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Abstract

:

Precise identification of material sources is of great significance to archaeological study, conservation, and restoration of stone cultural relics. The present study proposes a simple and efficient approach to identifying the material source of stone cultural relics based on portable X-ray fluorescence spectrometer (pXRF) and statistical analyses. Chemical elements of stone samples, including Ca, K, Fe, Al, Si, Cl, S, and Mg from both cultural relics and potential quarries, were first measured non-destructively using a pXRF device. Obtained chemical element data were then classified using statistical techniques (i.e., cluster analysis and principal component analysis) to match tested materials from cultural relics to the material from a quarry, thereby identifying the material source of stone cultural relics. The proposed method was applied to identify the material sources of the Jin Gang Throne Tower (JGT Tower), the stele of “Rebuilding Pu’ansi Temple” (PAS Stele), and the stele of “Renovation of Sanjinmiao Temple” (SJM Stele) in Beijing Stone Carving Art Museum. The study shows that pXRF can be used on-site for handheld, fast, inexpensive, and non-destructive measurements of the elemental composition of stone materials, being a powerful tool for identifying the material source of stone culture relics especially immovable and large-scale ones.






Keywords:


immovable stone relics; raw material; pXRF; Ward hierarchical clustering; K-means clustering; Bayesian principal component analysis; Dashiwo quarry












1. Introduction


Stone cultural relics, especially immovable ones, are important items of cultural heritage. Due to various natural forces, stone cultural relics are often subject to weathering over time; hence protection and repair measures are urgently needed. According to the principle of minimum intervention, the stones used for restoration should be the same used in cultural relics production.



Identification of the material source of stone cultural relics has been extensively dependent on ancient records. But many stone cultural relics do not have accurate records of their material sources. To resolve this conflict, many researchers have used geological methods to study the material sources of stone cultural relics and have made good progress. For example, Miller et al. [1] investigated geology indices of 172 stone carvings in Midwestern Scotland, including color, grain size, macroscopic mineralogy, textural and structural characteristics, clast distribution and composition, weathering characteristics, and magnetic susceptibility, etc., and compared these indices to corresponding indices of the outcrops or quarry rocks to determine the material source of stone carvings and the outcrops or quarries. Siegesmund et al. [2] compared the carbon-oxygen isotopic characteristics of marble used in the Jewish cemetery with that of marbles from several quarries to preliminarily screen the source. Then, by comparing the content of Mn, they determined the marble of the Jewish cemetery was from the Carrara quarry. Moon et al. [3] observed the petrological characteristics of the stone components of a city wall in Changnyeong County, South Korea as well as some nearby rocks, and determined the respective sources of the stone components of different lithologies. Lv et al. [4] studied the morphological characteristics and rock types of the bedding-stones in Liangzhu Neolithic city and investigated the lithologic features of the nearby exposures, then inferred those bedding-stones are from the hilly mountain and alluvial channels around Pingyao and Liangzhu towns.



Several researchers’ studies used the chemical element content of cultural relics and multivariate statistical methods to study their classifications or sources. For example, Sayre [5] applied multivariate statistical methods (Clustering methods, multivariate probability calculations, etc.) to analyze chemical data of Middle Eastern clay and pottery specimens, which were determined by Neutron Activation Analysis (NAA) [6,7,8]. Holmes et al. [9] used chemical data from NAA to distinguish stones from different quarries by the Marchlidean distance and the standard discriminant function and applied the methods to deduce the origin of stones for a medieval sculpture. Lizee et al. [10] performed transformation and principal component analysis on chemical data obtained from NAA of 70 ceramic archaeological samples and 5 clay samples from southern New England and divided these 75 samples into 5 groups. Baxter et al. [11] discussed a variety of multivariate statistical methods (e.g., Standard methods of multivariate analysis, Statistical modeling, etc.) and illustrated these methods in combination with Atomic Absorption Spectroscopy (AAS) data.



However, most studies using the above-mentioned geological methods require samples from the stone cultural relics for detailed petrological characteristics measurements or geochemical tests. These methods cannot be implemented when destructible samples are not available.



Proton-induced X-ray emission (PIXE) and Prompt gamma activation analysis (PAGG) are commonly used non-destructive testing techniques to characterize the chemical element composition of small-scale cultural relics such as ancient coins, ceramics, glaze, lithic ornaments, and symbolic artifacts [12,13,14]. Their results are accurate and are often combined with statistical analysis methods to group cultural relics [15,16,17,18,19,20]. However, these measurements can only be implemented in the laboratory. For many immovable and large-scale cultural relics that cannot be sampled, the chemical composition can only be determined by handheld and non-destructive equipment.



The portable X-ray fluorescence spectrometer (pXRF) devices are small in size, inexpensive, non-destructive, and rapid while maintaining reliability for analysis results. In recent years, pXRF has been widely used to measure in situ the chemical element composition of a large number of samples of various materials and/or combine statistical methods to show similarity and dissimilarity between them [21,22,23]. Hein et al. [24] tested the chemical elements of 287 ceramic fragments from Paphos of Cyprus with pXRF and grouped them by hierarchical clustering to preliminarily screen the ceramic sources. Khramchenkova et al. [25] tested the chemical elements of 20 frescoes from “The Assumption” Cathedral located in the island town of Sviyazhsk (Tatarstan Republic, Russian Federation) based on pXRF, and analyzed the mineral composition of the pigments to infer the formulas used by Russian craftsmen. Nash et al. [26] used pXRF to test the initial chemical characterization of all extant sarsen uprights and lintel stones at Stonehenge. McGarry et al. [27] tested the chemical elements of bone fragments and analyzed the element profiles of unburned and burned fragments with discriminant functions. Emmitt et al. [28] used pXRF to test the chemical elements of 23 Italian bronze armors from the pre-Roman period. Through “single point” assays and “cluster” assays, they found that bronze can be grouped by region and time based on changes in the content of some elements.



The above studies have shown the feasibility and effectiveness of matching stone relics to corresponding quarries through statistical analysis of the chemical element data measured by pXRF. However, due to the accuracy limitation of pXRF and the different applicable scopes and conditions of statistical analysis methods, a suitable unified statistical analysis method has never been determined. This has led to limitations for research on the material source of stone cultural relics using pXRF. To fill this gap, the present paper proposed a quick and non-destructive method to analyze the materials source of stone cultural relics using pXRF and statistical analysis. The method was applied to analyze the potential raw materials of the Jin Gang Throne Tower (JGT Tower) and two ancient steles in the Beijing Stone Carving Art Museum.




2. Contexts and Materials Studied


The JGT Tower is the first batch of key cultural relics under protection in China. It was built in 1403–1474 AD of the Ming Dynasty and was repaired during the Qianlong period (1735–1796 AD) of the Qing Dynasty, in the 1960s, and after the Tangshan earthquake in 1978. The JGT Tower is part of the Zhenjue Temple, with more than 200 rooms and pavilions. The Zhenjue Temple was destroyed by fire at the end of the Qing Dynasty, leaving only the JGT Tower. In 1987, the Beijing Stone Carving Art Museum was established at the original site of the Zhenjue Temple, which has more than 2600 stone cultural relics, including steles, epitaphs, statues, sutra pillars, stone carvings, and stone building components. Most of them were unearthed from the Beijing area, spanning the Eastern Han Dynasty (25–220 AD) to the Qing Dynasty (1636–1912 AD), and are important materials for studying Beijing’s history.



The JGT Tower consists of a pedestal, five small towers on the pedestal, fences, and a glazed pavilion ( Figure 1; Figure 2a). In this study, the five small towers are named the Northeast (NE) Tower, Northwest (NW) Tower, Central Tower, Southeast (SE) Tower, and Southwest (SW) Tower according to their locations (Figure 1). The overall length, width, and height of the JGT Tower are 18.6 m, 15.7 m, and 15.7 m, respectively. The height of the pedestal is 7.7 m, the height of Central Tower is 8 m, and the height of the other four towers is 7 m [29,30].



The two selected steles are the merits and virtues stele of “Rebuilding Pu’ansi Temple” (PAS Stele) and the stele of “Renovation of Sanjinmiao Temple” (SJM Stele). Table 1 and Figure 3 show their basic information.



At present, the JGT Tower is suffering from serious weathering and insufficient stability. Protection and repair plans have been formulated, in which the replacement of severely weathered stone is an option. Meanwhile, many other steles and stone carvings have been unearthed in the Beijing area. Not all stone cultural relics are recorded in historical records, and their material sources are unclear. Therefore, it is meaningful to study the potential raw material of the JGT Tower and the steles.



It is critical to determine the potential quarries that produce the raw material of the stone cultural relics based on historical records, lithology of the stone cultural relics, regional geological characteristics. Volume 3 of Fangshan county annals [31] in 1928 recorded that “Dashiwo is at the foot of Huanglong Mountain, 60 miles southwest of Fangshan, and produces greenish-white (Qingbai) marble and white (Hanbai) marble. The smaller ones are several feet, and the larger ones are tens of feet. The raw materials of the palace buildings are mostly collected here”. According to the record, the greenish-white marble and white marble cultural relics stones in Beijing were mostly quarried from the Dashiwo quarry in the Fangshan District of Beijing.



Based on a study carried out by Luo [29], the JGT Tower is a masonry structure where the internal section is made of bricks, and the external section is made of white marble. Therefore, it is preliminarily speculated that the stone used for the JGT Tower comes from the Dashiwo quarry. However, there is no research on the material source of PAS Stele nor SJM Stele, and no relevant historical records have been found. According to the description of Fangshan county annals [31] and Liu et al. [32], it is speculated that the raw materials of the two steles also come from the Dashiwo quarry.




3. Methodology


The key procedures of the method for identifying the material source of stone cultural relics are chemical element measurements using pXRF and statistical analysis of data. Specifically, (1) conduct fast and non-destructive chemical element content measurements on stone cultural relics and samples from potential quarries using pXRF; (2) apply statistical analysis methods to match the cultural relic stone and samples from a certain quarry based on the chemical element data, thereby determine the potential raw materials. When samples from cultural relics themselves are available (e.g., exfoliated materials from cultural relics), more elaborate tests (e.g., NAA and powder XRF) can be carried out in the laboratory, and statistical analysis can be performed to verify the results of pXRF analysis.



3.1. pXRF Chemical Element Measurement


A pXRF device (Niton™ XL3t, Thermo Fisher Scientific, Waltham, MA, USA) was used to test the content of 34 chemical elements in stone cultural relics and samples from quarries. The 34 chemical elements measured are Ca, K, Fe, Al, Si, Cl, S, Mg, Sr, Ba, Cr, Ti, Pb, Sn, Cd, Pd, Ag, Mo, Nb, Cr, Rb, Bi, As, Se, Au, W, Cn, Cu, Ni, Co, Mn, V, P and Bal, in which Bal represents light elements including C, H, and O. The “soil and ore” mode was used for the test; each measuring point took 70 s. The collected data were saved; only data points exceeding the limit of detection (LOD) of pXRF were saved for subsequent analyses. The LODs of various chemical elements are shown in Table 2.



The greenish-white (Qingbai) marble and white (Hanbai) marbles [32,33] commonly used in Beijing’s stone cultural relics were selected as matching objects; they were all collected from the Dashiwo quarry, Fangshan District, Beijing. One measuring point on each sample was selected for the chemical element content test using pXRF, and 16 sets of data were obtained and represented by D1~D16, respectively.



Five small towers and fences from the JGT Tower (Figure 1) were used as sampling areas to study whether their stones come from the Dashiwo quarry. In each small tower, five measuring points were randomly selected on each side (Figure 2b) for chemical element content test using pXRF, and a total of 20 sets of data were obtained. Eight measuring points in the surrounding fences were selected for the pXRF test. In total, 107 sets of chemical element data from the JGT Tower were obtained (one measuring point was missed in the NW Tower). The measuring points were numbered in the form of “direction abbreviation-number”. For example, NW-1 represents the first measuring point of the NW Tower, and F-1 represents the first measuring point of the fences.



As for the two ancient steles, five measuring points were selected for chemical element measurement on the body and base parts, respectively, and 20 sets of chemical element data were obtained, which were numbered in the form of “stele-number”.




3.2. Statistical Analysis


Two statistical analysis methods, cluster analysis and principal component analysis (PCA) were used to analyze chemical element data.



3.2.1. Cluster Analysis


The cluster analysis used in this study includes Ward hierarchical clustering (WHC) and K-means clustering (KMC). WHC is based on the analysis of variance. When the classification is correct, the Sum of Squares of Deviations (SSD) within the group is relatively small, while the SSD between groups is relatively large. This method treats each sample as an independent group, then the two groups with the smallest increase in the total SSD [Equation (1)] are merged by calculating the variance between the centers of the groups until all groups are merged into one group. In practical applications, the classification effect of WHC is good, and it is widely used. Mo et al. [34] studied China’s aviation network structure using WHC and divided 29 airports and 60 routes into 4 groups and 3 levels, respectively. Liu et al. [35] measured the ion concentrations of 46 samples of groundwater and seepage in an iron mining area, and classified these samples into two major groups by WHC.
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where S′ is the total SSD of k groups, k is the number of groups, Ni is the number of samples in the i-th group, Xij is the variable index vector of the j-th sample in the i-th group, and     X ¯  i    is the center of the i-th group.



KMC takes Euclidean distance [Equation (2)] as the criterion of similarity. It starts with k initial cluster centers and calculates the Euclidean distance between each sample and the k centers. Then all samples are classified into k groups according to the principle of the closest Euclidean distance, and the k cluster centers are recalculated. Through continuous iteration, the data are moved between different groups until convergence or reaching the number of iterations. Before KMC analysis, the number of clusters (i.e., K) should be determined. KMC has a small amount of calculation and high efficiency and is often applied to large datasets. Fang et al. [36] classified the Northeast China Cold Vortex activity paths into four types through KMC. Jansson et al. [37] combined principal component analysis and KMC to classify the rocks of two deposits in the Sara area of Sweden.
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where dij is the Euclidean distance between two samples, and p is the p-th variable.



As mentioned above, chemical element data obtained by pXRF are sometimes higher than their LODs for some measuring points while lower for other points. In statistical analyses, the data below the LODs were regarded as missing values. As both WHC and KMC cannot analyze data with missing values, in the subsequent cluster analysis, the missing values are replaced by 1/2 of the LODs shown in Table 2.




3.2.2. Principal Component Analysis (PCA)


PCA is a commonly used method for data dimensionality reduction; it transforms many related variables into a small number of unrelated variables called principal components (PC). PCA obtains the PC scores of the samples, and then the samples can be classified according to PC scores. This method can use fewer variables to reflect the original information to the greatest extent, reduce the amount of calculation and reduce the complexity of the analysis problem. Forlay-Frick et al. [38] analyzed plate numbers and symmetry factor values of the three solutes in different systems through PCA and classified the systems. Oba et al. [39] proposed the Bayesian principal component analysis (BPCA) method, which can estimate the missing values in the data and apply them to DNA microarray data. As the chemical element data obtained by the pXRF tests contain missing values, BPCA is used to estimate the missing values and extract the PC.





3.3. Validation from Exfoliated Samples


Three exfoliated samples were collected from the JGT Tower and used for validation purposes. As the accuracy of the pXRF is lower than that of conventional powder XRF test, to verify the credibility of the statistical analysis results of the pXRF data, the chemical element of the exfoliated samples and samples of the Dashiwo quarry were tested using a PANalytical fluorescence spectrophotometer (X Pert MPD PRO, Amsterdam, The Netherlands). The tested chemical composition are major elements (Si, Ti, Al, Fe, Mn, Mg, Mg, Ca, Na, K, and P) and trace elements (Ba, Cr, Ni, Sr, V, and Cr). The loss on ignition (LOI) of each sample was determined by weighing before and after heating at 1000 °C for 4 h. Three exfoliated samples from the JGT Tower are marked as T-1, T-2, and T-3. Four samples from the Dashiwo quarry were chosen for the chemical composition test: DSW-1, DSW-2, DSW-3, and DSW-4.



After chemical element measurement, the cluster analysis and/or PCA can be performed to match the above seven samples. As the units of the major elements (wt%) and trace elements (×10−6) are inconsistent, the data should be first standardized before statistical analysis.





4. Results and Analysis


4.1. pXRF Test Results


Table 3 shows 16 sets of pXRF measurement results for 13 chemical elements in samples from the Dashiwo quarry. For all statistical analyses, data for the following 21 elements, namely, Pb, Sn, Cd, Pd, Ag, Mo, Nb, Cr, Rb, Bi, As, Se, Au, W, Cn, Cu, Ni, Co, Mn, V, and P, were omitted because that they were below their own LODs (<LOD). The chemical elements of samples are mainly Bal, Ca, Mg, and Si. Compared with other samples, the content of Si in D-13 (24.676%) is much higher, while the content of Bal, Ca, and Mg is lower. Zhang et al. [40] found that the Si content for a white marble sample from the Dashiwo quarry and for a sample from the Forbidden City was as high as 37.26% and 19.15%, respectively. Therefore, the data of D-13 is reasonable.



Table 4 presents the 107 sets of chemical element data from the JGT Tower. To analyze the chemical element data of the samples from the Dashiwo quarry, only the data of 13 elements were retained. The elemental composition of the stone used for the five small towers and fence mainly includes Bal, Ca, Si, Fe, Al, and K, and a few measuring points also contain Mg. The content of Si or Ca at NW-10, NW-12, and SE-2 is anomalous, which most likely indicates that some materials such as stone or cement have been used to repair the JGT Tower on a small scale. Therefore, they are excluded from subsequent statistical analysis, and the remaining 104 sets of data were used.



Table 5 shows 20 sets of chemical element data of two ancient steles. The contents of the chemical elements in the body and the pedestal of the PAS stele are quite different. Compared with the pedestal, the contents of Ca, K, Fe, and Si in the body of the stele are higher, while the contents of Bal and Mg are lower. SJM stele is mainly composed of Bal, Ca, Mg, Si, and there is no difference in the content of chemical elements between its body and pedestal.




4.2. JGT Tower


4.2.1. Results of Statistical Analysis


Cluster analysis (including WHC and KMC) and BPCA were applied, respectively, to match the Dashiwo quarry and JGT Tower using their chemical element data in Table 3 and Table 4.



As shown in Figure 4, WHC divides the measuring points of the JGT Tower and samples from the Dashiwo quarry into three groups. Group I includes 15 measuring points of samples from the Dashiwo quarry, excluding D-13, and 4 measuring points (NW-16, NE-5, SW-20, F-8) of the JGT Tower. Group II contains D-13 and 32 measuring points of the JGT Tower, and the 68 measuring points in Group III are all from the JGT Tower.



The centers of each group in Table 6 indicate that the 19 measuring points in Group I contain higher Bal and Mg, and lower Ca and Si; the 33 measuring points in Group II contain higher Si and S; the 68 measuring points in Group III contain higher Ca. NW-16, NE-5, and F-8 are classified into Group I due to their relatively high Bal and Mg content and low Ca content. SW-20 is classified into Group I due to its relatively high Bal content and low Ca content. D-13 is classified into Group II due to its high Si content.



As for KMC results, first, the optimal cluster number is 3 (i.e., K = 3). As shown in Figure 5, when the cluster number is less than 3, the Within Groups Sum of Squares (WGSS) decreases rapidly. When the cluster number is greater than 3, WGSS decreases slowly. Table 7 shows the three group centers given by KMC. The 21 measuring points in Group I contain higher Bal and Mg, and lower Ca and Si. The 30 measuring points in Group II contain higher Si and S, and the 69 measuring points in Group III contain higher Ca. The group members in Table 8 show that Group I includes 15 measuring points of samples from the Dashiwo quarry excluding D-13 and 6 measuring points (NW-16, NE-5, SW-20, F-8, C-4, C-5) of the JGT Tower. Group II includes D-13 and 29 measuring points of the JGT Tower, and the 69 measuring points in Group III are all from the JGT Tower.



Due to the different principles of WHC and KMC, the group attribution of individual measuring points (i.e., F-4, C-4, C-5, NE-9, NE-10, SW-12, and SE-1) is different; the outlier is D-13. However, in general, the results of WHC and KMC are the same, indicating that the stone of the JGT Tower and samples from the Dashiwo quarry belong to different groups, thus the potential raw materials of the JGT Tower are not from the Dashiwo quarry.



The PC were extracted from 120 sets of chemical element data from the JGT Tower (Table 4) and data of samples from the Dashiwo quarry (Table 3). The cumulative variance contribution rate of the first two principal components (PC1 and PC2) is 91.27%. According to the principle that the cumulative contribution rate of PC reached 85%, it can be considered that PC1 and PC2 contain all the information in the original data. Figure 6 is the Bayesian principal component (BPC) score diagram of 120 measuring points. Most measuring points of the JGT Tower are in the middle and lower part of the diagram. The measuring points of samples from the Dashiwo quarry (except D-13) and individual measuring points of the JGT Towers (i.e., NW-16, NE-5, and F-8) are concentrated in the bottom left of the diagram. This means that the raw material of the JGT Tower and the samples from the Dashiwo quarry can be divided into two groups, i.e., they are different.



The chemical element content of NW-16, NE-5, and F-8 are very similar to the samples from the Dashiwo quarry ( Table 3 and Table 4), so they are concentrated in the same area (Figure 6). C-4, C-5, and SW-20 have the characteristics of high Bal content and low Ca content, so they are relatively close to the measuring points of samples from the Dashiwo quarry in Figure 6. C-16 is distinct due to the high content Ca and Si and the low content of Bal. NE-3 is distinct due to the high sulfur content and low content of Bal and Ca, while the high sulfur content may be caused by environmental pollution [41].




4.2.2. Potential Raw Material of the JGT Tower


Due to different principles for WHC, KMC, and BPCA, the classification of some measuring points (accounting for 5% of total measuring points) presents inconsistent attributions. In detail, both KMC and BPCA divide NW-16, NE-5, F-8, C-4, C-5, SW-20, and samples from the Dashiwo quarry into the same group, while WHC divides NW-16, NE-5, F-8, SW-20, and samples from the Dashiwo quarry into the same group. In general, excluding the above points, the statistical analyses have shown that the stone from the JGT Tower and the samples from the Dashiwo quarry do not belong to the same group, meaning the raw material of the JGT Tower is not from the Dashiwo quarry.



As for the stones of the JGT Tower itself, WHC and KMC divided the measuring points of the five small towers and fences into two groups (i.e., Group II and III in Figure 4 and Table 6, Table 7 and Table 8), which is not consistent with reality, as justified follow:




	(1)

	
Both Group II and Group III contain some measuring points of the JGT Tower. The measuring points on the same side of each small tower are also divided into Group II or Group III, respectively, which means the stone of the five small towers belongs to Group II and Group III at the same time, which is self-contradictory; hence, Group II and Group III can be considered as the same group. Therefore, the chemical element data from the JGT Tower and rock samples from the Dashiwo quarry are still divided into two groups.




	(2)

	
From the analytical methods, the chemical element data from the JGT Tower are divided into two groups, which is related to the value of SSD in the WHC and the value of K in KMC. From the WHC dendrogram (Figure 4), Group II and Group III can be combined into one when SSD is 300. In addition, if K is 2 in KMC, the stone from the JGT Tower will also belong to the same group.




	(3)

	
From a geology perspective, this is because the stone from the JGT Tower is a geological body formed in a certain geological age, and its chemical element content itself is complex (e.g., the difference between Si, Ca, and S between measuring points). The rock mass of the Dashiwo quarry is dolomitic marble produced by the dynamic thermal metamorphism of dolomite. Some dolomitic marble contains siliceous minerals, and siliceous bands can be seen at the quarry site. Therefore, the individual measuring point of samples from the Dashiwo quarry (e.g., D-13) is classified as Group II due to the high content of Si.










4.2.3. Validation Result


The XRF results of the chemical element of the three exfoliated JGT Tower samples and four Dashiwo quarry samples are shown in Table 9. The chemical elements of exfoliated samples are mainly CaO and SiO2; the chemical elements of samples from the Dashiwao Quarry are mainly CaO and MgO. DSW-3 contains a large amount of SiO2, and its contents of CaO and MgO are lower than those of other samples from the Dashiwao Quarry. The chemical element content in Table 9 and Table 3 and Table 4 are mutually verified.



There are few data in Table 9, and these data do not have missing values, so only WHC is used for the statistical analysis. The dendrogram of the standardized data are shown in Figure 7. When the SSD is chosen as 6, DSW-3 alone is a group, DSW-1, DSW-2, and DSW-4 are a group, and three exfoliated samples are a group. When the SSD is chosen as 8, four samples of the Dashiwo quarry are a group, and three exfoliated samples are a group. Therefore, samples from the Dashiwo quarry and the exfoliated samples from the JGT Tower belong to different groups. This is consistent with the results of previous statistical analyses of the pXRF data.





4.3. PAS Stele and SJM Stele


4.3.1. Results of Statistical Analysis


Cluster analysis (i.e., WHC and KMC) and BPCA were applied respectively to match the Dashiwo quarry and the two ancient steles using their chemical element data in Table 3 and Table 5.



Figure 8 and Table 10 are WHC dendrogram and centers of 36 sets of chemical element data of PAS stele, SJM stele, and samples from the Dashiwo quarry, respectively. Group II consists of D-13 alone because its Si content is much higher than the other two categories. The 30 measuring points of Group I include 5 measuring points of the pedestal of PAS stele, ten measuring points of SJM stele, and 15 measuring points of samples from the Dashiwao Quarry. Group III is composed of 5 measuring points of the body of the PAS stele. Compared with Group III, the content of Bal and Mg of Group I is higher, while the content of Ca and Si is lower.



Figure 9 shows that the optimal cluster number is 3 (i.e., K = 3). The result of KMC is shown in Table 11. It can be seen that the group of each measuring point in the result of KMC is consistent with the result of WHC. The group centers in the KMC results are the same as that in the WHC results (see Table 10).



The PC were extracted from the 36 sets of chemical element data of PAS stele, SJM stele (Table 5), and samples from the Dashiwo quarry (Table 3). The cumulative variance contribution rate of the first two principal components (PC1, PC2) is 99.63% (>85%). PC1 and PC2 contain almost a majority of information of the original data; thus, they are used to obtain the principal component score diagram (Figure 10).



Combining Figure 10 and Table 5, the 5 measuring points on the body of the PAS stele are distributed in the lower right corner of the figure due to the low content of Bal and Mg and the high content of Ca and Si. D-13 is distributed at the top of the diagram because its Si content is much higher than other measuring points. The measuring points of the pedestal of PAS stele, SJM stele, and samples from the Dashiwo quarry (except D-13) are concentrated in the lower left part of the diagram.




4.3.2. Potential Raw Material of the Two Ancient Steles


The WHC results are the same as the KMC results. Except for D-13, the stone samples from the pedestal of PAS stele and SJM stele belong to the same group as samples from the Dashiwo quarry (i.e., they are the same type). The stone for the body of PAS stele and samples from the Dashiwo quarry belong to different groups (i.e., they are not the same type).



The results obtained by BPCA and cluster analysis are completely consistent. The stones used for the pedestal of the PAS stele and SJM stele are the same type of rock as samples from the Dashiwo quarry, while the stone used for the body of the PAS stele is different from the sample from the Dashiwo quarry. This indicates that the stones used for the body and pedestal of PAS stele are from different quarries. This phenomenon also exists in another stele (the rebuilt stele of Pu’ansi Temple, RPAS stele) in the Beijing Stone Carving Art Museum. The pedestal and stones of the Dashiwo quarry are the same kinds of rock, but its body is not. Both PAS stele and RPAS stele are from Pu’ansi Temple, and they were built at the same age and had almost the same dimensions. This may be caused by the systematization or assembly-line construction at that time. The two groups of craftsmen chose different stones to manufacture the body and pedestal of steles, respectively. After the body and pedestal are finished, the body is inserted into the pedestal to form a whole stele. The dozens of other steles in the Beijing Stone Carving Art Museum do not have the phenomenon that the stones of body and pedestal are different. We can analyze the reasons for the difference between the body and pedestal of steles through further research on historical records or archaeological methods.






5. Discussion


5.1. Applicability of pXRF-Based Method


The pXRF systems can be used on-site for handheld, fast, inexpensive, and non-invasive measurements of elemental compositions of a variety of materials, including stone. So, considerably larger numbers of elemental compositions data of samples can be determined and analyzed by pXRF. The present study shows great application potential of the pXRF-based method in preliminary material source determination of stone culture relics, especially in cases where relics are immovable, large in dimension, or in quantity. Hence to facilitate effective laboratory sample selection and avoid redundant laboratory measurements [24].



After the preliminary analytical survey, the pXRF classification can be used to refine and prioritize sample selection for other more accurate and sensitive techniques, which are performed mostly from the destructible samples in the laboratory. These techniques include NAA, power XRF, inductively coupled plasma-mass spectrometry (ICP-MS), isotopic analysis, minor and trace element measurement, microscopic observation of thin slices, and so on.



The JGT Tower, PAS Stele, and SJM Stele investigated in the present study were initially constructed in Chinese Royal temples. Due to quality control requirements, as well as the difficulty and high cost of transportation, royal constructions in ancient China were government-led projects, and only materials from quarries of the best quality were used [32]. Hence, the only potential quarry examined in this pioneering study was the Dashiwo quarry, which was the most likely raw material source for stone relics in Beijing, including the Forbidden City, as indicated by the historical records. However, other ancient quarries with compositions similar to that of the Dashiwo quarry cannot be ruled out. So the further work is to find more potential quarries and measure their elemental compositions. For quarries with similar compositions and cannot be discriminated only by pXRF, the above-mentioned accurate lab-based techniques (e.g., minor and trace elements) could be applied for further distinguish, as long as the exfoliated samples of the stone relics to be studied are accessible.



Moreover, the cluster analysis and BPCA have no limitation in the number of samples or measured data points. The present method is suitable for matching n (n ≥ 1) objects of stone cultural relics to m (m ≥ 1) potential ancient quarries. Following this logic, it can be considered to build a database and gradually input elemental composition data of materials from both the cultural relics and quarries to do material source matching; more input data result in higher reliability. After finding all ancient quarries in a given region (e.g., in the Beijing area) and inputting corresponding elemental composition data of the materials, researchers can promptly determine the material sources of hundreds of thousands of cultural relics in this region based on the database and pXRF. The study results can be used in future projects for guiding the potential raw material selection for the relics restoration.




5.2. Combined Application of Cluster Analysis and BPCA


The present method for raw material identification is inexpensive, highly efficient, and above all applicable to immovable cultural heritage, and is suitable for preliminary and extensive analytical surveys. However, the chemical element data measured by pXRF are relatively less accurate than lab-based methods, and the method cannot yet specify the quantity and location of measuring points. To reduce the possible error and improve the accuracy, this study proposes the combined application of cluster analysis and BPCA for comprehensive analysis.



When the statistical analysis results are consistent, the results are credible; otherwise, increase the number of measuring points until the results are consistent. It can be seen from the above two examples that the greater the number of measurement points, the better the credibility of the results of these two statistical analysis methods. To ensure that one distinct measuring point does not affect the final analysis results, it is recommended to select more than 5 measurement points for each object to be analyzed and more than 10 measurement points for samples from the quarries to be analyzed. The above two examples have shown that the credibility of the results of the two statistical analysis methods improves as the number of measuring points increases.



Comparing the two methods of cluster analysis (i.e., WHC and KMC) and BPCA, the following two points need to be noted:




	(1)

	
Cluster analysis (i.e., WHC and KMC) cannot analyze data containing missing values, so those missing values below the LODs are replaced by 1/2 of the LODs in this paper; BPCA can analyze data with missing values.




	(2)

	
KMC quantifies the measuring points as belonging to a certain group. WHC qualitatively displays the groups of measuring points with a diagram, and it also has a quantitative expression. From Figure 4 and Figure 8, we can know the similarity between measuring points and the cluster number changes with the change of SSD. The cluster number needs to be determined by analyzing the dendrogram and the actual situation of the data. BPCA also qualitatively displays the groups of measuring points with a diagram. In this respect, WHC and BPCA are better than KMC, especially when there are not many measuring points or the difference between groups is not significant.









Turning back to the focus of the elemental composition, the rock types in the Beijing area mainly include limestone, dolomite, marble, sandstone, and granite, among which the rock presents white, or greenish-white is mainly carbonate rocks, such as calcitic limestone, domomite, and dolomitic and calcitic marble. In this case study, the stones used in the construction of the tower and steles are easy to distinguish because they are made of calcite (i.e., those with 32–40% Ca and <LODs for Mg) or dolomite (i.e., those with 21–23% Ca and 2.4–3.7% Mg). As shown in Table 3, Table 4 and Table 5, only five or six major elements (Ca, K, Fe, Al, Si, and Mg) along with Bal during 34 measured elements present a difference in all of the samples. Therefore, consistent and satisfactory results can be obtained using a small number of measuring points from cluster analysis and BPCA methods. As for the JGT Tower and the two steles, the results of raw materials source obtained by cluster analysis and BPCA are completely the same and consistent, though less than 5% of total measuring points of the JGT Tower present inconsistent classifications. For the white and greenish-white stone relics in Beijing, using any of these three methods to analyze the source of the raw materials can obtain the same and correct result. In other words, the role of trace and minor elements were not very significant for provenance determination in this study. This contrasts with works on France limestones where the elements most useful for determining the provenance of statuary were the minor and trace elements [9].





6. Conclusions


A fast and non-destructive method is presented in this paper to identify the material source of stone cultural relics based on pXRF and statistical analyses. The chemical elements of stone relics and stones from a certain ancient quarry were measured by pXRF; the obtained data were classified by statistical analysis methods such as cluster analysis and PCA to identify whether the stones come from the quarry. The method for raw material identification is inexpensive, simple, high-efficiency, and applicable to immovable and large-scale cultural heritage, making it suitable for preliminary and extensive analytical surveys.



Using the methods, the chemical element content of the JGT Tower, two ancient steles (i.e., PAS stele and SJM stele), and samples from the Dashiwo quarry were measured and analyzed. The statistical results indicate that the stones of the SJM stele and the pedestal of the PAS stele are from the Dashiwo quarry, while the stones of the JGT Tower and the body of the PAS stele are not.



As for the JGT Tower and the body of PAS stele whose raw material sources have not been identified, it is suggested to explore all the potential quarries and then use the above method to identify whether the raw materials of the tower and stele come from the potential quarries by matching their element compositions. Potential quarries can be explored according to the regional geological data, ancient records, and historical sites in Beijing.
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Figure 1. South of the Jin Gang Throne Tower (JGT Tower) and layout of the five small towers and fence (redrawn from Sun [30]). 
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Figure 2. The JGT Tower (a) and the south of the NW Tower (b). 
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Figure 3. Two ancient steles: PAS stele (a) and SJM stele (b). 
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Figure 4. Ward hierarchical clustering (WHC) dendrogram of chemical element data from the JGT Tower and samples from the Dashiwo quarry. 






Figure 4. Ward hierarchical clustering (WHC) dendrogram of chemical element data from the JGT Tower and samples from the Dashiwo quarry.



[image: Minerals 12 00199 g004]







[image: Minerals 12 00199 g005 550] 





Figure 5. Within Groups Sum of Squares (WGSS) with different cluster numbers of chemical element data from the JGT Tower and samples from the Dashiwo quarry. 
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Figure 6. Bayesian principal component (BPC) scores of chemical element data from the JGT Tower and samples from the Dashiwo quarry. 
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Figure 7. WHC Dendrogram of XRF data in Table 9. 
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Figure 8. WHC dendrogram of chemical element data of PSA stele, SJM stele, and samples from the Dashiwo quarry. 
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Figure 9. WGSS under different cluster numbers of chemical element data of PSA stele, SJM stele, and samples from the Dashiwo quarry. 
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Figure 10. BPC scores of chemical element data of PAS stele, SJM stele, and samples from the Dashiwo quarry. 
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Table 1. Basic information of Rebuilding Pu’ansi Temple (PAS stele) and Renovation of Sanjinmiao Temple (SJM stele) in this study.
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	Stele
	Construction Time
	Dimensions (cm)
	Original Site





	PAS stele

(Figure 3a)
	1564 AD
	Body: (height × width × thickness) 313 × 95 × 32

Pedestal: (length × width × height) 223 × 100 × 62
	Yujiao Hutong, Xicheng District, Beijing



	SJM stele

(Figure 3b)
	1805 AD
	Body: (height × width × thickness) 247 × 83 × 28

Pedestal: (length × width × height) 121 × 60 × 80
	Old site of Sanjinmiao Temple, Xicheng District, Beijing
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Table 2. Limit of detections (LODs) of portable X-ray fluorescence spectrometer (pXRF) for various elements (unit: ×10−6).
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	Elements
	K
	Fe
	Al
	Cl
	S
	Mg
	Sr
	Ba
	Cr
	Ti
	Ca





	LOD
	40
	35
	500
	60
	70
	3500
	3
	35
	20
	10
	50
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Table 3. Chemical element data based on pXRF of samples from the Dashiwo quarry (unit: wt%).
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	Number
	Bal
	Ca
	K
	Fe
	Al
	Si
	Cl
	S
	Mg
	Sr
	Ba
	Cr
	Ti





	D-1
	71.784
	22.487
	0.122
	0.125
	0.323
	1.88
	<LOD
	<LOD
	3.235
	0.002
	0.038
	<LOD
	<LOD



	D-2
	72.798
	22.889
	<LOD
	0.073
	<LOD
	0.852
	<LOD
	<LOD
	3.327
	0.002
	0.032
	<LOD
	<LOD



	D-3
	72.021
	23.711
	<LOD
	0.094
	<LOD
	0.323
	<LOD
	<LOD
	3.811
	0.002
	0.035
	<LOD
	<LOD



	D-4
	71.912
	23.161
	0.038
	0.087
	<LOD
	1.556
	<LOD
	<LOD
	3.219
	0.002
	0.023
	<LOD
	<LOD



	D-5
	72.471
	21.581
	0.103
	0.058
	0.583
	2.13
	<LOD
	<LOD
	3.035
	<LOD
	0.036
	<LOD
	<LOD



	D-6
	74.290
	22.029
	0.034
	<LOD
	<LOD
	0.656
	<LOD
	<LOD
	2.801
	<LOD
	0.036
	<LOD
	<LOD



	D-7
	70.756
	22.253
	0.102
	0.114
	<LOD
	3.146
	<LOD
	<LOD
	3.382
	0.003
	0.242
	<LOD
	<LOD



	D-8
	69.757
	20.898
	0.272
	0.436
	0.934
	4.157
	0.086
	0.072
	3.202
	0.004
	0.154
	<LOD
	<LOD



	D-9
	71.500
	23.457
	<LOD
	0.106
	<LOD
	0.953
	<LOD
	<LOD
	3.724
	0.002
	0.026
	0.005
	<LOD



	D-10
	72.343
	23.094
	0.043
	0.106
	<LOD
	0.401
	<LOD
	0.014
	3.958
	0.002
	0.035
	<LOD
	<LOD



	D-11
	71.621
	23.196
	0.038
	0.096
	0.221
	0.614
	<LOD
	<LOD
	4.166
	0.002
	0.043
	<LOD
	<LOD



	D-12
	67.116
	21.649
	0.174
	0.217
	2.082
	5.735
	0.005
	<LOD
	2.94
	0.002
	0.032
	<LOD
	0.031



	D-13
	58.489
	14.896
	<LOD
	<LOD
	<LOD
	24.676
	0.048
	<LOD
	1.862
	0.002
	0.025
	<LOD
	<LOD



	D-14
	72.018
	23.343
	<LOD
	0.091
	<LOD
	0.369
	0.019
	0.119
	3.983
	0.003
	0.018
	0.006
	<LOD



	D-15
	71.128
	23.351
	<LOD
	0.102
	<LOD
	0.717
	0.035
	0.417
	3.973
	0.002
	0.029
	<LOD
	<LOD



	D-16
	73.535
	22.067
	<LOD
	0.045
	<LOD
	0.974
	<LOD
	<LOD
	3.312
	<LOD
	0.029
	0.007
	<LOD
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Table 4. Chemical element data based on pXRF of the five small towers and fences of the JGT Tower (unit: wt%).
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Location

	
Number

	
Bal

	
Ca

	
K

	
Fe

	
Al

	
Si

	
Cl

	
S

	
Mg

	
Sr

	
Ba

	
Cr

	
Ti






	
NW Tower

	
NW-1

	
58.462

	
37.868

	
0.232

	
0.314

	
0.505

	
2.302

	
<LOD

	
0.241

	
<LOD

	
0.013

	
<LOD

	
<LOD

	
<LOD




	
NW-2

	
57.331

	
32.680

	
0.354

	
0.691

	
1.666

	
6.803

	
0.010

	
0.314

	
<LOD

	
0.014

	
0.068

	
<LOD

	
<LOD




	
NW-3

	
58.275

	
38.523

	
0.193

	
0.304

	
0.584

	
1.958

	
0.012

	
0.104

	
<LOD

	
0.014

	
0.025

	
<LOD

	
<LOD




	
NW-4

	
56.625

	
28.526

	
0.310

	
0.388

	
1.165

	
12.606

	
0.023

	
0.294

	
<LOD

	
0.012

	
0.032

	
<LOD

	
<LOD




	
NW-5

	
49.285

	
24.602

	
0.239

	
0.602

	
1.981

	
7.531

	
0.031

	
15.583

	
<LOD

	
0.013

	
0.031

	
0.009

	
0.065




	
NW-6

	
56.004

	
38.107

	
0.270

	
0.375

	
1.307

	
3.397

	
0.016

	
0.429

	
<LOD

	
0.015

	
0.030

	
<LOD

	
<LOD




	
NW-7

	
58.200

	
32.757

	
0.252

	
0.346

	
0.809

	
7.219

	
0.009

	
0.300

	
<LOD

	
0.011

	
0.024

	
<LOD

	
<LOD




	
NW-8

	
54.620

	
37.854

	
0.324

	
0.436

	
0.806

	
5.582

	
0.009

	
0.310

	
<LOD

	
0.013

	
0.024

	
<LOD

	
<LOD




	
NW-9

	
60.768

	
31.069

	
0.448

	
0.488

	
1.174

	
5.762

	
0.012

	
0.153

	
<LOD

	
0.010

	
0.030

	
<LOD

	
<LOD




	
NW-10

	
40.714

	
21.709

	
0.187

	
0.461

	
0.326

	
34.807

	
0.033

	
1.472

	
<LOD

	
0.012

	
<LOD

	
<LOD

	
0.188




	
NW-11

	
57.466

	
34.096

	
0.225

	
0.400

	
0.801

	
6.957

	
<LOD

	
<LOD

	
<LOD

	
0.013

	
0.028

	
<LOD

	
<LOD




	
NW-12

	
44.635

	
5.733

	
0.291

	
0.730

	
0.491

	
46.330

	
0.023

	
1.402

	
<LOD

	
0.009

	
0.028

	
<LOD

	
0.209




	
NW-13

	
59.022

	
34.895

	
0.544

	
0.661

	
1.415

	
3.167

	
0.009

	
0.180

	
<LOD

	
0.013

	
0.030

	
<LOD

	
<LOD




	
NW-14

	
60.462

	
36.844

	
0.244

	
0.365

	
0.421

	
1.392

	
0.008

	
0.210

	
<LOD

	
0.013

	
<LOD

	
<LOD

	
<LOD




	
NW-15

	
55.957

	
36.063

	
0.531

	
0.797

	
1.016

	
5.432

	
0.009

	
0.063

	
<LOD

	
0.015

	
0.087

	
<LOD

	
<LOD




	
NW-16

	
73.721

	
22.281

	
0.044

	
0.071

	
0.125

	
0.455

	
0.004

	
0.115

	
3.289

	
<LOD

	
<LOD

	
<LOD

	
<LOD




	
NW-17

	
58.379

	
31.843

	
0.384

	
0.566

	
1.509

	
7.134

	
<LOD

	
0.081

	
<LOD

	
0.011

	
0.076

	
<LOD

	
<LOD




	
NW-18

	
62.633

	
27.764

	
0.541

	
0.445

	
0.896

	
7.659

	
<LOD

	
<LOD

	
<LOD

	
0.011

	
0.029

	
<LOD

	
<LOD




	
NW-19

	
57.523

	
36.844

	
0.304

	
0.427

	
1.087

	
3.503

	
<LOD

	
0.198

	
<LOD

	
0.014

	
0.028

	
<LOD

	
<LOD




	
Central Tower

	
C-1

	
58.317

	
37.015

	
0.130

	
0.280

	
0.758

	
3.373

	
<LOD

	
0.039

	
<LOD

	
0.012

	
0.023

	
0.008

	
<LOD




	
C-2

	
56.279

	
39.412

	
0.209

	
0.380

	
0.972

	
2.485

	
<LOD

	
0.099

	
<LOD

	
0.015

	
0.034

	
<LOD

	
<LOD




	
C-3

	
62.314

	
29.551

	
0.276

	
5.036

	
0.081

	
0.472

	
<LOD

	
0.005

	
<LOD

	
0.026

	
<LOD

	
<LOD

	
<LOD




	
C-4

	
67.876

	
26.459

	
0.052

	
3.105

	
0.058

	
0.250

	
<LOD

	
<LOD

	
<LOD

	
0.028

	
<LOD

	
<LOD

	
<LOD




	
C-5

	
65.235

	
25.123

	
0.211

	
4.144

	
<LOD

	
2.546

	
<LOD

	
<LOD

	
<LOD

	
0.027

	
<LOD

	
0.014

	
<LOD




	
C-6

	
56.651

	
36.655

	
0.366

	
0.530

	
1.924

	
3.670

	
<LOD

	
0.106

	
<LOD

	
0.013

	
0.041

	
0.009

	
<LOD




	
C-7

	
55.984

	
38.190

	
0.254

	
0.487

	
1.292

	
3.581

	
<LOD

	
0.155

	
<LOD

	
0.013

	
<LOD

	
<LOD

	
<LOD




	
C-8

	
58.451

	
21.874

	
0.464

	
1.070

	
0.584

	
16.377

	
<LOD

	
1.024

	
<LOD

	
0.013

	
0.026

	
0.012

	
0.084




	
C-9

	
54.485

	
28.955

	
0.525

	
0.394

	
2.286

	
13.267

	
<LOD

	
<LOD

	
<LOD

	
0.011

	
0.037

	
<LOD

	
<LOD




	
C-10

	
56.969

	
36.908

	
0.342

	
0.395

	
0.906

	
4.332

	
<LOD

	
0.070

	
<LOD

	
0.013

	
0.027

	
<LOD

	
<LOD




	
C-11

	
58.054

	
34.413

	
0.348

	
0.687

	
1.981

	
4.077

	
<LOD

	
0.285

	
<LOD

	
0.011

	
0.030

	
<LOD

	
<LOD




	
C-12

	
55.584

	
37.079

	
0.225

	
0.548

	
1.471

	
4.842

	
0.009

	
0.188

	
<LOD

	
0.013

	
0.027

	
<LOD

	
<LOD




	
C-13

	
60.289

	
32.486

	
0.216

	
0.433

	
0.678

	
5.565

	
0.063

	
0.221

	
<LOD

	
0.009

	
0.029

	
<LOD

	
<LOD




	
C-14

	
61.706

	
28.354

	
0.223

	
0.272

	
0.668

	
8.617

	
<LOD

	
0.101

	
<LOD

	
0.011

	
0.030

	
<LOD

	
<LOD




	
C-15

	
60.519

	
28.472

	
0.239

	
0.254

	
0.646

	
9.513

	
<LOD

	
0.218

	
<LOD

	
0.011

	
<LOD

	
<LOD

	
<LOD




	
C-16

	
46.769

	
39.822

	
0.249

	
0.386

	
1.455

	
10.910

	
0.235

	
0.098

	
<LOD

	
0.014

	
<LOD

	
<LOD

	
<LOD




	
C-17

	
56.776

	
27.598

	
0.364

	
0.725

	
2.492

	
10.019

	
0.095

	
1.496

	
<LOD

	
0.011

	
0.034

	
<LOD

	
<LOD




	
C-18

	
54.665

	
30.460

	
0.588

	
0.666

	
2.950

	
10.190

	
0.020

	
0.349

	
<LOD

	
0.012

	
0.039

	
<LOD

	
<LOD




	
C-19

	
60.796

	
34.652

	
0.336

	
0.421

	
0.895

	
2.418

	
0.020

	
0.312

	
<LOD

	
0.014

	
0.030

	
<LOD

	
<LOD




	
C-20

	
59.864

	
36.617

	
0.134

	
0.452

	
0.394

	
2.160

	
0.029

	
0.286

	
<LOD

	
0.012

	
0.025

	
<LOD

	
<LOD




	
NE Tower

	
NE-1

	
54.640

	
30.167

	
0.375

	
0.489

	
1.483

	
12.312

	
<LOD

	
0.178

	
<LOD

	
0.013

	
0.281

	
<LOD

	
0.044




	
NE-2

	
59.654

	
31.230

	
0.289

	
0.560

	
0.914

	
6.481

	
<LOD

	
0.063

	
<LOD

	
0.017

	
0.760

	
<LOD

	
<LOD




	
NE-3

	
47.733

	
21.089

	
0.290

	
0.429

	
1.619

	
16.335

	
0.027

	
12.352

	
<LOD

	
0.010

	
0.023

	
<LOD

	
<LOD




	
NE-4

	
54.276

	
27.083

	
0.241

	
0.429

	
0.835

	
16.557

	
<LOD

	
0.382

	
<LOD

	
0.011

	
0.150

	
<LOD

	
<LOD




	
NE-5

	
73.228

	
22.397

	
0.097

	
0.036

	
0.313

	
1.258

	
0.004

	
0.082

	
2.563

	
0.003

	
0.020

	
<LOD

	
<LOD




	
NE-6

	
55.567

	
38.426

	
0.273

	
0.497

	
0.838

	
4.233

	
<LOD

	
0.068

	
<LOD

	
0.014

	
0.065

	
<LOD

	
<LOD




	
NE-7

	
56.440

	
36.498

	
0.296

	
0.360

	
0.725

	
5.229

	
<LOD

	
0.402

	
<LOD

	
0.013

	
0.032

	
<LOD

	
<LOD




	
NE-8

	
57.129

	
34.895

	
0.410

	
0.488

	
1.326

	
5.691

	
<LOD

	
<LOD

	
<LOD

	
0.011

	
0.037

	
<LOD

	
<LOD




	
NE-9

	
55.716

	
31.262

	
0.453

	
0.568

	
1.518

	
10.253

	
<LOD

	
0.118

	
<LOD

	
0.011

	
0.090

	
<LOD

	
<LOD




	
NE-10

	
57.585

	
21.832

	
0.787

	
0.788

	
1.779

	
17.052

	
<LOD

	
<LOD

	
<LOD

	
0.010

	
0.039

	
<LOD

	
0.076




	
NE-11

	
56.185

	
28.209

	
0.385

	
0.544

	
1.501

	
12.755

	
<LOD

	
0.265

	
<LOD

	
0.012

	
0.100

	
<LOD

	
<LOD




	
NE-12

	
56.529

	
31.555

	
0.253

	
0.329

	
1.005

	
10.20

	
<LOD

	
0.089

	
<LOD

	
0.011

	
<LOD

	
<LOD

	
<LOD




	
NE-13

	
59.004

	
37.715

	
0.159

	
0.397

	
<LOD

	
2.627

	
<LOD

	
0.047

	
<LOD

	
0.015

	
0.023

	
<LOD

	
<LOD




	
NE-14

	
56.932

	
39.459

	
0.217

	
0.353

	
1.152

	
1.714

	
<LOD

	
0.116

	
<LOD

	
0.013

	
0.024

	
<LOD

	
<LOD




	
NE-15

	
54.512

	
25.916

	
0.605

	
0.778

	
2.579

	
14.638

	
<LOD

	
0.035

	
0.792

	
0.011

	
0.031

	
<LOD

	
0.079




	
NE-16

	
57.106

	
35.406

	
0.306

	
0.573

	
0.841

	
4.688

	
<LOD

	
0.343

	
<LOD

	
0.019

	
0.656

	
<LOD

	
<LOD




	
NE-17

	
55.576

	
27.806

	
0.354

	
0.791

	
0.916

	
12.994

	
<LOD

	
0.303

	
<LOD

	
0.015

	
1.161

	
<LOD

	
<LOD




	
NE-18

	
61.000

	
29.708

	
0.379

	
0.517

	
1.007

	
6.857

	
0.018

	
0.435

	
<LOD

	
0.011

	
0.029

	
<LOD

	
<LOD




	
NE-19

	
56.569

	
23.810

	
0.756

	
1.184

	
2.434

	
14.773

	
<LOD

	
0.210

	
<LOD

	
0.013

	
0.029

	
0.008

	
0.135




	
NE-20

	
58.201

	
33.824

	
0.345

	
0.625

	
0.994

	
5.936

	
<LOD

	
<LOD

	
<LOD

	
0.013

	
0.042

	
<LOD

	
<LOD




	
SE Tower

	
SE-1

	
57.952

	
30.940

	
0.171

	
0.306

	
0.541

	
10.023

	
<LOD

	
<LOD

	
<LOD

	
0.012

	
0.032

	
<LOD

	
<LOD




	
SE-2

	
82.458

	
3.015

	
0.106

	
4.135

	
<LOD

	
7.928

	
<LOD

	
0.121

	
<LOD

	
0.028

	
<LOD

	
<LOD

	
<LOD




	
SE-3

	
60.511

	
34.360

	
0.179

	
0.325

	
0.637

	
3.952

	
<LOD

	
<LOD

	
<LOD

	
0.012

	
<LOD

	
<LOD

	
<LOD




	
SE-4

	
62.928

	
31.606

	
0.523

	
0.591

	
0.697

	
3.517

	
<LOD

	
0.086

	
<LOD

	
0.012

	
<LOD

	
<LOD

	
<LOD




	
SE-5

	
61.521

	
29.567

	
0.199

	
0.266

	
0.733

	
7.603

	
<LOD

	
<LOD

	
<LOD

	
0.011

	
0.021

	
<LOD

	
<LOD




	
SE-6

	
57.373

	
38.639

	
0.185

	
0.423

	
0.759

	
2.284

	
<LOD

	
0.271

	
<LOD

	
0.014

	
0.024

	
0.007

	
<LOD




	
SE-7

	
53.624

	
24.367

	
0.229

	
0.573

	
0.961

	
6.68

	
0.038

	
13.437

	
<LOD

	
0.012

	
0.028

	
<LOD

	
<LOD




	
SE-8

	
61.582

	
17.975

	
0.456

	
0.445

	
1.141

	
18.25

	
<LOD

	
0.087

	
<LOD

	
0.008

	
0.024

	
<LOD

	
<LOD




	
SE-9

	
60.852

	
34.095

	
0.154

	
0.408

	
0.390

	
4.002

	
<LOD

	
0.079

	
<LOD

	
0.011

	
<LOD

	
<LOD

	
<LOD




	
SE-10

	
58.803

	
33.423

	
0.611

	
0.697

	
1.903

	
4.212

	
0.025

	
0.226

	
<LOD

	
0.010

	
0.034

	
<LOD

	
<LOD




	
SE-11

	
59.606

	
37.092

	
0.241

	
0.363

	
0.515

	
1.977

	
<LOD

	
0.157

	
<LOD

	
0.015

	
0.022

	
<LOD

	
<LOD




	
SE-12

	
55.652

	
18.673

	
0.310

	
0.654

	
1.661

	
10.649

	
<LOD

	
12.280

	
<LOD

	
0.011

	
<LOD

	
0.013

	
0.041




	
SE-13

	
61.485

	
35.366

	
0.323

	
0.532

	
0.367

	
1.825

	
<LOD

	
0.059

	
<LOD

	
0.012

	
<LOD

	
<LOD

	
<LOD




	
SE-14

	
59.722

	
31.486

	
0.358

	
0.758

	
0.838

	
6.757

	
<LOD

	
0.056

	
<LOD

	
0.013

	
<LOD

	
<LOD

	
<LOD




	
SE-15

	
55.362

	
29.063

	
0.302

	
0.317

	
0.850

	
7.729

	
0.068

	
5.535

	
<LOD

	
0.012

	
0.029

	
<LOD

	
<LOD




	
SE-16

	
59.320

	
30.159

	
0.388

	
0.737

	
1.247

	
6.419

	
0.055

	
1.326

	
<LOD

	
0.013

	
0.024

	
<LOD

	
<LOD




	
SE-17

	
55.994

	
22.798

	
0.771

	
0.981

	
2.845

	
8.813

	
0.133

	
7.360

	
<LOD

	
0.012

	
0.024

	
0.01

	
0.227




	
SE-18

	
60.646

	
28.881

	
0.453

	
0.722

	
1.050

	
7.014

	
0.022

	
0.886

	
<LOD

	
0.013

	
<LOD

	
<LOD

	
<LOD




	
SE-19

	
62.191

	
31.840

	
0.394

	
0.617

	
0.686

	
4.111

	
<LOD

	
0.053

	
<LOD

	
0.012

	
0.033

	
<LOD

	
<LOD




	
SE-20

	
55.342

	
34.342

	
0.36

	
0.829

	
1.888

	
6.540

	
0.015

	
0.481

	
<LOD

	
0.012

	
0.035

	
<LOD

	
<LOD




	
SW Tower

	
SW-1

	
56.756

	
35.826

	
0.262

	
0.408

	
1.050

	
5.426

	
<LOD

	
0.216

	
<LOD

	
0.012

	
0.027

	
<LOD

	
<LOD




	
SW-2

	
56.559

	
20.704

	
0.351

	
0.462

	
1.366

	
18.336

	
0.034

	
1.924

	
<LOD

	
0.007

	
0.022

	
<LOD

	
<LOD




	
SW-3

	
53.550

	
31.365

	
0.289

	
0.420

	
0.671

	
13.435

	
<LOD

	
0.224

	
<LOD

	
0.011

	
0.023

	
<LOD

	
<LOD




	
SW-4

	
63.713

	
20.152

	
0.605

	
0.861

	
1.201

	
13.280

	
<LOD

	
0.061

	
<LOD

	
0.007

	
0.024

	
<LOD

	
0.065




	
SW-5

	
55.988

	
34.072

	
0.305

	
0.551

	
1.644

	
6.672

	
0.024

	
0.593

	
<LOD

	
0.013

	
<LOD

	
0.007

	
<LOD




	
SW-6

	
58.647

	
34.702

	
0.173

	
0.326

	
0.541

	
5.574

	
<LOD

	
<LOD

	
<LOD

	
0.013

	
<LOD

	
<LOD

	
<LOD




	
SW-7

	
57.948

	
35.350

	
0.374

	
0.596

	
1.373

	
4.104

	
<LOD

	
0.199

	
<LOD

	
0.011

	
0.030

	
<LOD

	
<LOD




	
SW-8

	
60.864

	
35.761

	
0.229

	
0.294

	
0.701

	
2.097

	
<LOD

	
<LOD

	
<LOD

	
0.013

	
0.024

	
<LOD

	
<LOD




	
SW-9

	
57.932

	
25.004

	
0.555

	
0.586

	
0.820

	
15.011

	
<LOD

	
<LOD

	
<LOD

	
0.009

	
0.029

	
<LOD

	
0.046




	
SW-10

	
59.895

	
34.879

	
0.287

	
0.410

	
0.884

	
3.453

	
<LOD

	
0.127

	
<LOD

	
0.014

	
0.023

	
<LOD

	
<LOD




	
SW-11

	
60.147

	
31.604

	
0.170

	
0.338

	
0.582

	
7.002

	
<LOD

	
0.103

	
<LOD

	
0.013

	
0.026

	
<LOD

	
<LOD




	
SW-12

	
60.709

	
26.667

	
0.197

	
0.387

	
0.483

	
11.438

	
<LOD

	
0.074

	
<LOD

	
0.009

	
0.027

	
<LOD

	
<LOD




	
SW-13

	
58.968

	
25.089

	
0.266

	
0.290

	
0.365

	
14.979

	
<LOD

	
<LOD

	
<LOD

	
0.010

	
0.024

	
<LOD

	
<LOD




	
SW-14

	
54.776

	
30.051

	
0.290

	
0.322

	
1.190

	
13.312

	
<LOD

	
<LOD

	
<LOD

	
0.008

	
0.036

	
<LOD

	
<LOD




	
SW-15

	
57.849

	
35.152

	
0.293

	
0.552

	
1.023

	
5.049

	
<LOD

	
0.039

	
<LOD

	
0.014

	
<LOD

	
<LOD

	
<LOD




	
SW-16

	
58.253

	
23.756

	
0.293

	
0.527

	
0.945

	
9.398

	
0.107

	
6.561

	
<LOD

	
0.012

	
<LOD

	
<LOD

	
<LOD




	
SW-17

	
56.961

	
19.663

	
0.777

	
1.570

	
2.606

	
9.195

	
0.144

	
8.748

	
<LOD

	
0.015

	
0.024

	
0.009

	
0.221




	
SW-18

	
55.995

	
35.050

	
0.486

	
0.533

	
1.151

	
6.551

	
<LOD

	
0.165

	
<LOD

	
0.012

	
0.035

	
<LOD

	
<LOD




	
SW-19

	
58.992

	
30.844

	
0.548

	
1.010

	
1.020

	
7.308

	
0.013

	
0.096

	
<LOD

	
0.014

	
<LOD

	
0.009

	
0.041




	
SW-20

	
65.560

	
17.096

	
0.519

	
0.802

	
1.499

	
6.257

	
0.142

	
7.763

	
<LOD

	
0.012

	
0.039

	
<LOD

	
0.105




	
Fence

	
F-1

	
53.890

	
38.225

	
0.293

	
0.534

	
1.901

	
4.295

	
0.016

	
0.055

	
<LOD

	
0.014

	
0.029

	
0.008

	
<LOD




	
F-2

	
57.803

	
37.146

	
0.258

	
0.422

	
0.847

	
3.415

	
<LOD

	
0.058

	
<LOD

	
0.011

	
0.036

	
<LOD

	
<LOD




	
F-3

	
56.350

	
35.557

	
0.247

	
0.568

	
1.423

	
5.814

	
<LOD

	
<LOD

	
<LOD

	
0.012

	
<LOD

	
<LOD

	
<LOD




	
F-4

	
55.710

	
32.220

	
0.333

	
0.491

	
1.302

	
9.876

	
0.017

	
<LOD

	
<LOD

	
0.011

	
0.028

	
<LOD

	
<LOD




	
F-5

	
57.759

	
37.601

	
0.177

	
0.419

	
0.863

	
3.097

	
<LOD

	
<LOD

	
<LOD

	
0.010

	
<LOD

	
<LOD

	
<LOD




	
F-6

	
58.072

	
36.238

	
0.183

	
0.362

	
0.925

	
4.169

	
0.006

	
<LOD

	
<LOD

	
0.014

	
0.026

	
<LOD

	
<LOD




	
F-7

	
55.752

	
37.438

	
0.241

	
0.401

	
1.075

	
4.973

	
<LOD

	
0.053

	
<LOD

	
0.014

	
0.035

	
0.007

	
<LOD




	
F-8

	
72.674

	
20.499

	
0.234

	
0.239

	
0.726

	
3.368

	
0.004

	
0.006

	
2.176

	
0.002

	
0.067

	
<LOD

	
<LOD








NW-10, NW-12, and SE-2 were excluded due to abnormal contents of Si or Ca and were not used for statistical analysis.
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Table 5. Chemical element data based on pXRF of PAS stele and SJM stele (unit: wt%).






Table 5. Chemical element data based on pXRF of PAS stele and SJM stele (unit: wt%).





	
Stele

	
Number

	
Bal

	
Ca

	
K

	
Fe

	
Al

	
Si

	
Cl

	
S

	
Mg

	
Sr

	
Ba

	
Cr

	
Ti






	
Body of PAS stele

	
PAS-1

	
56.835

	
39.900

	
0.304

	
0.247

	
0.448

	
1.854

	
<LOD

	
0.344

	
<LOD

	
0.025

	
0.023

	
<LOD

	
<LOD




	
PAS-2

	
56.347

	
38.355

	
0.309

	
0.305

	
0.837

	
3.284

	
0.014

	
0.489

	
<LOD

	
0.025

	
0.024

	
<LOD

	
<LOD




	
PAS-3

	
57.449

	
40.417

	
0.190

	
0.307

	
0.365

	
1.106

	
<LOD

	
0.091

	
<LOD

	
0.024

	
0.031

	
<LOD

	
<LOD




	
PAS-4

	
53.201

	
39.440

	
0.225

	
0.226

	
0.930

	
5.506

	
<LOD

	
0.302

	
<LOD

	
0.025

	
0.029

	
<LOD

	
<LOD




	
PAS-5

	
56.906

	
35.480

	
0.117

	
0.605

	
0.889

	
5.847

	
<LOD

	
<LOD

	
<LOD

	
0.020

	
0.026

	
0.016

	
<LOD




	
Pedestal of PAS stele

	
PAS-6

	
72.189

	
22.215

	
0.046

	
0.113

	
0.567

	
1.619

	
<LOD

	
<LOD

	
3.193

	
0.002

	
0.053

	
0.002

	
<LOD




	
PAS-7

	
71.687

	
22.597

	
0.046

	
0.042

	
0.556

	
1.213

	
<LOD

	
0.05

	
3.662

	
0.003

	
0.142

	
<LOD

	
<LOD




	
PAS-8

	
72.108

	
22.05

	
0.086

	
0.169

	
0.648

	
1.687

	
<LOD

	
<LOD

	
3.185

	
0.002

	
0.060

	
<LOD

	
<LOD




	
PAS-9

	
71.479

	
22.229

	
0.130

	
0.149

	
0.69

	
2.564

	
0.01

	
<LOD

	
2.659

	
0.002

	
0.053

	
<LOD

	
0.028




	
PAS-10

	
72.061

	
21.953

	
0.070

	
0.103

	
0.604

	
1.823

	
<LOD

	
<LOD

	
3.214

	
0.003

	
0.158

	
<LOD

	
<LOD




	
Body of SJM stele

	
SJM-1

	
73.456

	
21.587

	
0.072

	
0.116

	
0.286

	
1.193

	
<LOD

	
<LOD

	
3.235

	
0.002

	
0.031

	
<LOD

	
<LOD




	
SJM-2

	
74.106

	
22.020

	
0.033

	
0.043

	
<LOD

	
0.528

	
<LOD

	
<LOD

	
3.139

	
0.002

	
0.118

	
<LOD

	
<LOD




	
SJM-3

	
74.124

	
21.881

	
0.074

	
0.089

	
<LOD

	
0.796

	
0.007

	
0.022

	
2.739

	
0.003

	
0.108

	
0.005

	
<LOD




	
SJM-4

	
72.577

	
22.156

	
0.072

	
0.182

	
0.512

	
1.595

	
<LOD

	
<LOD

	
2.85

	
0.002

	
0.033

	
0.009

	
<LOD




	
SJM-5

	
71.982

	
22.455

	
0.085

	
0.089

	
0.357

	
1.749

	
<LOD

	
<LOD

	
3.216

	
0.002

	
0.058

	
<LOD

	
<LOD




	
Pedestal of SJM stele

	
SJM-6

	
72.947

	
22.213

	
0.061

	
0.105

	
0.414

	
1.141

	
0.024

	
0.168

	
2.895

	
0.002

	
0.023

	
<LOD

	
<LOD




	
SJM-7

	
71.904

	
22.170

	
0.100

	
0.099

	
0.714

	
2.256

	
<LOD

	
0.045

	
2.676

	
0.002

	
0.031

	
<LOD

	
<LOD




	
SJM-8

	
74.263

	
21.567

	
0.146

	
0.095

	
0.275

	
0.723

	
<LOD

	
0.078

	
2.818

	
0.002

	
0.018

	
0.006

	
<LOD




	
SJM-9

	
74.213

	
21.705

	
0.071

	
0.062

	
<LOD

	
1.165

	
<LOD

	
0.146

	
2.411

	
0.002

	
<LOD

	
<LOD

	
<LOD




	
SJM-10

	
72.070

	
22.041

	
0.123

	
0.224

	
0.475

	
1.905

	
<LOD

	
0.232

	
2.895

	
0.002

	
0.022

	
<LOD

	
<LOD
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Table 6. Ward hierarchical clustering (WHC) centers of chemical element data from the JGT Tower and samples from the Dashiwo quarry (unit: wt%).






Table 6. Ward hierarchical clustering (WHC) centers of chemical element data from the JGT Tower and samples from the Dashiwo quarry (unit: wt%).





	Group
	Quantity
	Bal
	Ca
	K
	Fe
	Al
	Si
	Cl
	S
	Mg
	Sr
	Ba
	Cr
	Ti





	I
	19
	71.591
	22.181
	0.096
	0.153
	0.424
	1.884
	0.018
	0.456
	3.180
	0.003
	0.049
	0.002
	0.010



	II
	33
	55.801
	25.978
	0.401
	0.587
	1.430
	12.801
	0.033
	2.698
	0.386
	0.011
	0.075
	0.003
	0.035



	III
	68
	58.769
	34.246
	0.297
	0.644
	0.941
	4.710
	0.009
	0.172
	0.325
	0.013
	0.044
	0.003
	0.004
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Table 7. K-means clustering (KMC) centers of the chemical element data from the JGT Tower and samples from the Dashiwo quarry (unit: wt%).






Table 7. K-means clustering (KMC) centers of the chemical element data from the JGT Tower and samples from the Dashiwo quarry (unit: wt%).





	Group
	Quantity
	Bal
	Ca
	K
	Fe
	Al
	Si
	Cl
	S
	Mg
	Sr
	Ba
	Cr
	Ti





	I
	21
	71.112
	22.525
	0.100
	0.483
	0.392
	1.838
	0.017
	0.413
	2.908
	0.005
	0.045
	0.003
	0.009



	II
	30
	56.333
	24.887
	0.407
	0.598
	1.416
	13.070
	0.028
	2.967
	0.392
	0.011
	0.079
	0.003
	0.038



	III
	69
	58.183
	34.605
	0.303
	0.550
	0.993
	5.041
	0.012
	0.169
	0.325
	0.013
	0.045
	0.002
	0.004
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Table 8. Group members of the chemical element data from the JGT Tower and samples from the Dashiwo quarry.






Table 8. Group members of the chemical element data from the JGT Tower and samples from the Dashiwo quarry.





	Number
	Group
	Number
	Group
	Number
	Group
	Number
	Group
	Number
	Group
	Number
	Group





	SE-1
	III
	SW-2
	II
	NE-2
	III
	C-2
	III
	NW-2
	III
	F-5
	III



	SE-3
	III
	SW-3
	II
	NE-3
	II
	C-3
	III
	NW-3
	III
	F-6
	III



	SE-4
	III
	SW-4
	II
	NE-4
	II
	C-4
	I
	NW-4
	II
	F-7
	III



	SE-5
	III
	SW-5
	III
	NE-5
	I
	C-5
	I
	NW-5
	II
	F-8
	I



	SE-6
	III
	SW-6
	III
	NE-6
	III
	C-6
	III
	NW-6
	III
	D-1
	I



	SE-7
	II
	SW-7
	III
	NE-7
	III
	C-7
	III
	NW-7
	III
	D-2
	I



	SE-8
	II
	SW-8
	III
	NE-8
	III
	C-8
	II
	NW-8
	III
	D-3
	I



	SE-9
	III
	SW-9
	II
	NE-9
	III
	C-9
	II
	NW-9
	III
	D-4
	I



	SE-10
	III
	SW-10
	III
	NE-10
	II
	C-10
	III
	NW-11
	III
	D-5
	I



	SE-11
	III
	SW-11
	III
	NE-11
	II
	C-11
	III
	NW-13
	III
	D-6
	I



	SE-12
	II
	SW-12
	II
	NE-12
	III
	C-12
	III
	NW-14
	III
	D-7
	I



	SE-13
	III
	SW-13
	II
	NE-13
	III
	C-13
	III
	NW-15
	III
	D-8
	I



	SE-14
	III
	SW-14
	II
	NE-14
	III
	C-14
	III
	NW-16
	I
	D-9
	I



	SE-15
	II
	SW-15
	III
	NE-15
	II
	C-15
	II
	NW-17
	III
	D-10
	I



	SE-16
	III
	SW-16
	II
	NE-16
	III
	C-16
	III
	NW-18
	III
	D-11
	I



	SE-17
	II
	SW-17
	II
	NE-17
	II
	C-17
	II
	NW-19
	III
	D-12
	I



	SE-18
	III
	SW-18
	III
	NE-18
	III
	C-18
	II
	F-1
	III
	D-13
	II



	SE-19
	III
	SW-19
	III
	NE-19
	II
	C-19
	III
	F-2
	III
	D-14
	I



	SE-20
	III
	SW-20
	I
	NE-20
	III
	C-20
	III
	F-3
	III
	D-15
	I



	SW-1
	III
	NE-1
	II
	C-1
	III
	NW-1
	III
	F-4
	III
	D-16
	I
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Table 9. XRF results of major elements (unit: wt%) and trace elements (unit: ×10−6) in exfoliated samples from the JGT Tower and samples from the Dashiwao Quarry.






Table 9. XRF results of major elements (unit: wt%) and trace elements (unit: ×10−6) in exfoliated samples from the JGT Tower and samples from the Dashiwao Quarry.





	
Samples

	
SiO2

	
TiO2

	
Al2O3

	
TFe2O3

	
MnO

	
MgO

	
CaO

	
Na2O

	
K2O

	
P2O5

	
LOI

	
Ba

	
Cr

	
Ni

	
Sr

	
V

	
Cr






	
Exfoliated samples

	
T-1

	
15.77

	
0.05

	
1.16

	
0.71

	
0.05

	
0.35

	
44.95

	
0.20

	
0.10

	
0.21

	
35.91

	
36

	
0

	
0

	
145

	
11

	
7




	
T-2

	
13.49

	
0.07

	
1.68

	
0.74

	
0.04

	
0.37

	
45.84

	
0.36

	
0.26

	
0.21

	
36.54

	
60

	
7

	
2

	
173

	
10

	
11




	
T-3

	
20.76

	
0.07

	
1.70

	
0.60

	
0.04

	
0.38

	
41.76

	
0.39

	
0.57

	
0.20

	
32.95

	
54

	
1

	
0

	
165

	
20

	
12




	
Samples from Dashiwo quarry

	
DSW-1

	
0.19

	
0.01

	
0.19

	
0.10

	
0.02

	
22.88

	
30.40

	
0.01

	
0.05

	
0.01

	
46.56

	
456

	
7

	
6

	
39

	
6

	
9




	
DSW-2

	
0.75

	
0.03

	
0.21

	
0.21

	
0.01

	
22.10

	
30.31

	
0.02

	
0.10

	
0.01

	
45.95

	
765

	
15

	
7

	
26

	
8

	
5




	
DSW-3

	
37.36

	
0.05

	
0.70

	
0.20

	
0.01

	
13.90

	
19.20

	
0.04

	
0.37

	
0.02

	
28.86

	
832

	
9

	
1

	
27

	
6

	
43




	
DSW-4

	
0.51

	
0.01

	
0.09

	
0.07

	
0.01

	
22.10

	
30.55

	
0.01

	
0.01

	
0.01

	
46.00

	
222

	
6

	
6

	
26

	
9

	
3
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Table 10. WHC centers of chemical element data of PSA stele, SJM stele, and samples from the Dashiwo quarry (unit: wt%).






Table 10. WHC centers of chemical element data of PSA stele, SJM stele, and samples from the Dashiwo quarry (unit: wt%).





	Group
	Quantity
	Bal
	Ca
	K
	Fe
	Al
	Si
	Cl
	S
	Mg
	Sr
	Ba
	Cr
	Ti





	I
	30
	72.279
	22.241
	0.072
	0.114
	0.393
	1.591
	0.009
	0.049
	3.207
	0.002
	0.057
	0.003
	0.005



	II
	1
	58.489
	14.896
	0.002
	0.002
	0.125
	24.676
	0.048
	0.006
	1.862
	0.002
	0.025
	0.002
	0.003



	III
	5
	56.148
	38.718
	0.229
	0.338
	0.694
	3.519
	0.006
	0.246
	0.325
	0.024
	0.027
	0.005
	0.003
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Table 11. Group members of the chemical element data of PAS stele, SJM stele, and samples from the Dashiwo quarry.






Table 11. Group members of the chemical element data of PAS stele, SJM stele, and samples from the Dashiwo quarry.





	Number
	Group
	Number
	Group
	Number
	Group
	Number
	Group
	Number
	Group
	Number
	Group





	PAS-1
	III
	PAS-7
	I
	SJM-3
	I
	SJM-9
	I
	D-5
	I
	D-11
	I



	PAS-2
	III
	PAS-8
	I
	SJM-4
	I
	SJM-10
	I
	D-6
	I
	D-12
	I



	PAS-3
	III
	PAS-9
	I
	SJM-5
	I
	D-1
	I
	D-7
	I
	D-13
	II



	PAS-4
	III
	PAS-10
	I
	SJM-6
	I
	D-2
	I
	D-8
	I
	D-14
	I



	PAS-5
	III
	SJM-1
	I
	SJM-7
	I
	D-3
	I
	D-9
	I
	D-15
	I



	PAS-6
	I
	SJM-2
	I
	SJM-8
	I
	D-4
	I
	D-10
	I
	D-16
	I
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