 
as outliers. Lines correspond to the best 昀椀t pro昀椀les according to equation of 
Polykreti et al. (2002) for various bleaching and irradiation events. Vertical 
lines correspond to the bleaching fronts corresponding to the two main pla-
teaus. Brown diamonds represent the bleached experiments and the blue solid 
circles data of original rock pro昀椀le. The two equivalent doses of P1 and P2 
imply de昀椀nitely one but possibly two burial ages or the P2 refers to an exfoli-
ation or burial event and the P1 another burial event. It is possible that the P2 
plateau corresponds to the equivalent dose accumulated since the production of 
the rock art. P3 plateau is monitored for the bleached analogue sample. 
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luminescence centers at the blue band of the spectrum (Hashimoto et al., 
1996). Low Al impurity concentrations in minerals are formed during 
slow cooling of magma - such as in plutonic rock formation. Higher 
impurity concentrations, above several tens of ppm, are accompanied by 
high concentrations of hydroxyl (OH-) bond, possibly caused by crystals 
formed during fast cooling of magma as in the case of extrusive (vol-
canic) rock formation. During irradiation, the hydroxyl sites will induce 
the formation of Hç atoms, which because of their small size are labile 
and mobile within the quartz lattice. As a result, the Hç atoms readily 
combine with the Al-hole centers, and the radiation-induced signals 
from surrounding radiation sources (U, Th, K, Rb, Cosmic) disappear 
(McKeever, 1985; Hashimoto et al., 1996, 1997). These holes, or “killer” 

centers emit radiation outside the detected wavelength band. 
The variations of dose in the bleached luminescence from the top 

surface to the inner parts of the rock follow a similar increased dose 
towards a saturating exponential as the original surface. The similar 
behavior of doses implies that the nine months of sun exposure has not 
resulted in suf昀椀cient bleaching below the surface but the anticipated 
lower residual at the 昀椀rst about 3–4 mm below the top. The traps at 
deeper layers follow an exponential-like function of having been 
bleached via a double exponential 昀椀tting (Polykreti et al., 2002), yet it 
has been shown that an error function of cumulative log-normal distri-
bution equation, for ancient marbles and granites, with attaching 
physical meaning to coef昀椀cients, can produce family curves as a func-
tion of exposure time (that is the age) and a shift of the saturation 
exponential curve to higher depths (Laskaris and Liritzis, 2011). This 
latter approach is under further investigation. 

The accumulated luminescence dose since burial de昀椀nes the time the 
stone has fallen providing a constrained terminus post quem for the 
carved adjacent petroglyphs the earliest being ~71 Ka ago. Hence, 
concerning the magnitude of the age of the deposition of the clast it is 
slightly postdating an exfoliated cupule fragment: it does not date the 
rock art, which is already known to be of Lower Palaeolithic antiquity. 
Thus, it provides a very conservative minimum age, because we cannot 
estimate how long it took to exfoliate from the cave wall. 

To recapitulate, (a) the complex combination of present multiple 
petrographic characterization of mineral grains along the piece of stone 
pro昀椀le, coupled with dose pro昀椀les, and (b) the due care in taking 
luminescence readings, in conjunction to (c) respective theoretical 
interpretation of dose and dose rate and age results, form a robust 
methodology which strengthens our study. 

The limitation of our methodology lies in the constraint chronology 
of stone fall. Another point needing attention concerns the meticulous 
sampling along a piece of rock and its facing surface when in the rock 
and which is detached from the rock. Such restrictions in attributing 
reliable dose plateau and hence 昀椀nd exposure-burial histories can be 
tested with a modern sun exposure of the same rock for a period of some 
weeks or months as we have done and compared with the original 
pro昀椀le. Last, some low or non-luminescent minerals (con昀椀rmed and by 
CL) do not follow the expected trend of dose versus depth and are 
removed. 

5. Conclusions 

The Indian rock art site Daraki-Chattan is the subject of an ongoing 
project regarding chronological appraisal of famous petroglyphs in situ 
and those exfoliated found deep in the site’s sediment. OSL and various 
petrographic analysis were combined to provide an objective age 
determination of a sedimentation event postdating the deposition of an 
exfoliated slab bearing cupule, which has been achieved with a detailed 
supportive methodological approach. The quartzite clast piece DC-3 was 
found buried in under 2 m of very coarse sediment as can be seen from 
the images (Fig. 1b and 2), and the accumulated luminescence dose 
since it became concealed provides a conservative minimum age for the 
rock art found stratigraphically below it. The time span elapsed between 
the time the cupule was created on the cave wall, became exfoliated, 

transported by gravity through the cave entrance, then covered by 
sediment needs to be added to the burial time of DC-3 to estimate the age 
of the rock art. That time span remains entirely unknown. But two 
burial-sun exposure events are recorded at around 46 ka and 71 ka ago. 
Analytical investigation of the mineralogy of the sampled pro昀椀le of this 
piece of rock with detailed microphotography, SEM, CL, XRD, XRF, 
explained the dose behavior in particular depths from the top of the rock 
piece. 

The studied rock sample is estimated to have been buried about 46 ka 
ago and represents a last burial event with another possible exposure- 
burial event of same clast occurring at around 71 ka ago. These burial 
events provide a most conservative terminus post quem for the petroglyph 
found below it, which was probably made during the site’s Oldowan 
Mode 1 occupation. 

The presented methodology provides novel OSL chronological in-
formation from a challenging archaeological setting where few other 
dating approaches would succeed. Also, it contributes to understanding 
the complex signal-depth pro昀椀les in rocks; this is important since the 
signal resetting with depth is a unique tool only available with rock 
surface dating. The combined OSL dating of the fallen exfoliated rock 
piece with petrographic analysis, shows that those analytical tools are 
complementary to each other and support the proper manner to assess 
radiation dose rates and equivalent luminescence dose. Beyond weath-
ering status of rocks, the presence of non-luminescent minerals along the 
present rock equivalent dose pro昀椀le is also dealt with properly. 
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