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Abstract

:

An X-ray diffraction (XRD) analysis was conducted after separating clay particles from three shards, to analyze the production technique of black pottery excavated from a historical site of ancient Baekje in Seoul, South Korea. Through the analysis, clay minerals and iron oxides that were not recognized in the XRD patterns of the bulk powder samples were identified. A pottery type with a blackened portion from the surface to the margin and the core was estimated to have been produced in a reduction firing environment of less than 900 °C, by detecting illite and magnetite. As for the other blackened pottery, a brown soil color remained in the core, and the presence of illite and kaolin was confirmed. In addition, while magnetite was detected on the black surface and margin, hematite was detected in the core. These results confirm that this type of blackened pottery was produced through reduction firing at a temperature below 550 °C. In particular, the results indicate that there is a new category of pottery, produced by firing at lower temperatures in a reduction atmosphere, previously not reported by research on ancient Baekje black pottery, which could be discovered due to its specific clay particles.
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1. Introduction


Pottery is one of the three elements of the Neolithic Revolution, along with ground stone and the beginning of agriculture. It has evolved in technology, roles, and esthetics over time, and carries various types of information that can be used to estimate the era and living conditions of the historical sites from which it has been excavated. The shape, decoration, and color of pottery, and the mineral and chemical properties of the raw materials used, serve as useful indicators for understanding the cultural and technical levels practiced when the pottery was produced.



Among the various types of pottery, black pottery—with its vivid color and smooth luster, manifested through surface polishing—is one of the commonly unearthed types in ancient sites worldwide. In addition to its artistic and archeological value, this type of pottery is important evidence that ancient people used scientific techniques to materialize the black color. Black pottery is classified into the following three types based on the production techniques and materials used for color development: the black smoked (BS) type, which is produced by a firing technique that allows carbon-based black material, such as soot, to deposit on the surface and penetrate the interiors [1,2,3,4]; the black painted (BP) type, in which a carbon, Mn oxide, or reduced iron-based black material is directly painted, with an adhesive, onto the surface of the pottery [5,6,7,8,9,10,11]; the reduced black (RB) type, in which the color development takes place due to an increase in the percentage of Fe2+ and magnetite converted from iron oxides in the raw material soil, through reduction firing [12,13,14,15,16,17,18,19,20,21]. The specific classification of pottery into the above three types requires precise identification of the minerals used for color development and their chemical compositions. In particular, in the case of the RB type, evaluating the mineralogical factors used for color development, based on the major mineral and element compositions, is sometimes difficult. Consequently, previous studies have made use of Mössbauer spectroscopy [12,13,14,15], X-ray absorption near-edge structure [20,21,22,23,24], and an electron energy-loss spectroscopy instrument attached to a transmission electron microscope [25,26], through which the iron oxide composition or the iron oxidation status can be verified.



Various types of black pottery have also been unearthed in South Korea. Among them, the black pottery excavated from the Hanseong period site of the ancient Baekje located in Seoul is a prime example, and studies have been conducted to investigate the mineralogical factors involved in its production. Based on the mineral composition of quartz, feldspar, and mica, detected in various samples, the firing temperature of Baekje black pottery was estimated to be in the range of 700–900 °C [27,28]. Research on blackening techniques has suggested that reduction firing may have been performed after applying a thick coat of iron oxide [29]; however, magnetite was not detected in the scientific analysis conducted later [27,28]. Meanwhile, black pottery with traces of lacquer-containing carbon components in the black part of the surface has been reported to be the BP type [30]. In addition, the type without the lacquer trace was reported to be the BS type [28], based on the presence of carbon detected on the surface of Baekje black pottery and the application of the technique of firing with vegetable fuels to restore the production research conducted in the field of Korean archeology [31,32,33,34,35]. However, the possibility of the RB type existing among ancient Baekje black pottery has been indicated through a recently conducted study on iron oxide compositions using Mössbauer spectroscopy, and the carbon content of the surface and cores [36].



All of the above studies on the mineral composition of ancient Baekje black pottery analyzed the bulk powder collected from pottery fragments and did not examine clay-sized particles containing minerals of small traces or weak crystallinity, such as clay minerals and iron oxides. Many geological studies have used concentrated specimens, by separating and collecting clay particles, to identify the exact composition of clay minerals in the specimens, which is difficult to identify in bulk powder [37,38,39,40]. In the case of pottery, the composition of iron oxides and clay minerals that were not detected in the bulk powder must be investigated through mineralogical research on clay particles, as clay-rich soil is the main raw material used.



This study was the first to separate clay particles in black pottery powder unearthed from the archaeological site of ancient Baekje, to identify the clay minerals and iron oxides detected on the surface and in the core of the black pottery for each type. In addition, based on the results, the firing parameters (such as temperature and atmospheric conditions) of the black pottery unearthed from the site were analyzed, and the existence of RB-type pottery was checked.




2. Materials and Methods


2.1. Materials


Three black pottery fragments unearthed from Pungnaptoseong—a historical site of the Baekje Hanseong period (270 to 475 AD), a prime period of Baekje among ancient Korean peninsula nations—were the subject of this study (Figure 1). These samples were the same as those used in an author’s previous study using Mössbauer spectroscopy [36]. Fragment PN1 shows a black or grayish black color in the direction from the surface to the core. Furthermore, in PN2, a brownish soil color remains in the core, while a blackened margin part has been formed in the direction from the surface to the interior. Finally, fragment PN3 is a BS type of pottery covered with soot, and it was used as the baseline for distinguishing the properties of this type from those of the RB type.




2.2. Methods


To examine the surface and inner parts of the pottery specimens, cross-sectional samples, which were polished after cutting them vertically, were prepared. To separate the mineral particles for the analysis, particles of each part were carefully collected with a knife while magnifying and observing the blackened surface and inner parts for each color using a loupe.



An optical microscope (AXIO Imager A2m, Zeiss, Germany) was used to observe the blackening trend of the colored parts in the cross-sectional specimens. In addition, the carbon content analyzed using an automatic trace element analyzer (Truspec Micro, LECO Corp., St. Joseph, MI, USA) reflected the results of previous studies [36,41].



Bulk powder samples were grounded in an agate mortar to identify major minerals. Furthermore, clay-sized particles were separated to identify traces of clay minerals and iron oxides in the raw material soil constituting the pottery as follows. After adding 2 mL of 5% Na/phosphate as a diffusion agent, approximately 200 mg of the powder collected from each part of the pottery was mixed with 20 mL of distilled water and stored for 12 h. The diffused mixture of specimens was dispersed for 5 min by probe ultrasonication (VC750, Sonics & Materials Inc., Newtown, CT, USA). Then, after precipitating for 40 s, the silt and clay particles remaining in the supernatant were separated. The probe ultrasonication was supplied with a pulse for a total of 10 s at a strength of 0.55 mL/W. After precipitating the separated silt and clay mixture solution in a long-necked plastic tube for 12 h, the separated supernatant was collected again and centrifuged at 7500 rpm to collect the clay particles. The ratio of sample-to-distilled water and the method for dispersing particles used were described in Cho et al. [42] and Lee et al. [43], respectively.



The X-ray diffraction (XRD) analysis was performed using an XRD analyzer (D8 Advanced A25, Bruker, Billerica, MA, USA) operated by the Department of Geological Science, Gyeongsang National University, to identify major minerals, including clay minerals. For the analysis conditions, the scanning interval was set to 0.02° (2θ) at 40 kV and 40 mA. The scanning interval was set to 5–60° (2θ) when analyzing the bulk powder to investigate the major mineral composition with a randomly oriented specimen mounted on a zero-background silicon holder. In the case of clay mineral composition, a region of 5–30° (2θ) was scanned with air-dried preferred orientation specimens on a slide glass. Furthermore, the oriented clay specimens were saturated with ethylene glycol for more than 12 h in order to identify expansible minerals and then used in the analysis [42]. To identify iron oxides, an XRD analyzer (EMPYREAN, Pananalytical, Almelo, the Netherlands) operated by the National Research Institute of Cultural Heritage was used to scan a region of 30–40° (2θ) in a scanning interval of 0.02° (2θ) at conditions of 45 kV, 40 mA. The scanning time was flexibly applied to each specimen to obtain an appropriate diffraction strength for structural analysis with the oriented clay particles on a zero-background silicon plate.





3. Results and Discussion


3.1. Blackening Trend and Carbon Content


Figure 2 shows the blackening trend and the carbon content of each fragment [36,41] that was observed in the cross-section. In PN1 and PN2, blackened marginal parts of approximately 1 mm were observed on the surface. In the case of PN1, a fading trend in the direction of the core of a black or grayish black color was observed, and, in the case of PN2, a fading trend in the direction of the brown core was observed. These blackening trends clearly distinguish these two fragments from the BP type, in which a clear boundary is observed between the blackened part and the body part, owing to the direct painting of black raw material on the surface [5,6,7,8,9,10,11]. Furthermore, although a certain amount of carbon was detected in their surface parts, it was not found in the inner parts, regardless of the color; this finding implies that, in these types, carbon accumulated on the surface and it did not penetrate the inner body [41,44]. In contrast, PN3 of the BS type showed a soot coating layer of about 2 mm or larger, and the carbon content was approximately 10 times higher, although the concentration of the black color developed on the surface was distinctly lighter compared to the other two fragments (Figure 1 and Figure 2). Furthermore, this fragment was blackened by the surface deposition of soot and inner penetration, and a large amount of carbon was detected in the blackened inner part, unlike the black or grayish black inner part of PN1, where carbon was not detected.




3.2. Major Mineral Composition


Identifying the presence of a certain mineral using XRD is a simple and useful method for assessing the firing temperature of archeological samples produced by heating raw material soil, such as pottery, and it is applied as a reference method in the ceramic archaeo-thermometry field [44,45,46,47,48,49]. In the XRD results of the bulk powder samples in this study, the peaks of quartz, plagioclase, alkali feldspar, and mica minerals were recorded without distinction between the surface and the core in every pottery fragment (Figure 3). Feldspar minerals, which started to melt above 1100 °C [47], were detected. Conversely, hercynite, a mineral produced at a temperature of 950 °C or higher, was not detected. Finally, peaks of mica minerals (including illite and muscovite) of weak diffraction intensity were found. These results indicated that all three fragments were produced at a firing temperature of less than 900 °C. This is consistent with the findings of previous research on black pottery from the same site [28].



However, in the case of the diffraction patterns of the bulk powder, the peaks of mica are difficult to analyze, as they are present in small amounts due to the higher diffraction intensity of quartz and feldspar. Furthermore, even though the detected minerals were known as white or clear colors, iron oxides—mineralogical factors that induce brownish or blackish colors—were not detected among the soil component materials [6,7,8,9,12,13,14,15,16,17,18,19,20,21,50,51,52]. In particular, the iron oxides in the soil exist as nano-sized particles that cover individual soil particles and have low crystallinity—they are almost amorphous in nature [53,54,55,56,57,58,59]. To identify such minerals, sorted specimens—prepared by separating and collecting clay particles with a relatively high proportion of iron oxides—must be analyzed.




3.3. Clay Particle XRD and Firing Parameters


In the XRD results of the oriented specimens of the clay particles separated from the pottery, suitable diffraction patterns were recorded to identify clay minerals and iron ox-ides (Figure 4 and Figure 5). This phenomenon was determined to be due to the relatively distinct decrease in the proportions of quartz and feldspar, while the proportion of clay minerals increased in every specimen since the clay particles were collected. Furthermore, in the case of iron oxides, an identifiable XRD pattern was recorded due to the concentration effect [60] that covered the upper part of the flaky plate, which was predominantly exposed because of the characteristics of the clay mineral particles arranged along the b-axis in the oriented specimens, as shown in Figure 6.



3.3.1. Clay Mineral Composition


In regards to the clay mineral composition (Figure 4), distinct 10 Å peaks of illite were found in every fragment, and broad peaks of the expandable layer were detected in PN1 and PN3. The presence of an expandable layer is considered to be due to I–S mixed-layer minerals, which indicate rehydration in the poor crystalline illite structure, which occurs in the burial environment [61,62,63]. Consequently, based on the accurate verification of illite (including other micaceous minerals), which recorded a weak diffraction strength in the XRD results of the bulk powder (Figure 3), the firing temperature of all the fragments was considered to not have exceeded 900 °C [28,44,45,46]. Furthermore, the presence of the kaolin mineral was confirmed in PN2, the fragment with a brown core. Kaolin is a clay mineral, and its structure is destroyed when heated above 550 °C [52,64,65]. Consequently, PN2, in which the kaolin mineral was detected, was produced at a firing temperature of less than 550 °C, which falls short of the firing temperature range of 700–900 °C estimated in a previous study on black pottery unearthed from the same site [27,28].




3.3.2. Iron Oxide Composition


As shown in Figure 5, the presence of magnetite on the black surfaces of both PN1 and PN2 was confirmed. In the case of the core, relatively weak magnetite peaks were recorded in the black or grayish black core of PN1. In contrast, hematite was detected in the brownish core of PN2. In the case of PN3, which was covered with soot, hematite was detected in both the black-smoked and reddish brown parts.



According to studies on the color change of raw material soil depending on the firing environment [66,67,68,69], the composition of iron oxides covering the soil particles is one of the main color development factors. In this regard, the pottery produced by firing in an oxidation environment shows a red color, along with an increase in the percentage of Fe3+ due to the conversion into hematite; in the case of reduction firing, Fe2+ increases, showing a black color due to the conversion into magnetite. Based on these results, PN1 and PN2—in which magnetite was detected in the blackened parts—were classified as RB-type pottery, and PN3, in which only hematite was detected, was classified as BP-type pottery, fired in an oxidizing environment. The iron oxide composition for each type of black pottery is consistent with the Mössbauer spectroscopy results of black pottery from the same site [36], and with the properties of the RB pottery reported from various cultural spheres [12,13,14,15,16,17,18,19,20,21,66,67,68,69]. This finding implies that, in the ancient Baekje period, not only were the BP and BS types produced, as reported previously [27,28,30,31,32,33,34,35], but the RB type was also produced.





3.4. Manufacturing Techniques for Each Type of Black Pottery


According to the blackened trend (Figure 2), clay mineral composition (Figure 4), and iron oxide composition (Figure 5) observed in the studied ancient Baekje black pottery, the firing technique applied while manufacturing each fragment can be estimated, as shown below [12,13,14,15,16,17,18,19,20,21,36,52,64,65,66,67,68,69,70,71,72,73,74,75]:




	
PN1: It is a type of black pottery with a black or grayish black core, in which carbon was not detected. It was estimated to have been produced by reduction firing in the temperature range of 550–900 °C, and it was suggested that the blackening occurred due to the conversion of iron oxides into magnetite in the raw material soil. Furthermore, dark blackening was predicted to have occurred, even in the inner part, through firing in a stronger reduction environment (e.g., higher temperature, reduction gas amount, and reaction duration time) compared to PN2, in which the inner part is brown.



	
PN2: It is a type of black pottery in which the core is brown, and a black margin of about 1 mm from the surface has been formed. Since kaolin was detected in both the black surface and the brown core, the result revealed that it was produced by firing at temperatures below 550 °C. Moreover, the study found that it was produced in a reduction firing environment of at least 500 °C, based on the iron oxide composition of the black surface, in which magnetite was detected [76], unlike the brown core, in which hematite was detected. In other words, PN2 was produced by reduction firing in the range of 500–550 °C, and the core seems to have not blackened because it was manufactured at a lower reduction firing condition compared to PN1.



	
PN3: The carbon content is distinctly high in the parts where the blackening occurred because of the covering layer of soot. Irrespective of the color in each part, hematite was detected, while kaolin was not. This implies that, in this type, the deposition and penetration of black carbon particles were achieved through firing in a state of contact with vegetable raw material, in an oxidizing environment with temperatures in the range of 550–900 °C.










4. Conclusions


This study attempted to identify clay minerals and iron oxides through XRD analysis of the specimens prepared by separating clay particles from the powder samples of black pottery unearthed from Pungnaptoseong, which is a historical site of the ancient Baekje.



As a result, RB pottery was confirmed to have been produced in the ancient Baekje period through the presence of magnetite detected from the blackened parts of PN1 and PN2, which is clearly distinct from the iron oxide composition of the BS type (PN3)—in which hematite was detected in the blackened parts. Furthermore, the presence of kaolin minerals detected in PN2 indicates firing at temperatures below 550 °C, which confirms the existence of a new category, produced at a lower firing temperature compared to what was learned in the previous studies on Baekje pottery.



Among RB pottery, PN1 shows blackening from the surface to the margin and the core, and the detection of illite and magnetite indicates that it was produced in a reduction firing environment of 550–900 °C. Furthermore, in the case of PN2, the presence of kaolin with illite was confirmed, and magnetite was detected in the blackened surface and margin, whereas hematite was detected in the core. This finding implies that it was produced through reduction firing at the relatively lower temperature of 500–550 °C.



As described above, through the XRD analysis of the samples of separated clay particles, the composition of clay minerals and iron oxides, which were difficult to identify in the bulk powder XRD, was identified. This information can be used to analyze the firing techniques of pottery. In the future, this analysis method is expected to be used as a simple, precise, and useful mineralogical method for pottery manufacturing techniques, through cross-validation with other analysis methods related to iron oxide composition, along with applying it to various types of pottery.
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Figure 1. Pottery shard samples unearthed from the Pungnaptoseong site [36]. 
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Figure 2. Cross-sectional images of pottery samples: (a) PN1, (b) PN2, and (c) PN3. *: Carbon content figures from previous studies [36,41]. 
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Figure 3. X-ray diffraction patterns of bulk powder samples (A: alkali feldspar, M: mica mineral, P: plagioclase, Q: quartz). 
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Figure 4. X-ray diffraction patterns of the oriented specimens of clay particles (AD: air-dried, EG: ethylene glycol saturated, I: illite, I–S: illite–smectite mixed layer, K: kaolin, Q: quartz, Blue shaded zone: the diffraction range of the expandable layer by the I–S): (a) PN1, (b) PN2, and (c) PN3. 
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Figure 5. X-ray diffraction patterns with enlarged iron oxide peak area of the oriented samples of clay particles: (a) PN1, (b) PN2, and (c) PN3. 
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Figure 6. Occurrence types of iron oxide in the clay particles on the preferred orientation specimens. 
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