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Zhoukoudian Locality 1 is well known both for the discovery of Homo erectus fossils and for the presence of early evidence of controlled use of fire by hominins; However, the nature of the latter had been seriously questioned since mid-1980s. To obtain substantial evidence of fire use by hominins, we combine macroscopic observations and XRD analysis on 23 fossil bones from new excavations in Layers 4 and 5. The crystalline index shows that at least 15 fossil bones were heated above 600°C, and this is partly consistent with macroscopic observations. The high intensity burning of bones may indicate strong evidence of hominin-controlled use of fire at Layer 4. Future work should focus on archaeological materials from lower layers to improve our understanding of the nature of colored bones and gain more solid evidence of fire use by early humans at Zhoukoudian.
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INTRODUCTION
Zhoukoudian Locality 1, situated about 50 km southwest of Beijing, China, (Figure 1), has been well known since the 1920s for the discovery of a large number of Homo erectus pekinensis fossils and thousands of stone artifacts. In addition, some burned items were also uncovered from the site, such as charcoal, stones and bones and they were widely accepted as the oldest reliable evidence of hominin use and maintenance of fire in the world (Black, 1931; Pei, 1934). From 1980s to the beginning of this century, based on information derived from taphonomy, geochemistry and spatial analysis, scholars have begun to doubt the evidence of in situ burning at the site and further the notion that Homo erectus pekinensis had the ability to control fire (Binford et al., 1985; Binford et al., 1986; Weiner et al., 1998; Goldberg et al., 2001; Boaz et al., 2004). Researchers from China refuted these arguments from perspectives of elemental carbon concentration and taphonomic observations (Wu, 1999; Shen, 2004).
[image: Figure 1]FIGURE 1 | The location of Zhoukoudian Loc.1.
In a recent excavation campaign conducted at Zhoukoudian Locality 1 since 2009, burned sediments and roughly one hundred of burned bones have again been unearthed from the site (Gao et al., 2016; Gao et al., 2017). By analyzing soil samples sourced during the new excavations in Layer 4, Zhong et al. (2013) detected siliceous aggregates which provided compelling evidence of the in situ use of fire by hominins at the site. Zhang et al. (2014) analyzed the sediment from the same Layer by examining its magnetic susceptibility, diffuse reflectance spectrum and color and presented further evidence of human controlled use of fire rather than a natural fire at the site.
However, it seems clear that these recent studies were focused essentially on sedimentary samples sourced from Layer 4, which represents in essence a single source of fire use at the site. In this study, we will pursue a different avenue and conduct an analysis of the newly excavated burned bones from the site.
In Paleolithic sites, burned bones are mostly used as an evidence of hominin use of fire (Black, 1931; Oakley, 1956; Brain & Sillen, 1988; Brain, 1993; Sillen & Hoering, 1993; Roebroeks & Villa, 2011; Gao et al., 2017; Hlubik et al., 2017). The presence of burned bones in an archaeological site might indicate a series of human activities such as meat processing (Brain, 1993; Wrangham & Conklin-Brittain, 2003), bone disposal (Yravedra & Uzquiano, 2013), hearth making (Bennett, 1999) and fuel management (Théry-Parisot, 2002).
A common practice employed by taphonomists during the past decades to differentiate the burned and unburned bone and further to estimate the intensity of burning is actually based on the color and/or texture of the bones from the archaeological sites (Baby, 1954; Wells, 1960). However, it has become clear now that color is a poor criterion in recognizing burned bones and estimating the intensity of burning (Oakley, 1961; Herrmann, 1977; Brain & Sillen, 1988; Brain, 1993; Sillen & Hoering, 1993; Taylor et al., 1995; Shahack-Gross et al., 1997; Thompson, 2004; Squires et al., 2011).
There are numerous researches that focus on analyzing the processes undergone by bones and sediments in archaeological or paleontological sites. In many of those researches, it is common to find that thermal events affected both bones and sediments (Weiner et al., 1993; Person et al., 1995; Stiner et al., 1995; Schiegl et al., 1996; Stiner et al., 2001; Monge et al., 2014). However, the recognition of burned bones from archaeological sites is not straightforward. A dark color on the bones may indicate a result of burning, but it could be due to staining by iron oxides or/and manganese. This situation has led to a lot of experimental studies of identifying burned bones and the intensity of their burning (Shipman et al., 1984; Buikstra & Swegle, 1989; Nicholson, 1993; Stiner et al., 1995; Schiegl et al., 1996; Bennet, 1999; Stiner et al., 2001; Lebon et al., 2008; Lebon et al., 2010; Reidsma et al., 2016; Schmahl et al., 2017; Greiner et al., 2019; Hoesel et al., 2019). These studies have concluded that thermal events could lead to a series of changes in color, texture, mineral phase, crystallinity, and modification of mechanical properties. In our study, we intend to combine XRD (X-Ray Diffraction) techniques and macroscopic observation to identify burned bones and estimate the intensity of their burning at Zhoukoudian Loc.1, and we hope this study will support evidence of hominin maintenance and use of fire at the site.
MATERIALS AND METHODS
From Layers 4 and 5, based on the state of preservation and thermal effects, we took a total of 23 samples of fossil bone. The fossils we used in this study were from the re-excavation of the Peking Man site at Zhoukoudian Locality 1.
The chronology of the use of fire by Homo erectus pekinensis was studied in 1991 using fission-track dating to find that the ash present at Locality 1 was likely deposited 299 ± 55 ka (Layer 4; Guo et al., 1991). Thermoluminescence dating was also applied at this site, generating an age of 292–312 ka for Layer 4 (Pei, 1985). Shen et al. (2001) using mass spectrometric U-series dating of intercalated calcite samples from the sediments at the site, proposed a date of 400 ± 8 kyr ago for an upper horizon of Layer 1/2 and ∼500 kyr ago for the upper part of Layer 5. Thus, a range of 400–500 ka could be reasonably estimated for Layer 4, which was stratigraphically situated in-between these strata. It is notable that the dates for Layer 4 proposed by Guo et al. (1991), Pei, (1985) are far different from the estimates we obtained for the same layer by interpolating of the dating sets reported by Shen et al. (2001). Nonetheless, it has been argued that mass spectrometric U-series dating of pure calcite samples is a more reliable chronometer (Ludwig and Renne, 2000; Richards and Dorvale, 2003); this argument seems reinforced by an independent check conducted at Zhoukoudian recently (Shen et al., 2009). In this paper, we choose to use the older age for Layer 4 as indicated in the work of Shen et al. (2001).
Macroscopic Observation
We photographed all fossil bones and collected data on features including surface modifications. The bone surfaces were first examined by naked eye under strong incandescent light; potential marks of interest were then scrutinized using a 40× hand-lens and a Wild Heerbrugg microscope. Macroscopic characteristics (color and texture) of burned bones were identified following measures described by Stiner et al. (1995), Nicholson (1993), Buikstra and Swegle (1989).
Color is most commonly used to identify burned bone and the intensity of heat that the bone reached. The color code described in the Munsell soil color chart (Munsell Color Company, 1954) was used with a seven-grade scale (0–6) as described by Stiner et al. (1995), based on amount of carbonization and calcination and incorporating the colors described by Nicholson (1993). The revised criteria we used in recording color are listed in Table 1.
TABLE 1 | Burn color code and descriptions by criteria.
[image: Table 1]Texture changes were taken together with color to help corroborate the extent of burning. Overall texture of burned bones was recorded following Nicholson, (1993) four-stage description; a standard light microscope was sufficient for the texture observations. Table 2 shows the code we used in describing bone textures.
TABLE 2 | Burned bone textures and criteria.
[image: Table 2]XRD Analysis
In early studies, many scholars mentioned that it could be determined whether skeletal remains had been burned, and the maximum temperature they reached, by matching their X-ray diffraction patterns (Shipman et al., 1984; Holden et al., 1995; Rogers and Daniels, 2002; Etok et al., 2007; Lebon et al., 2010; Greiner et al., 2019; Hoesel et al., 2019). All pointed out a phenomenon by which the XRD pattern of burned bone would become sharper when heated to 550°C or 600°C or above, although diagenesis and low-temperature heating may cause similar phenomena in bone mineral change. In our previous study, we saw a similar phenomenon in three distinct types of experimental burned bone (Huang and Zhang, 2021).
To identify mineral phases and crystallinity, we ground all bone fossils to a fine powder using an agate mortar. It is noted that samples of two colors were taken from different parts in the cases of NO.12Z1-862 and NO.12Z1-2103 (Figure 2). The colors of powdered samples were recorded by reference to the Munsell soil color chart (Munsell Color Company, 1954).
[image: Figure 2]FIGURE 2 | Appearance of distinct colors in 12Z1-862 and 12Z1-2103.
X-ray diffraction (XRD) patterns were recorded using a Bruker D8 Advance diffractometer. We used a copper target X-ray tube, operating at 40 kV and 40 mA. We collected measurements in the 3°–70° 2θ range, with a step size of 0.02° 2θ and a scan rate of 4°/min. From the XRD patterns, crystallinity index (CI) values of hydroxyapatite [Ca10(PO4)6(OH)2] were determined following the methodology proposed by Landi et al. (2000). The crystallinity degree, corresponding to the fraction of crystalline phase present in the examined volume, was evaluated using the relation
[image: image]
where I300 is the intensity of (300) reflection. Meanwhile, V112/300 is the intensity of the hollow between (300) and (112) reflection, which completely disappears in non-crystalline samples (Figure 3).
[image: Figure 3]FIGURE 3 | Diffraction pattern of powder hydroxyapatite with 99% purity.
Person et al. (1995), Stiner et al. (2001) pointed out that there was no correlation between increase in CI and age of fossil bone samples.
RESULTS
Table 3 shows results from macroscopic observation and XRD analysis. All samples were from Layer 4 except the Layer-5 sample 15Z1-0247. From the results we could see that the color codes ranged from 0 to 5, and the powder colors described using the Munsell color chart showed more refined color descriptions. Texture codes ranged from 1 to 4; it seemed that cracks were not clear in some specimens, and we did not find any traces of clinker, meaning the bones were not burned green (Cain, 2005). The CI values ranged from 0.15 to 0.84, mostly >0.3. In addition to hydroxyapatite, we also observed calcite and quartz in mineral composition, which implied diagenesis. We did not find traces of tooth marks.
TABLE 3 | Results from macroscopic observation and XRD analysis.
[image: Table 3]Bone Description
As Figures 4, 5 show, we followed Nicholson (1993), Stiner et al. (1995) in choosing distinct colors of fossil bone to represent different burning intensities.
[image: Figure 4]FIGURE 4 | Appearance of bone samples with CI values >0.3, indicating the samples were heated to 600°C or above.
[image: Figure 5]FIGURE 5 | Appearance of bone samples with CI values <0.3, indicating the samples were probably heated to temperatures lower than 600°C.
There was no fully calcined (i.e., completely white) bone among these samples, hence color code 6 was not used. However, in sample 15Z1-0247, the color of bone itself was hard to distinguish from the color in bones that showed a high intensity of burning (see Figure 5). The Munsell color code of powder in 15Z1-0247 was N 9/, making it the whitest sample. However, after reviewing the texture of the sample, we confirmed that there was no sign of burning; we finally settled on a color level of 0 rather than 6.
We also observed a typical “sandwich” coloration in sample 12Z1-862 (see Figures 2, 4; Buikstra & Swegle, 1989; Barkai et al., 2017). The coloration in intracortical tissue was different with respect to that observed on the outer side, as occurs when bone elements are subjected to partial heat or incomplete combustion while maintaining their fat content (Cerdá et al., 2005). We collected inner and outer powder samples for XRD analysis. In sample 12Z1-2103 (see Figure 5), two areas of cortical bone were observed to differ greatly in color, the middle area appearing black while the other areas were reddish brown. We also collected powder samples from these two different color regions for XRD analysis.
XRD Analysis
The XRD pattern of all samples are shown in Figures 6, 7 (all raw data are listed in the supplementary materials).
[image: Figure 6]FIGURE 6 | XRD pattern of fossil bone with a higher crystallinity (> 0.3) of hydroxyapatite.
[image: Figure 7]FIGURE 7 | XRD pattern of fossil bone with a lower crystallinity (< 0.3) of hydroxyapatite.
The XRD mineral study indicated similarity among the samples, with hydroxyapatite present in all samples and calcite (CaCO3) in some, as well as quartz (SiO2; see Table 3). These mineralogical compositions are far different from that presented by unaltered, fresh bone (Figure 8). With respect to crystallinity measurements, the CI ranged from 0.15 to 0.84 (Table 3).
[image: Figure 8]FIGURE 8 | XRD pattern of fresh bone.
DISCUSSION
The results we obtained through macroscopic observations and XRD analysis show undoubtable proof that the fossil bones from Layer 4 were burned.
Darker colorations in fossil bones usually indicate they have been subjected to thermal events. The coloration of bone is thus a commonly used characteristic to identify past events of burning. Several experimental studies have identified heating temperature from bone color (Shipman et al., 1984; Nicholson, 1993; Stiner et al., 1995). But in our study, we can see that the range of color does not accurately represent degrees of heating between fossil bones. In our previous research, we found that the CI values for all pretreated bones heated above 600°C were above 0.3 (Table 4; Huang and Zhang, 2021). And bones burned at high intensity can be clearly recognized from other archaeological bones by XRD patterns and CI values (Lebon et al., 2010). This means a total of 15 bone samples, which CI values above 0.3, were likely burned at 600°C or even higher (Table 3; Figure 4).
TABLE 4 | Crystallinity index values of three pretreated bones (duration: 120 min).
[image: Table 4]The color of bone can be used to distinguish the intensity of burning in experimental conditions (Shipman et al., 1984). In archaeological bone, color is not a reliable criterion. There are multiple distractions that can affect judgment, such as oxide staining (Shahack-Gross et al., 1997) or taphonomic effects (Behrensmeyer, 1978). Sample 15Z1-0247 from Layer 5 is a fossil bone without any macroscopic characteristic of burning, even though it matched a Munsell color code similar to 14Z1-0273 and 14Z1-0461, which have obvious burned textures (Figure 4). The whitish coloration of sample 15Z1-0247 seems rather to indicate a diagenetic effect because it also has a low CI value and presents precipitation of manganese oxides. As a check for burning intensity, examining the texture of bone is indispensable (Cain, 2005).
In sample 12Z1-866, the observed coloration and texture shows a similar result for a high burning degree. However, the CI value for the sample is 0.16, meaning a very low burning intensity (the CI value of 15Z1-0247 is 0.15); moreover, the peaks of hydroxyapatite are not clear from the XRD pattern (Figure 7). We confirmed that sample 12Z1-866 experienced only very low levels of combustion through XRD analysis, showing its importance as a method of determining combustion events even if color and texture appear to suggest burning.
The “sandwich” coloration was detected in sample 12Z1-862 as we took two powder samples from different color areas on 12Z1-862 (see Figure 2). The Munsell color of the powder shows that 12Z1-862-1 (taken from the outer side) is gray while 12Z1-862-2 (taken from the middle) is light gray. This means 12Z1-862-2 shows a higher intensity of burning, as supported by the corresponding CI values (see Table 3). Similarly, we examined the CI values of two parts of different color from sample 12Z1-2103 (Figure 2). Despite the obvious color differences between the two regions, their CI values are very close, both lower than in charry or calcine bone. This means the whole bone was subjected to a low degree of combustion. Considering that it is part of a rib, this bone with patches of black alteration, burned at low intensity, may be robust evidence of hominin maintenance and use of fire at Layer 4 (Zhang et al., 2020).
The mineral phase of bones undergoes significant changes while burning. The original mineral in bone is a carbonate-hydro-apatite, not hydroxyapatite (Elliott, 2002; Monge et al., 2014; Schmahl et al., 2017). With increased temperature, the carbonate will leave the bone and, from about 500 to 600°C, the bone mineral progressively reacts to form hydroxyapatite with increasing purity and crystallite size as temperature continues to increase (Shipman et al., 1984; Rogers and Daniels, 2002; Schmahl et al., 2017; Mckinnon et al., 2020).
The XRD pattern for 12Z1-1526, as well as its low CI values of hydroxyapatite (Figure 7) and corresponding to its grade of color and texture, shows that its main mineral phase is calcite rather than hydroxyapatite. We can also see that in a bone burned at high intensity, such as 14Z1-0765, the peaks of calcite are absent from the XRD pattern while the CI value of hydroxyapatite is high and its peaks are sharper (Figure 6).
Meanwhile, quartz is found in some fossil bones through XRD analysis. This quartz could be related to diagenetic processes and secondary calcite (Monge et al., 2014).
The presence of whitlockite [Ca9(Mg,Fe2+)(PO4)6(PO3OH)] also shows thermal events (Monge et al., 2014), but whitlockite is absent from our samples. This may be due to the small number of burned bone we sampled, especially as they show evidence of burning at high intensity. In our previously study, we confirmed that calcium phosphate tribasic [Ca3(PO4)2] presented in some experimental calcine bones (Huang and Zhang, 2021). Greiner et al. (2019) also reported the presence of CaNaPO4 in bones with high degrees of burning. Those phosphatic phases may show decomposition of hydroxyapatite at elevated temperatures.
In earlier studies at Zhoukoudian Locality 1, the results of elemental carbon analysis suggested that the burned items were probably burned in situ (Shen, 2004). Spatial analysis of Zhoukoudian Locality 1 showed that stone tools and the burning of fresh bone associated with Homo erectus pekinensis supported a model of transient hominid scavenging aided by fire (Boaz et al., 2004). Analyses of sediments from the locality also provided evidence of in situ use of fire by Homo erectus pekinensis (Zhong et al., 2013; Zhang et al., 2014). These findings supplied new technical evidence of the use of fire by Homo erectus pekinensis. Along with re-excavation, new data on phenomena of in situ fire use have been discovered from Layer 4 (Gao et al., 2017). Based on these findings, our study recognizes bones from Layer 4 that were heated to above 600°C, likely resulting from hominids’ use of fire. Gowlett et al. (2017) argued that temperature is not a reliable parameter in recognizing grass fires and human-controlled fires: both range through 200–800°C. However, grass fires would not last long. During the formation of Layer 4, parts of the cave roof remained at Zhoukoudian Locality 1 (Gao et al., 2017), meaning the environment probably did not support many weeds, let alone shrubs. Therefore, the available evidence does not support the existence of large, prolonged wildfires in Layer 4. The high intensity of burning in fossil bones is most likely the result of hominins using fire.
CONCLUSION
Macroscopic observation is regularly used to identify burned bone from archaeological sites, but it is not reliable in some cases because of taphonomic or diagenetic effects. Therefore, technological method such as XRD analysis (an efficient method for identifying burned bones) is necessary. It can be used to calibrate our recognition of burned bones and find degrees of burning in bones. Future studies can focus more on phosphate formation and transformation of hydroxyapatite during burning and the process of diagenesis.
It has been demonstrated that the bones excavated from Zhoukoudian Locality 1 Layer 4 were heated to different degrees in this study. Evidence of thermal events is reflected in their colorations, textures, mineral phases, and CI values. Even though phosphatic phases are absent, the presence of hydroxyapatite and high CI values are enough to suggest that the bones had been burned, most of them to 600°C. These high intensities of burning are most likely the result of hominins’ use of fire. Further research should be centered on burned items from the lower layers in order to obtain more evidence of hominin maintenance and use of fire.
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