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This study utilizes OSL-SAR, TL-SAR, and TL-MAAD methods to date heated quartz extracted from burnt clay and pottery samples from the Lingjiatan archaeological site, China. The OSL components of the heated quartz were determined by deconvoluting the CW-OSL curve, and the Fast Ratio value was used to distinguish whether the initial OSL signal was dominated by the fast component. The results show two types of quartz OSL characteristics in the initial signals: Type I is dominated by the fast component (Fast Ratio values > 10), while Type II is dominated by the medium and slow components (Fast Ratio values < 10). Type I samples show bright OSL signals, and a preheat plateau appears from a relatively low temperature. The recuperation is negligible, and reliable equivalent doses can be obtained using the conventional OSL-SAR measurement conditions. In contrast, the OSL signal of Type II samples is relatively dim, and the preheat plateau appears from a much higher temperature than in Type I samples. The recuperation of Type II samples increases significantly at higher preheat temperatures. Significant De underestimation of Type II samples was observed at lower preheat temperatures. It is noted that the thermal transfer effect can be attenuated by increasing the OSL stimulation temperature. Therefore, a modified OSL-SAR measurement condition, with higher preheat, cut-heat and stimulation temperatures, was used to date Type II samples. The OSL-SAR ages of most of these two types of samples agree well with the independent 14C ages, demonstrating that OSL-SAR can be used to date heated archaeological materials at high firing temperatures (∼900°C). The Lingjiatan archaeological site was determined to be approximately 5.4–5.8 ka BP 2022.
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1 INTRODUCTION
Since the 1960s, Aitken has utilized thermoluminescence (TL) dating to determine the time of the last heating event of heated archaeological materials (Aitken et al., 1964, Aitken et al., 1968). In the past 2 decades, the single aliquot regenerative dose optically stimulated luminescence (OSL-SAR) dating protocol has been proven to be a robust approach in sediment dating (Murray and Wintle, 2000; Wintle and Murray, 2006; Murray et al., 2021). Archaeologists started to apply the OSL-SAR method to date heated archaeological materials, such as pottery, brick, tile, heated lithic (flint or stone), burnt clay, kiln, metallurgical slag, etc. (Gautier, 2001; Bailiff, 2007; Liritzis et al., 2016; Richter et al., 2017; Zander et al., 2019; Sun et al., 2021; Wang et al., 2022). The OSL signal can be deconvolved into components with different decay rates (Huntley et al., 1996; Bailey et al., 1997; Bulur, 2000; Jain et al., 2003), and they have different characteristics, such as thermal stability, bleaching rate, dose saturation, and annealing temperature response (Singarayer and Bailey, 2003; Tsukamoto et al., 2003; Gong et al., 2014, 2015). The OSL-SAR method is considered reliable for quartz if the fast component dominates its initial OSL signal (e.g., within 0.8 s). In the research of geological sediments, if the initial OSL signal contains a significant thermally unstable medium or slow component, the OSL age would be underestimated (Choi et al., 2003a; Tsukamoto et al., 2003; Thomas et al., 2005; Li and Li, 2006; Steffen et al., 2009). However, some previous studies proposed that medium or slow components of the quartz OSL signal in some samples were thermally stable and did not affect the OSL age (Singarayer and Bailey, 2003; Fan et al., 2009).
Multiple studies suggested that the OSL age of heated archaeological quartz was significantly influenced by the component characteristics. For example, Fu et al. (2010) found that the initial OSL signals of burnt clay from the Qujialing archaeological site in China were all dominated by the fast component, and their OSL ages were consistent with the independent 14C ages. When Solongo et al. (2021) dated the OSL ages of two Mongolian bricks, the initial OSL of one red brick was dominated by the fast component, and the age agreed with the historical age, while the medium component of another gray brick was significant, and the dating result was underestimated. Anderson and Feathers (2019) found two types of samples with different decay rates in the OSL dating of pottery from archaeological sites in the Arctic. One type with a fast decay rate results in reasonable ages, while the other type with a slower decay rate is exceptionally overestimated. Recently, Wang et al. (2022) reported that a high annealing temperature (over 600–800°C) would decrease the OSL decay rate of quartz through pure quartz simulation heating experiments.
Until now, the component characteristics of heated archaeological quartz with two different OSL decay rates and their effects on OSL dating results remain unclear. This study focused on burnt clay and pottery shards, which are the most commonly found materials in Chinese archaeological sites. The burnt clay and pottery shards excavated from the Lingjiatan archaeological site were used as an example to investigate the component characteristics of the samples with different OSL decay rates, quantitatively described as Fast Ratio (Durcan and Duller, 2011), and to explore the effects of preheat and stimulation temperatures on recuperation and De estimates. OSL-SAR was compared with TL-SAR, TL-MAAD, and 14C dating methods to verify the accuracy of OSL-SAR in dating heated archaeological quartz with different components.
2 ARCHAEOLOGICAL CONTEXT AND SAMPLING
The Lingjiatan site (31°29′ N, 118°02′ E) (Figure 1) is a large Late Neolithic archaeological site located in the East China Plain on flat terrain with an average elevation of approximately 18 m. The site belongs to Hanshan County, Maanshan City, Anhui Province. It is approximately 20 km from Chaohu Lake to the west, 35 km from the Yangtze River to the east, 5 km from Taihu Mountain to the north, and adjacent to the north bank of the middle section of the Yuxi River to the south (Anhui Provincial Institute of Cultural Relics and Archaeology, 2006). In the site, a large number of precious jades, stone tools and pottery have been unearthed. The discovery of Neolithic burials, altars and sacrificial pits within the site indicates that the Lingjiatan site is an essential part of Chinese civilization. There exists a massive region with densely distributed burnt clay at this site, covering an area of more than 3,000 m2. Likely to be the remains of large-scale public buildings such as temples or palaces, this large area of burnt clay is an important relic of the Neolithic period in China, but without an absolute age published. Therefore, this study used the luminescence dating method to determine the absolute age of these heated archaeological materials, which will provide solid chronological evidence for further research on the function of the giant prehistoric public building remains at the Lingjiatan site. The samples in this study contain seven burnt clay blocks and three pottery shards, all taken from the burnt clay layer. Burnt charcoal chips and plant remains were extracted from the burnt clay, which provides suitable material for comparing the luminescence and 14C ages.
[image: Figure 1]FIGURE 1 | (A) The location of the Lingjiatan archaeological site. (B) Aerial view of the site excavation. (C) The picture shows the red burnt clay profile with the pottery shards collected for dating buried in the burnt clay. The black material mixed in burnt clay is burnt charcoal chips collected for radiocarbon dating. (D) The picture shows the pottery heap formed by a large number of pottery. (E) Buried pottery shard, similar to (C). (F) Large carbonized wooden building Pedestal, surrounded by burnt clay.
3 METHODOLOGY
3.1 Optically stimulated luminescence and thermoluminescence dating
For burnt clay, the pure fine-grained quartz was extracted using a fine-grained technique. The burnt clay samples were cut by a diamond saw, and approximately 2–3 g of powders were extracted from the unexposed position on the profile using a drill. The 4–11 μm grains were extracted by hydrostatic sedimentation according to Stokes’ Law and treated with 10% hydrochloric acid and 10% hydrogen peroxide for 1 h each to remove possible carbonates and organic matter, respectively. The samples were then treated with 15% fluorosilicic acid for 8 h to remove feldspar and clay minerals. Finally, the samples were treated with 10% hydrochloric acid to remove the fluoride generated by the reaction. If the prepared samples contained any IRSL signals, the last two steps of fluorosilicic acid and hydrochloric acid treatments were repeated until no IRSL signals could be detected. For pottery, a coarse-grain technique was used. The surface-exposed parts (2–3 mm) were first removed using a drill, then gently ground with an iron mortar and then sieved to separate the >63 μm fraction. The chemical treatment was similar to that of the fine grain, the only difference being that the fluorosilicic acid was replaced by 40% hydrofluoric acid with a dissolution time of 40 min. Subsequently, sodium polytungstate solutions of 2.60 and 2.70 g/cm3 were used to separate the remaining feldspar and heavy minerals. Finally, 63–90 and 150–250 μm coarse-grained quartz grains were extracted through second sieving.
The luminescence dating procedure was carried out on a Risø TL/OSL-DA-20 instrument with a90Sr/90Y β radioactive source. The stimulation light source was 470 ± 30 nm blue LEDs (Bøtter-Jensen et al., 2003a) with a maximum power of 45 mW/cm2. An EMI 9235QB photomultiplier tube equipped with a Φ = 45 mm × 7.5 mm U-340 filter was used to detect ultraviolet emission (Bøtter-Jensen et al., 1995).
As shown in Table 1, three protocols were used to obtain De. Namely, the single aliquot regenerative dose optically stimulated luminescence dating (OSL-SAR) (Murray and Wintle, 2000; Wintle and Murray, 2006), the single aliquot regenerative dose thermoluminescence dating (TL-SAR) (Bluszcz and Bøtter-Jensen, 1995; Richter and Krbetschek, 2006) and the multiple aliquots additive doses (TL-MAAD) (Aitken, 1985).
TABLE 1 | Summary of sample description, radioactive element content, dose rate, OSL, TL and14C ages.
[image: Table 1]For OSL-SAR, the width of a single channel was 0.16 s, and the first 0.8 s and the last 8 s of the OSL signal were used as the integration intervals for the signal and background, respectively. The dose response curves were fitted with exponential or linear functions, and each aliquot was subjected to a series of rejection criteria., i.e., a recycling ratio of 0.9–1.1, Tn is more than three sigma above the background, the relative standard error of Tn is below 10% and the recuperation is within ±5%. The relationship among preheat temperature, stimulation temperature and De estimation was investigated, which was used to determine the optimal measurement conditions. A dose recovery test was used to characterize the effectiveness of the method.
During the application of the TL-SAR method, TL signals were recorded from room temperature to a maximum of 450°C. Both the De plateau test (relationship between De and integration temperature) and the heated plateau test (ratio of the first regenerated dose signal to the natural dose signal, i.e., R1/N) were performed (Richter et al., 2014). The temperature range in which appear both plateaus simultaneo usly was considered as the TL integration interval.
For TL-MAAD, the TL signals of N (natural), N+β and N+2β are used to build the dose response curve (DRC), and each step contains three aliquots. Similar to TL-SAR, the De plateau and heating plateau (the ratio of N to N+β) are used to determine the TL integration interval. The De before correction (Q) can be obtained by intercepting the DRC with the y-axis. In the supra-linearity test, a series of aliquots were hot bleached at 450°C and given small incremental regenerative doses to establish the DRC used to obtain the initial correction value (I). The corrected palaeodose P equals Q + I (Aitken, 1985; Zander et al., 2019). Supplementary Table S1 in the Supplementary Material shows the details.
3.2 Data analysis using R
3.2.1 CW-OSL fitting
The OSL signals can be divided into multiple components (fast, medium, slow components, etc.) by deconvoluting continuous-wave OSL or linearly modulated OSL curves (Huntley et al., 1996; Bailey et al., 1997; Jain et al., 2003). Although simple, CW-OSL contains the same physical information as LM-OSL but demonstrates a higher signal-to-noise ratio (Choi et al., 2006; Huntley, 2006; Jain and Lindvold, 2007; Rawat et al., 2014). This study used CW-OSL nonlinear fitting to monitor the OSL component properties of natural and regenerative dose signals. Assuming that each component in CW-OSL follows an exponential decay, the CW-OSL signal [L(t)] as a function of time (t) can be expressed as Eq. 1. (Bulur, 2000; Bøtter-Jensen et al., 2003b).
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where i (i = 1, 2, 3 …) represents the ith decaying component, ni represents the number of initially trapped electrons of the ith component, bi represents the detrapping probability of the ith component (unit is s−1), and Ii represents the initial OSL intensity of the ith component. Meanwhile, the relationship of the photoionization cross-section of the ith component (σi, the unit is cm2), detrapping probability of the ith component (bi), stimulating photon flux (I0, unit is photons/(scm2)), maximum LED stimulation power (Pmax, i.e., at 100% LED power percent, unit is mW/cm2), and LED power percent set in Risø Sequence Editor (η, unit is %) satisfies Eqs 2, 3. [Adapted from Choi et al. (2006)]
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The stimulation light source was a blue LED (λ = 470 ± 30 nm), the corresponding single-photon energy (E) was 4.23 × 10–19 Ws, and Pmax (45 mW/cm2) was obtained from Risø according to the instrument serial number. All deconvolution processes used the fit_CWCurve () function (Kreutzer, 2022) in the R package “luminescence”.
3.2.2 Fast ratio
Fast ratio (Durcan and Duller, 2011) can be used to distinguish whether the fast component dominates the initial signal of quartz. The fast ratio value can be described by the following equation:
[image: image]
where LF or LM means the representative channel signal whose proportion of fast or medium component intensity is largest, respectively. LM can also be obtained by the time when the fast component intensity decreases to 1%. Similarly, Lbg, namely, the average background signal, can be calculated from the medium component intensity decreasing to 1%–0.1% of its initial value (Durcan and Duller, 2011). Eq. 5 describes the relationship between bi (which has been discussed in 3.2.1) and ti, where ti represents the time when the signal of component i decreases to 1% of its initial value. The relationship between the time when the signal of the ith decaying component depletes to 1% of its initial values (ti) and the corresponding detrapping probability of the ith component (bi) can be calculated as follows:
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Using ti calculated from Eq. 9, we can obtain the corresponding LF, LM, and Lbg from the OSL curve for the calculation of the fast ratio value by Eq. 4.
3.2.3 De estimation, age model and radial plot
The R package “numOSL” (Peng et al., 2013; R Core Team, 2016; Peng and Li, 2017) is used to fit DRC and estimate De based on the rejection criteria mentioned above. According to the firing temperature results obtained from the thermal expansion method (see Supplementary Figure S3), the samples in this study were fully hot bleached. Therefore, only the central age model (Galbraith and Roberts, 2012) was used to calculate the De. The De calculation and plotting radial plot used the calc_CentralDose () function (Burow, 2022) and plot_RadialPlot () function (Dietze and Kreutzer, 2022) in the R package “luminescence”, respectively.
3.2.4 Dose rate
The dose rate was calculated using the use_DRAC () function (Durcan et al., 2015; Kreutzer et al., 2022) in the R package ‘luminescence’. α, β, and γ dose rate contributions are converted from radioactive elements U, Th, 4 K using radionuclide conversion factors reported by Guérin et al. (2011). Attenuation factors caused by water are reported by Aitken and Xie (1990) and Zimmerman (1971), which are 1.49, 1.25, and 1.14 for α, β, and γ dose rate contributions, respectively. The water content was based on the measured values, and a relative error of 50% was assumed. To calculate the alpha dose for fine-grained quartz, an alpha efficiency (α-value) of 0.038 ± 0.002 was determined according to Rees-Jones (1995). The attenuation factors of α and β dose rates for different grain sizes are based on Bell (1980) for alpha particles and Guérin et al. (2012) for beta particles. Cosmic was calculated using the formula proposed by Prescott and Hutton (1988, 1994). The relative error for the cosmic dose rate is taken as 10% (Durcan et al., 2015). The contents of U and Th were obtained using ICP-MS, and K was obtained using ICP-OES. The relative errors of radioactive elements U, Th, and 4 K were taken as 10%, 10%, and 5%, respectively (Wang et al., 2022).
For the burnt clay, we selected samples of a large size (approximately 15–30 cm) so that the dose rate was mainly from within itself. For pottery, the total dose rate can be divided into the internal dose rate of the pottery itself and the external dose rate generated by the soil around the pottery (after removing approximately 3 mm from the surface, the external dose rate only indicates the γ dose rate). To maximize the accuracy of the dose rate, we also measured the radioactive element content of the sediments attached to the surface of the pottery to calculate the external dose rate.
4 RESULTS
4.1 Fast ratio and relative component contribution
The burnt clay and pottery collected from the Lingjiatan site can be classified into Type I (Figures 2A–D) and Type II (Figures 2E–K) according to the quartz natural dose brightness and relative component proportions. Burnt clay LJTBE01, LJTBE08, LJTBE09, pottery LJTPott01, LJTPott05, and LJTPott06 belong to Type I (6 samples), while LJTBE02, LJTBE03/04, LJTBE05, and LJTBE06/07 belong to Type II (4 samples). To compare the discrepancy in sensitivity between these two types of samples, the OSL sensitivity (counts/Gy/mg) of Tn within 0.8 s was calculated (see Supplementary Table S2). The higher quartz brightness of the Type I sample (average of approximately 502–14,624 counts/Gy/mg of Tn for different samples) indicates a higher sensitivity of the OSL signal. The Type II sample has relatively dimer quartz brightness (average of approximately 81–148 counts/Gy/mg of Tn for different samples), indicating a lower OSL sensitivity. For Type II samples, the relative fast component proportion varies from 34% to 60% between samples, from 25% to 37% for the medium component, and from 16% to 29% for the slow component. For Type I samples, the fast, medium and slow component variations range from 60%–86%, 14%–39%, and 0.4%–5%, respectively. Although Figure 2 shows only the component characteristics of the natural signal, the results of regenerative doses and test doses in the subsequent cycles show consistent results compared with Figure 2 (see Supplementary Table S2 for details).
[image: Figure 2]FIGURE 2 | The component photon counts and relative percentages of the natural OSL decay curves after deconvolution using CW-OSL fitting. All original curve data are obtained from the pure quartz OSL-SAR dating procedures. (A–D) Type II samples. This type of sample is dim, which shows the characteristics of a slow decay rate. In the initial OSL curves (within 0.8 s), a relatively minor proportion of fast components, or even not dominated by fast components, and significant medium and slow components. Four samples belong to type II, their preheat temperature is 260°C, and their excitation temperature is 180°C. (E–K) Type I samples. This type of sample is bright, showing a fast decay rate. The fast component dominates the initial OSL signal (within 0.8 s), while the medium and slow components account for a minor proportion. Six samples belong to type I, their preheat temperature is 200°C, and their stimulation temperature is 125°C. (K) Is a control sample of the standard radiation source calibration quartz (SQ) provided by Risø.
The Fast Ratio (FR) and relative component contributions for all samples (only the natural dose is shown, see Supplementary Figure S2 for the other cycles) are shown in Figures 3A,B, respectively. The results indicate that the two types of samples have different FR values, illustrating the variation of component contribution in the initial OSL signals for different samples. Although Durcan and Duller (2011) used FR = 20 as a criterion to distinguish whether the initial OSL signal is dominated by the fast component, FR = 10 (Figure 3A) was considered the better criterion for classifying the sample types in this study. For Type I samples, the average FR values were all higher than 10, and the average FR values of different samples varied from 10 to 40 (see Supplementary Table S2 for details), indicating that the fast component occupies the relative main part of the initial signal. For Type II samples, the average FR values were lower than 10, indicating that the medium and slow components were significant in the initial signal.
[image: Figure 3]FIGURE 3 | (A) The graph shows the Fast Ratio (FR) versus the proportion of the fast component in the initial signal. The proportion is obtained by calculating the integral of the first 0.8 s of the CW-OSL curve. The samples can be classified into two types based on FR and Lfast/Lsum. The FR values of type I are greater than 10, and the fast component dominates the initial signal. The FR values of Type II samples are less than 10, and the fast component is not significant in the initial OSL signal. All the data were calculated from the natural OSL decay curves during pure quartz OSL-SAR dating procedures. (B) The ternary diagram shows the relative proportions of fast, medium and slow components for the pure quartz natural CW-OSL signals. Similar to the results in (A), these samples can be classified into type I and type II according to the relative contributions of the three components.
4.2 Dependence of De on preheat temperature
Before optical stimulation in the OSL-SAR method, preheat plays a vital role in clearing shallow trapped electrons (Wintle and Murray, 2006) and transferring part of the charge into the fast component trap, which simulates the charge transfer in a buried environment (Murray et al., 2021). Therefore, the preheat plateau test is necessary before applying routine SAR protocols. Separate preheat plateau tests whose temperatures ranged from 180–300°C with an increment of 20°C were conducted for the above two types of samples. The results showed that these two types of samples had different plateau ranges. For the representative Type I sample LJTBE01, the De plateau appeared from 180°C, and remained relatively stable in the range of 180–220°C. However, Des decreased in the preheat temperature region of 220–260°C, which may be caused by the intervention of the shallow trap yielding a TL glow peak at 210–220°C (Figure 7C) (Choi et al., 2003b; Peng et al., 2021). Finally, the De would be significantly overestimated above 260°C preheat temperatures (Figure 4A). Between 180 and 260°C, the recycling ratio and recuperation remained between 0.9–1.1 and ±5%, respectively, without significant changes (Figure 4A). However, the recycling ratio beyond this range would be significantly lower, indicating that its OSL sensitivity was not corrected correctly, but the recuperation remained almost constant. The preheat plateau test and TL curves of the other Type I samples showed similar results (Supplementary Figures S5, S6A). For the representative Type II sample LJTBE02, the De plateau appeared from a relatively high temperature, i.e., 240°C, and a higher plateau region ranging from 240–300°C can be illustrated in Figure 4B. In contrast, the 325°C TL peaks were extremely weak for Type II samples, but 160–170 and 220°C TL peaks were observed (Supplementary Figure S6B). This may be attributed to the red TL emission of heated quartz with high firing temperature rather than the UV TL emission (Haustein et al., 2001; Song et al., 2009; Westaway and Prescott, 2012).
[image: Figure 4]FIGURE 4 | (A) The preheat plateau test of representative type I samples (LJTBE01) with a plateau region of 180–220°C. The cut-heat was 180°C. The red dashed line represents the average value of different aliquots of De in this region of approximately 25.0 Gy. The data for each temperature point are calculated from the mean value of three aliquots. (B) The preheat plateau test of typical type II samples (LJTBE02) with a plateau region of 240–300°C, and the average value in this region is approximately 18.8 Gy.
In conclusion, there is a significant difference between TL glow curves of the two types of samples. For example, type II samples exhibited significant 160–170°C TL peaks, while type I samples did not, which may be linked to the more significant medium component of type II samples (Wang et al., 2015; Peng and Wang, 2020). However, how the Des were influenced by the intervention of shallow electron traps in the heated archaeological quartz and the extent of the influence need to be further studied. As the preheat temperature increased, the recycling ratio remained constant and stayed within 0.9–1.1. In contrast, the recuperation ratio increased significantly and exceeded 5% at 240°C and later, indicating significant thermal transfer phenomena caused by higher preheat temperature (Wintle and Murray, 2006). It can be inferred from the presence of a plateau that this thermal transfer/recuperation effect will not significantly affect De (Figures 4A,B). For other samples (not shown in this paper), the preheat plateau results all roughly matched the respective types.
4.3 Dependence of De on stimulation temperature
The above preheat plateau test results showed that the recuperation of Type II samples at high preheat temperatures was quite significant. According to the suggestion of Murray and Wintle (2000), increasing the stimulation temperature may reduce recuperation. Therefore, gradient stimulation temperatures (60, 90, 125, 150, 180 and 210°C) were designed for both types of samples to investigate their relationship with De and recuperation. De values for each temperature step were obtained from three aliquots, and their average values with standard errors were used as the results for each temperature step. In this study, the preheat temperature (PH) and cut-heat temperature (CH) were set as follows: 220°C PH, 180°C CH for type I samples and 260°C, 240°C for Type II samples. Similar to the results of previous studies (Murray and Wintle, 2000; Kijek and Chruścińska, 2015), De does not change significantly with increasing stimulation temperature for both types of samples (except for a significant increase of De at 210°C stimulation temperature for Type I sample LJTBE08), and the recycling ratio remains roughly between 0.9–1.1. However, the recuperation of these two types of samples showed different extents of decrease, as exhibited by a lower extent of decrease for Type I samples (Figure 5A) and a significant extent of decrease for Type II samples (Figure 5B). Specifically, for the Type II sample (LJTBE02), the recuperation decreased from approximately 9 to −2%, while for the Type I sample (LJTBE08), the recuperation decreased from approximately 3 to −1%.
[image: Figure 5]FIGURE 5 | (A) De varies with stimulation temperature for a representative Type I sample (LJTBE08). Preheat and cut-heat temperatures are 220 and 180°C, respectively, with stimulation temperatures varying from 60–210°C. The red dotted line illustrates the range of the plateau. The corresponding recycling ratio and recuperation are also shown. The gray stripes represent the recycling ratio of 0.9–1.1 and ±5% recuperation. (B) De varies with stimulation temperature for a representative Type II sample (LJTBE02). The PH and CH temperatures are 260 and 240°C, respectively. The red arrow represents the trend of decreasing recuperation.
4.4 Dose recovery test
Murray and Wintle (2000) reported that too low cut-heat temperatures would lead to the failure of the test dose to monitor the sensitivity changes of the traps of interest, and Bailey (2000) used a cut-heat temperature similar to preheat in his study. Therefore, according to the suggestion of Murray and Wintle (2003), the cut-heat in this study was set 20°C lower than the preheat temperature to improve the result of the dose recovery test. Based on the above results for the preheat plateau and different stimulation temperature tests, the dating conditions of 200°C preheat, 180°C cut-heat, and 125°C stimulation temperature were used for Type I samples, while the dating conditions of 260°C preheat, 240°C cut-heat, and 180°C stimulation temperature were used for Type II. The aliquots used for the dose recovery test were bleached by a solar simulator. Figures 6C,D show the radial plots of the dose recovery test for representative Type I (LJTBE01) and Type II (LJTBE02) samples, respectively. M/G in the figures refers to the ratio of the measured dose to the given dose, and the ratios of both types of samples are close to 1, indicating the validity of the OSL-SAR method in recovering laboratory irradiation doses.
[image: Figure 6]FIGURE 6 | (A) Radial plot showing the De distribution of a typical Type I sample (LJTBE01). The blue circles indicate the De values for OSL-SAR dating procedures, and the red triangles indicate those for TL-SAR. (B) Similar to (A), this plot shows the radial plot of the representative type II sample (LJTBE02). (C) The dose recovery test of a typical type I sample (LJTBE01), and the M/G indicates the ratio of measured and given doses. (D) Like (C), this plot represents the radial plot of a representative type II sample (LJTBE02).
4.5 Dating results
Figures 7A,B illustrate the uncorrected OSL decay curves in SAR cycles for representative Type I (LJTBE01) and Type II (LJTBE02) samples. By comparing Figures 7A,B, it is possible to infer that the OSL brightness of the Type II sample is lower. Other type II samples exhibit consistent OSL brightness results. Insets show the DRCs fitted with exponential functions, and the De was calculated by interpolation. The repeated dose points (ΔR1) almost overlap with the first regenerative doses (R1), indicating the effectiveness of the OSL sensitivity correction. Figures 7C,E show the TL grow curve and De plateau plot for sample LJTBE01 in the TL-SAR method. The heating plateau (R1/N) and the De plateau (Figure 7E) determine the final TL integration interval of 290–380°C. Figure 7D shows the TL-MAAD method for LJTBE08, with the TL integration interval determined to be 290–350°C, according to the heating plateau (N/(N+β)) and the De plateau (Figure 7F). For the TL-MAAD method, the TL DRC in low doses may appear supralinear, so it is necessary to establish the second-grow DRC for supra-linearity correction. As shown in the second inset of Figure 7D, the second-grow DRC of sample LJTBE08 remains linear at low doses, indicating that its supra-linearity is negligible.
[image: Figure 7]FIGURE 7 | (A) The natural (N) and regenerative doses (R1-R5, ΔR1) OSL decay curves and their DRCs for a representative type I sample (LJTBE01), where ΔR1 means the repeated dose equal to R1. The IRSL signal is close to the background value, indicating that the sample is not contaminated with feldspar. The preheat (PH) and cut-heat (CH) temperatures for type I samples were 200 and 180°C, respectively, and the stimulation temperature (ST) was 125°C. (B) The natural (N) and regenerative doses (R1-R3, ΔR1) OSL decay curves and their DRCs for a representative type II sample (LJTBE02). Similarly, the OSL signal of this sample does not contain a feldspar signal. Unlike the type I samples, the PH and CH temperatures for the type II samples were 260 and 240°C, respectively, and the stimulation temperature was 180°C. (C) The natural (N) and regenerative (R1-R4, R0, ΔR1) TL curves after background subtraction of a representative sample (LJTBE01) for TL-SAR dating procedures, where R0 means the zero dose point and ΔR1 means the repeated dose equals R1. The right axis is the value of R1/N, used to find the heating plateau. The inset shows the corresponding DRC. Combining the results of the heating plateau and De plateau, the final TL integration interval of 290–380°C was used to calculate the De value. (D) The natural (N) and additive doses (N+β, N+2β) TL curves after background subtraction of a typical sample (LJTBE08) for TL-MAAD dating procedures. The heating plateau can be inferred from the N/(N+β) marked with black dots. Each dose utilizes three aliquots to obtain the TL signal. The first inset shows the DRC curve, and the second inset indicates the second TL (the first natural TL was bleached by heat) DRC with small doses to check for supra-linearity. The final integration interval is determined to be 290–350°C based on the results of the preheat plateau and the heating plateau. (E) De plateau of sample LJTBE01 corresponding to (C). (F) De plateau of sample LJTBE08 corresponding to (D).
Figures 6A,B show the De distributions of OSL-SAR and TL-SAR for representative samples of the two types. Although the overdispersion values of OSL-SAR and TL-SAR of LJTBE01 (Figure 6A) are both close to 0, the relative standard error of OSL-SAR is still smaller than that of TL-SAR, and the other samples behave similarly. Compared with the OSL-SAR method, the De obtained by TL-SAR exhibited overestimation (LJTBE01, LJTBE08, LJTPott06) or underestimation (LJTBE02, LJTBE09), which may be caused by the inappropriate sensitivity correction of the natural TL signal (Lai et al., 2006; Wang et al., 2022). This could also explain why most of the TL-SAR OD values (0%–30.1%) are larger than OSL-SAR (0%–18.2%) (as shown in Figures 6A,B; Table 1).
The corrected 14C ages within the 2σ standard error for the two charcoal chips are 5.5 ± 0.1 ka and 5.7 ± 0.1 ka (BP 2022, already converted to before 2022). This result agrees well with the 14C ages of grass ash (5.6 ± 0.2 ka BP 2022) and charcoal chips (5.4 ± 0.2 ka BP 2022) from the Lingjiatan site determined by previous researchers (Anhui Provincial Institute of Cultural Relics and Archaeology, 2006). The OSL-SAR ages of most Type II samples utilizing the modified measurement parameters (higher preheat and stimulation temperatures) agree well with those of all Type I samples within 10% error of the radiocarbon age, except for a significant underestimation of sample LJTBE05 for Type II samples with unknown reasons (see Figure 8; Table 1). The slight OSL-SAR age variations of the other samples may come from inaccurate radioactive element measurements or water content estimations. The mean values of TL-MAAD also seem to agree with radiocarbon ages within the ±10% error range, but their relative errors are much larger than those of OSL-SAR, probably from the weighing errors of different aliquots. The TL-SAR ages are rejected in this study due to the inadequate sensitivity corrections discussed above.
[image: Figure 8]FIGURE 8 | Comparison of OSL-SAR, TL-SAR, TL-MAAD and 14C dating methods. The light blue filled color represents the kernel density estimate (KDE) plot of OSL-SAR, and the light brown filled color represents that of TL-SAR. The green solid circles represent the OSL-SAR ages, the red solid triangles represent the TL-SAR ages, the dark blue solid squares represent the TL-MAAD ages, and the pink band represents the range of the two corrected 14C ages. The red dotted lines indicate the range of ±10% mean 14C ages for four samples (two are measured in this study, and the others are cited from previous research).
5 DISCUSSION
5.1 Relationship between component characteristics and measurement cycles and thermal history
There are differences in the fundamental parameters (σ, photoionization cross-section) of quartz extracted from different archaeological samples, but not varying significantly within the error range between different OSL-SAR cycles (see Supplementary Figure S1 in Supplementary Material). The relative component contributions and the fast ratio values will not change significantly with the OSL-SAR cycle. The results in this study are consistent with those of Nian et al. (2019), who found that 200–600°C annealing did not significantly change the relative component contribution of sedimentary quartz.
According to the results of the firing temperatures determined by the thermal expansion method (see Supplementary Material), the firing temperatures of samples LJTBE01 and LJTBE05 (Type I) and sample LJTBE03/04 (Type II) are approximately 900–950°C. However, the firing temperature of sample LJTPott06 (Type I) may be lower than 770°C, which indicates that the firing temperature determined by this method cannot completely distinguish these two types in this study. The FR is larger for the lower firing temperature sample LJTPott06 (FR ∼31–40), while the FR is smaller for the higher firing temperature samples LJTBE01 (FR ∼6–18), LJTBE03/04 (FR ∼4–9), and LJTPott05 (FR ∼14–36), indicating that the Fast Ratio value can distinguish between relatively high and low temperature thermal history in 600–1,000°C, based on the simulation annealing experiments of Wang et al. (2022). They reported that annealing temperatures above 600–800°C would significantly reduce the fast ratio values of quartz, contrary to Gong et al. (2015), who heated the quartz gradient to 500°C. These different results indicate that the OSL properties of archaeological heated quartz have changed significantly at high temperatures (over 600–800°C), leading to this difference from geological quartz.
5.2 De underestimation caused by inappropriate preheat temperature
Typically, before conducting OSL measurements, suitable preheating is required to avoid the influences of shallow electrons on De determination (Choi et al., 2003b; Peng et al., 2021). As suggested by Wintle and Murray (2006), a higher preheat temperature (e.g., 260°C) is typically used for older samples, while a lower preheat temperature (e.g., 200°C) is typically used for younger samples to avoid thermal transfer effects on De estimations (Rhodes, 2000). However, for the relatively young (<6 ka) Late Neolithic archaeological burnt clay and pottery in this study, preheat temperatures that are too low may cause significant De underestimation for type II samples. For the representative Type II sample LJTBE06/07, the De obtained at the 200°C preheat temperature will be underestimated by approximately 83% compared to the 260°C preheat temperature (see Figure 9). Despite higher stimulation temperatures being used for Type II samples, the stimulation temperature will not significantly affect De. When faced with samples collected from the same site or from a single stratigraphic section, an archaeologist or geologist usually selects only one or several representative samples for the preheat plateau test. However, for the samples in this study, this dating strategy is likely to result in a significant De underestimation of the Type II samples. Therefore, we suggest that when dating heated archaeological samples (especially for those heated by high firing temperatures), different types of samples should be distinguished by calculating the Fast Ratio, and separated preheat plateau tests should be conducted to avoid erroneous De estimation.
[image: Figure 9]FIGURE 9 | OSL-SAR De probability density function plots of a representative type II sample (LJTBE06/07) at different measurement parameters. The red line represents the underestimated probability density function plot with the measurement parameters of 200°C preheat, 180°C cut-heat and 125°C stimulation temperature. The blue line represents the modified probability density function plot with the measurement parameters of 260°C preheat, 240°C cut-heat and 180°C stimulation temperature. The black arrow represents the direction of modification of the CAM De results.
5.3 Thermal stability monitored by De(t) plot
Since significant medium and slow components were observed in the CW-OSL signals of the archaeological samples, the variation of De as a function of the stimulation time (Bailey et al., 2003) was plotted to monitor the thermal stability of the component, i.e., De(t) plot (Figure 10). A consistent initial OSL signal of the test dose (within 0.8 s) was used for the sensitivity correction for different integration intervals to avoid large errors in the De(t) plot resulting from the reduction of the test dose OSL precision. De for each integration interval was calculated from the CAM values of multiple aliquots. Except for LJTPott04 and LJTPott05, the CAM De did not change with the integration interval within 2.24 s for all the other archaeological samples in this study, indicating that the De values of these samples were not affected by the thermally unstable component. However, the De values of samples LJTPott04 and LJTPott05 started to decrease after 0.96 s. It is inferred that there may exist a thermally unstable medium component because the medium component dominates the signal proportion between 0.9–2.5 s. In other words, when using the conventional 0.8 s initial OSL signals as the integration interval for all samples with appropriate measurement conditions in this study, the De will not be significantly affected by the medium and slow components.
[image: Figure 10]FIGURE 10 | (A–F) De(t) plot of type I samples. The small light blue hollow circle represents the De values and its standard error for one aliquot. The large dark blue filled circle represents the CAM De and its error. The integration intervals of stimulation times were 0–0.32 s, 0.32–0.64 s, 0.64–0.96 s, 0.96–1.28 s, 1.28–1.60 s, 1.60–1.92 s, and 1.92–2.24 s, respectively. (G–J) Similar De(t) plot of type II samples as in (A–F). The gray bands represent the ±10% CAM De error for the first (0–0.32 s) integration interval.
6 CONCLUSION
This study focused on analyzing the OSL component characteristics of heated quartz extracted from burnt clay and pottery shards from the Lingjiatan archaeological site. Different luminescence brightness and component contributions in the initial (within 0.8 s) OSL signals were observed in these archaeological samples. The Fast Ratio value can be used as a classification criterion to identify the OSL characteristics of these samples. Type I samples had relatively larger Fast Ratio values (FR>10), and the preheat plateau appeared from lower temperatures. For Type II samples with smaller Fast Ratio values (FR<10), the preheat plateau appeared from higher temperatures. Applying low preheat temperatures (below the plateau region) for Type II samples would lead to a significant De underestimation. Therefore, separated preheat plateau test strategies are necessary for these two types of samples. With the increase in the preheat temperature, the thermal transfer of Type II samples increases much more significantly than that of Type I samples. However, the recuperation can be reduced by raising the stimulation temperature for Type II samples without a significant effect on De. The ages obtained by the modified OSL-SAR protocol of most Type II samples (3 of 4 samples) and the conventional OSL-SAR protocol of all Type I samples (6 samples) agreed well with TL-MAAD and 14C within the error range. However, the TL-SAR ages showed either overestimation or underestimation, mainly due to the inappropriate sensitivity correction for natural signals. Finally, the age of the Lingjiatan archaeological site was dated back to approximately 5.4–5.8 ka BP 2022.
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