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Abstract: The investigation presented in this paper is a unique assemblage of ceramic casting molds
discovered at one of the sites from the Bohai period (698-926) in the territory of the southern Russian
Far East. The main research aim is to recognize probable traces of metal alloys cast in ceramic molds.
Nondestructive pXRF and SEM-EDS methods were used as the research instruments for detecting the
expected alloys’ chemical components. As a result, the elements Pb, Sn, Cu, and As were indicated
at the surfaces of the molds’ cavities with evidence of carbonization caused by the casting process.
Preliminarily, two groups of alloys were distinguished: lead-bearing alloys and lead-free alloys.
Our new insights are in good accordance with the results of previous investigations on chemical
compositions of bronzes from the Bohai period archaeological sites of the southern Russian Far East.
In particular, data on the examination of ceramic molds confirm the conclusion that various kinds of
copper alloys were known and used in the bronze casting craft of the Bohai period.

Keywords: archaeological remains; Bohai State period (698-926); bronze casting; metalworking
ceramics; SEM-EDS method; pXRF method; chemical composition; microstructure

1. Introduction

Fired-clay metal-casting molds are generally recognized as being one of the earliest
kinds of technical ceramics. Their recovery from archaeological sites potentially provides
important direct evidence for early metalworking practices. The examination of these
artifacts focuses, at first, on their morphological and technological features and proper-
ties. The usage of physicochemical methods, in particular, binocular and petrography
microscopy, SEM-EDS analysis, XPS analysis, X-ray tomography, FTIR analysis, and some
others, provide objective information on ceramic fabrics and firing regimes of casting
molds [1-8].

A relatively new research direction is the identification of preserved alloy traces at
the surfaces of archaeological ceramic casting molds. An alloy’s chemical composition
traces may be detected by the application of natural science methods, in particular XRF
analysis, in the examination of a ceramic mold’s surface in contact with hot liquid metal.
Physicochemical methods applied to casting ceramic mold examination allow us to detect
the presence of basic alloy elements but not their original concentrations. Despite this,
recognizing the alloy traces in ceramic molds is interesting and important archaeological
evidence of the metalworking history. This refers to cases when discovered molds are
single instances of the evidence of old metal processing and metalworking activities for
studied archaeological sites or cultural communities [7,9,10].

The research area considered in the article is the Primorye region, the main continental
part of the southern Russian Far East bordering Northeast China and the Korean peninsula.
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At present, only two archaeological sites with casting molds are known in this area. A
small series of stone-casting molds dated preliminary to around the border of 1 mil BC-1
mil AD was unearthed at the multilayered settlement Siniye Skaly at the eastern seacoast of
Primorye [11] (pp. 48—49). Another site is the multilayered settlement Kruglaya Dolina, also
known as the Novogordeevka village settlement, in the central Primorye region (Figure 1).
This archaeological site located in an area with modern agricultural activity was destroyed
significantly. Poorly preserved remains of a metalworking workshop were discovered here
in the early 1970s. The workshop was dated supposedly to the times when a large part
of modern Primorye region’s territory was made up of the Bohai Kingdom (698-926 AD)
as the first state in Northeast Asia. The assemblage of bronze-casting inventory from
the workshop’s remains contain representative series of ceramic casting molds, series of
ceramic crucibles, and one ceramic nozzle. Meanwhile, no finished bronze artifacts that
might have been produced in the discovered molds were found at the site Kruglaya Dolina
and at the neighboring walled settlement of Bohai period Kruglaya Sopka, known also as
the Novogordeevka walled settlement [11] (pp. 71-72).
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Figure 1. Map of the research area (Primorye region) with the location of the Kruglaya Dolina site
(the “star” mark).

Before today, two categories of archaeological artifacts were studied as the sources of
information on the Bohai State period bronze-casting technology and alloy compositions.
At first, there were bronzes, mainly types of ornaments, unearthed at various Bohai sites
of the southern Russian Far East. The investigation of Bohai bronzes, in particular alloys
compositions, was conducted in the 1980s using the method of chemical semi-quantitative
spectral analysis [11] (pp. 53-72). Some new examinations of Bohai period bronze chemical
composition using pXRF and microscopy methods were provided in the last decade [12,13].
Another category of studied objects is ceramic crucibles from the Kruglaya Dolina site
noted above. The investigations of metal residues from the crucibles were provided with
the same chemical semi-quantitative spectral analysis method as was applied to the bronze
items [11] (pp. 60-62). In general, for the Bohai period bronze-casting technology, several
copper-alloy systems were determined based on the detection of the elements Cu, Pb, Sn,
and As and their quantitative ratios.

Ceramic casting molds from the Kruglaya Dolina site (the Novogordeevka village
settlement) are being tested as a new potential source of information about copper alloys.
Just recently, restricted series of molds were examined to identify the alloy traces at the
ceramic surfaces. The primary research methods applied to casting mold investigations
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are SEM-EDS and pXRF analyses. The aim of this study is, first, to test the possibilities of
ceramic casting mold analysis in detecting alloy traces and, second, to compare the data
obtained with the earlier results on the Bohai period’s compositions of copper alloys.

2. Materials and Methods
2.1. Samples

The total collection of ceramic molds contains 47 objects including 26 unbroken or
damaged minimally molds and 21 fragmented ones. All objects are parts of small-sized
two-sectioned, pouring-gated molds with multiple usages. No single completed mold
consisting of coinciding sections, of halves, is recognized. In the collection, two-sided and
one-sided casting molds are distinguished.

Two-sided rectangular-shaped molds are designed for the casting of semispherical
buttons with a loop at the backside. The unbroken and fragmentary sections of these molds
are most representative in the collection (Figure 2e-g). Semispherical looped buttons were
the most common kind of bronzes spread over the vast territories of eastern Eurasia and,
in particular, at the southern Russian Far East within broad chronological frames from the
end of 2nd mil BC to the end of 1st mil AD. They occurred at some Bohai State period
sites [11] (p. 72).

Figure 2. Kruglaya Dolina site. Ceramic casting molds for (a—d) “two-tailed” objects and (e—g) semispherical buttons.

Completed items with surface glue transparent coverings.

One-sided rectangular-shaped molds are designed for the casting artifacts determined
preliminary as “two-tailed” objects, likely pendants. Unbroken and fragmentary sections of
these molds with entirely or partially preserved casting cavities comprise the representative
series (Figures 2a—d and 3a—c). A single bronze item quite identical to “two-tailed” pendant-
like castings was found earlier at the destroyed archaeological site in northeastern Primorye,
dated preliminary to the Bohai State period [11] (p. 72). A one-sided rectangular-shaped
mold designed for the casting of a “three-tailed” object, likely a pendant, is represented by
a single example of an unbroken section with a preserved casting cavity (Figure 3g).

One-sided square-shaped and rounded-shaped molds are designed for the casting of
rosette-like objects, supposedly ornaments (Figure 3d—f). They make up a series of six ex-
amples. The bronzes similar to rosette-shaped ornaments are not known at archaeological
sites of the southern Russian Far East.
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Figure 3. Kruglaya Dolina site. (a~h) Ceramic casting molds. Completed and fragmented items.

In some cases, the mold’s fragment with the casting cavity is too small for correctly rec-
ognizing a bronze artifact image and the type of mold—two-sided or one-sided (Figure 3h).
Besides the examples of molds with entirely and partially preserved casting cavities, a
few examples of rectangular-shaped and square-shaped flat-surfaced lids, or covers, are
presented in the collection. They functioned as the halves of one-sided molds.

The casting mold surfaces have yellowish, light-orange, and light-brownish colors.
Most of the mold examples have dark-grey or black working surfaces, including a casting
cavity zone and a pouring gate zone. This feature may be explained by the saturation of
a porous ceramic material with carbon matter during the casting process. Some lids of
single-sided molds have dark-colored zones at one of the flat surfaces. The series of molds,
mostly fragmented, have clear non-carbonized surfaces of light colors. Supposedly, this
indicates that the molds were produced but, for some reason, had not been used for the
casting. Not a single mold example has any visible traces of metal at the surface of the
casting zone (cavity and pouring gate).

It is important to note that, after the excavations in the early 1970s, ceramic molds
were cleaned and washed, and all well-preserved unbroken examples were covered by
a thin layer of transparent glue substance for better conservation and a more attractive
external image. At that time, the usual practice was after-excavation processing of some
artifact categories. Pieces of medical bandages were stuck on the molds’ flat sides for
artifact individual tagging. Later, the band-aid tags were removed, but their micro-particles
remained at the ceramic surfaces. The presence of transparent glue slips and bandage traces
was considered while the samples had been selected for physicochemical examination.

A total of 34 samples was selected for examination, including 13 unbroken and
minimally damaged artifacts, and 21 fragmentary molds. All objects were designed with
serial numbers 1-34 (Table 1). Taking into account the uniqueness of a ceramic casting
mold assemblage from the Kruglaya Dolina site, an important task was to minimize the
destruction or any changes to the objects targeted for analytical examination.
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Table 1. List of the objects sampled for the pXRF and SEM-EDS examination. Kruglaya Dolina site.

Carbonization of

SEM-EDS

Object Number Kind of Object Bronze Casting Type Glue Covering Working Surface Examined PXRF Examined
1 Mold’s lid section (unbroken) Not identified + + — +
2 Casting section of two-sided mold Semi-spherical looped button + + — +
3 Casting section of one-sided mold “two-tailed” object (pendant?) + + - +
4 Casting section of two-sided mold Semi-spherical looped button + + - +
5 Casting section of two-sided mold Semi-spherical looped button + + — +
6 Casting section of two-sided mold Semi-spherical looped button + + - +
7 Casting section of one-sided mold Two-tailed” pair objects + + - +

(pendants?)
Casting section of one-sided “Two-tailed” pair objects
8 + + — +
mold(fragment) (pendants?)
9 Casting section of one-sided mold “Three-tailed” object (pendant?) + + — +
10 Casting section of one-sided mold Rosette-shaped object + + - +
(ornament?)
11 Casting section of the mold(fragment) Not identified - + - +
12 Casting section of the mold(fragment) Not identified — + - +
13 Casting section of the mold (fragment) Ornament? — + + +
14 Casting section of the mold (fragment) Not identified - - - +
15 Casting section of two-sided mold Semi-spherical looped button - + + +
(fragment)
16 Casting section of two-sided mold Semi-spherical looped button — — + +
(fragment)
17 Casting section of the mold (fragment) Not identified — - + +
18 Casting section of two-sided mold Semi-spherical looped button — + + +
(fragment)
19 Casting section of one-sided mold “Two-tailed” object (pendant?) B + _ +

(fragment)
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Table 1. Cont.
. . . . . Carbonization of SEM-EDS .
Object Number Kind of Object Bronze Casting Type Glue Covering Working Surface Examined PXRF Examined
20 Casting section of two-sided mold Semi-spherical looped button — + + +
(fragment)

2 Casting section of one-sided mold “Two-tailed” object (pendant?) B + + +
(fragment)

22 Casting section of two-sided mold Semi-spherical looped button - — + +
(fragment)

23 Casting section of one-sided mold Semi-spherical looped button? — + + +
(fragment)

24 Casting section of two-sided mold Semi-spherical looped button - + - +
(fragment)

25 Mold’s lid section (fragment) Not identified — + + +

26 Mold’s lid section Not identified — — + +

o7 Casting section of two-sided mold Semi-spherical looped button B B _ .
(fragment)

Casting section of one-sided mold “Two-tailed” pair objects

28 + + — +
(fragment) (pendants?)

29 Casting section of one-sided mold “Two-tailed” object (pendant?) B N _ +
(fragment)

30 Casting section of two-sided mold Semi-spherical looped button + + — +

31 Casting section of two-sided mold Semi-spherical looped button ? - + + +
(fragment)

32 Casting section of one-sided mold “Two-tailed” object (pendant?) + + — +

33 Casting section of two-sided mold Semi-spherical looped button - + + +
(fragment)

34 Casting section of two-sided mold Semi-spherical looped button — + + +

(fragment)
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2.2. Research Methods

For the characteristic of the ceramic fabrics from the mold, this study uses binocular
microscopy of polished cross sections, SEM method, and the water absorption index.
Binocular microscopy of polished cross sections allows us to observe the main textural
features, to determine general types and distribution patterns of non-plastic inclusions,
and to approximate the amount and shapes of the voids [14,15]. This research includes the
study of 12 fractured mold samples. A ceramic fabric microstructure analysis with SEM
allows us to estimate the firing temperature based on the degree of sintering or vitrification
of clay particles [16,17]. Two objects with “clear” non-carbonized surfaces (number 17
and 26) were analyzed under SEM. Measuring the water absorption (WA) index is helpful
for the relative evaluation of a ceramic fabric’s density, porosity, and firing quality [16]
(pp- 125-130); [17] (pp. 350-354). The WA index was measured for 12 samples series
examined with binocular microscopy of the polished sections.

The pXRF and SEM-EDS were proposed to determine the chemical composition of
the ceramic mold surfaces and to detect the elements that might be interpreted as alloy
traces. This methodology has published results after identifying traces of a copper-alloy
chemical composition on the surface of experimental ceramic casting molds. As has been
proven, elemental compositions of alloy traces that may be recognized at the molds are
not analogous to the original alloy compositions. The elements Pb, Sn, Cu, and Zn, which
are the most important as probable alloy components, could be determined at ceramic
mold surfaces with varying degrees of accuracy. Pb is detected the quickest because
this element forms a stable chemical compound with silica (Si) as a primary clay and
ceramic composition component. On the contrary, the chemical compounds of Sn and
Cu with Si are much more unstable and volatile. Traces of these elements on the ceramic
surface are weaker and more difficult to diagnose. The identification of Zn also has specific
difficulties [9]. These points were taken into account for understanding and interpreting
the pXRF and SEM-EDS research data.

The first step of this research involved using the XRF method and applying an Olym-
pus Delta Professional DP 4000 portable X-ray fluorescence analyzer (pXRF) (Waltham,
MA, USA). The method provides a possibility to analyze surface areas up to 10-20 mm,
giving an average quantitative indication of the elemental composition with limitations
on the number and accuracy of the elements to be determined. The pXRF analyzer was
calibrated with the Olympus Analytical Instrument 316 calibration check reference coin.
The threshold for the presence of elements in this study was chosen to be 0.02%. In this
study, the data obtained by the pXRF analyzer complemented the scanning electron mi-
croscopy with energy dispersive spectrometer (SEM-EDS) data by analyzing surfaces with
glue coatings. The pXRF was chosen as a nondestructive method that is non-sensitive
for organic matter since SEM-EDS is inconvenient for application in objects coated with
glue. Removal of the glue results in partial loss of the outer layer of the mold, causing
undesirable and irreversible loss of traces of the alloying elements. In the current study;,
glue removal was not attempted. The “working” surfaces of the molds, in particular
casting cavities and pouring gates areas, were of primary interest for the determination
of elemental compositions. The “non-working” surfaces of the molds were also tested
for comparison.

The SEM-EDS method was used to determine the chemical compositions and mi-
crostructures of ceramic substance at the molds” working surfaces, including casting
cavities and pouring gates. Twelve fragmented mold halves with partially preserved
working surfaces and one unbroken lid were selected for the examination (Table 1). All
objects were free of glue coating and visible traces of band-aid tags at the surfaces. Most
of the examined objects have traces of carbonization (Figure 4). In most cases, the object
sizes allow for recognition of the kind of casted bronze image. The SEM-EDS equipment
used for the examination was a ZEISS scanning electron microscope EVO-40 (Oberkochen,
Germany). The SEM device was fitted with the energy dispersive spectrometer (EDS) of the
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Oxford Instruments INCA-x sight. The acceleration voltage was kept at 20 kV; the working
distance was kept at 7.0-17.0 mm; and the magnifications were 300 x, 500, and 1000 x.

Figure 4. Kruglaya Dolina site. SEM-EDS examined objects (numbered) with carbonized cavities’ surfaces.

Using SEM-EDS, the surfaces of (ceramic) molds in the zones of probable contact with
metal, i.e., in the casting zone and in the pouring gate zone, were studied. The number of
test sites for one object was from 1 to 3. The number of points for shooting EDS spectra
on one site was from 11 to 26. The total number of spectra for one object was from 11
to 61. Taking into account that the EDS method allows for determining the content of
chemical elements (in % of the weight composition) at a semi-quantitative level, values
from 1.0% and higher were taken into account for the correctness of observations and
subsequent interpretations.

3. Results
3.1. Results of Ceramic Fabric Examination

Based on visual observations, the researchers noted that ceramic casting molds from
the Kruglaya Dolina site were made of clay with a large amount of sand temper [11] (p. 71).
The current data precisely suggest this conclusion. Based on the binocular microscopy of
polished cross sections, two kinds of ceramics fabric are distinguished.

A ceramic fabric of the first kind is determined as a “thin-textured” one (Figure 5a).
This fabric contains a high amount of non-plastic mineral inclusions < 0.2 mm in size and
around 10-15% of non-plastic inclusions < 1.0 mm in size. The inclusions recognized as
quartz and feldspar seem to be the natural temper of the raw clay material. Very small-sized
voids are of a roundish shape. This fabric was interpreted probably as natural clay and
was cleaned carefully but not tempered with intentional adds. Thin-textured fabric is
characteristic for small series of molds.

A ceramic fabric of the second kind is determined as a “coarse-textured” one contain-
ing non-plastic mineral inclusions of two size ranges. The smallest inclusions < 0.2 mm
in size are abundant as in the ceramic fabric of the first group (Figure 5b). Inclusions
0.5-2.5 mm in size composing from 10-15% to 25-30% of the fabric’s volume represent
mainly quartz and feldspar grains, and granite rock grains. Sometimes, sedimentary rocks
grains and hematite rock grains are present. These coarse inclusions showing relatively
even distributions in the fabric matter are interpreted supposedly as intendedly added
temper. Coarse-textured fabric is characteristic for most of the examined molds.
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Figure 5. Kruglaya Dolina site. Polished samples of (a) thin-textured ceramic fabric and (b) coarse-

textured ceramic fabric.

The water absorption indexes measured for 10 samples representing both textural
groups are in the interval of 10.2-14.5%. These values corresponding to moderate rates
of water absorption indicate a relatively porous but not highly dense ceramic body [16]
(pp. 128-130). SEM examination of the microstructure of the non-carbonized cavity surface
(object number 17) and non-carbonized lid’s surface (object number 26) showed the absence
of evidence of even initial vitrification (Figure 6a,b). As is known, the vitrification processes
in the clay particles of ceramic matter begin in the interval of 800-850 °C in an oxidizing
firing atmosphere [18,19]. Therefore, the test results suppose that casting molds were fired
at temperatures not higher than 800 °C.

Figure 6. Kruglaya Dolina site. Selected SEM images of examined objects. (a) Object number 17, non-carbonized; cavity
surface microstructure. (b) Object number 26, non-carbonized; surface microstructure. (c) Object number 33, carbonized;
cavity surface microstructure with clay particles sintering evidence. (d) Object number 33, carbonized; cavity surface
microstructure with the area of bubbling (arrow marked).
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These properties caused by firing technology are somewhat different from the proper-
ties of ceramic wares unearthed at many Bohai State period sites in the Primorye region.
The ceramic body of the pots produced with pottery wheel and fired in a reduced regime
often shows evidence of vitrification, and the water absorption index is mostly within the
limits of 5.0-10.0%. Supposedly, Bohai pottery firing temperatures were around 850 °C
or above [20]. In this connection, it is interesting to note that ceramic casting molds from
Chinese sites of the Eastern Zhou period (770-256 BC) were fired at temperatures lower
than the firing temperature range of ordinary ceramic wares: 800-1000 °C [4]. There are
other known cases of old ceramic casting molds fired at relatively low temperatures [8,21].

In general, the fabric of casting molds from the Kruglaya Dolina site represents non-
vitrified ceramic material with a porous texture. Concerning ceramic molds, this texture
facilitates the penetration of a hot liquid alloy’s micro-particles into the surface layer during
the casting process [10].

3.2. Results of pXRF Screening Analysis Examination of Mold Surfaces

The results of pXRF examination of the molds’ surfaces are presented in Table 2, and

the data of the metal elements assumed to be of the alloy composition (Pb, Cu, Sn, and Zn)
are visualized in Figure 7.
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Figure 7. Kruglaya Dolina site. Results of the pXRF screening analysis examination of molds for (a,c)
the working and (b,d) the non-working surfaces.
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Table 2. Kruglaya Dolina site. Results of the pXRF screening analysis examination of molds on the working and non-working surfaces.
Object Number Si Fe Al P Ti S Pb Mn Zr Zn Cu Ni A% Bi Nb Cr Sn
Working Side

1 43.87 28.87 20.84 1.78 1.73 1.65 0.02 0.79 0.14 0.14 0.06 - 0.11 - - - -
+0.18 +0.16 +0.22 +0.03 +0.11 +0.03 +0.005 +0.04 +0.004 +0.01 +0.009 +0.03

2 47.49 25.66 17.81 224 2.55 - 3.29 0.55 0.24 0.12 - 0.05 - - - - -
+0.18 +0.16 +0.21 +0.03 +0.13 +0.04 +0.04 +0.006 +0.01 +0.01

3 46.94 25.66 18.67 2.29 2.69 1.85 1.18 0.06 0.28 0.15 - 0.06 0.17 - - - -
+0.19 +0.17 +0.22 +0.04 +0.14 +0.03 +0.02 +0.04 +0.006 +0.01 +0.02 +0.04

4 47.15 28.81 17.04 1.78 2.66 - 1.54 0.35 0.34 0.17 - - 0.16 - - - -
+0.2 +0.18 +0.24 +0.04 +0.14 +0.03 +0.03 +0.007 +0.01 +0.04

5 51.16 26.11 15.98 1.09 2.69 - 1.76 0.39 0.33 0.18 0.08 0.07 0.16 - - - -
+0.2 +0.17 +0.21 +0.03 +0.15 +0.03 +0.04 +0.007 +0.01 +0.01 +0.02 +0.04

6 44.84 27.75 19.63 2.00 2.50 1.57 0.11 0.99 0.27 0.10 - 0.08 0.16 - - - -
+0.19 +0.18 +0.23 +0.03 +0.14 +0.03 +0.009 +0.05 +0.006 +0.01 +0.02 +0.04

7 34.30 42.20 15.33 1.33 3.54 1.59 0.08 0.55 0.59 0.49 - - - - - 0.17 -
+0.2 +0.25 +0.3 +0.04 +0.17 +0.04 +0.01 +0.05 +0.01 +0.03 +0.04

8 48.63 23.70 20.82 0.89 2.27 - 2.83 0.29 0.22 0.11 0.20 0.04 - - - - -
+0.17 +0.15 +0.2 +0.02 +0.12 +0.03 +0.03 +0.005 +0.008 +0.01 +0.01

9 32.76 45.35 12.42 2.05 3.42 2.09 0.07 0.61 0.61 0.38 - - 0.24 - - - -
+0.21 +0.27 +0.34 +0.04 +0.17 +0.05 +0.01 +0.05 +0.01 +0.03 +0.05

10 45.04 29.75 18.80 1.38 2.54 0.96 0.30 0.56 0.24 0.18 - 0.09 0.16 - - - -
+0.18 +0.17 +0.23 +0.03 +0.12 +0.03 +0.01 +0.04 +0.005 +0.01 +0.02 +0.04

11 44.83 23.03 22.95 4.87 221 1.12 0.03 0.47 0.16 0.11 - 0.06 0.16 - 0.01 - -
+0.15 +0.13 +0.18 +0.04 +0.1 +0.02 +0.004 +0.03 +0.003 +0.007 +0.009 +0.03 +0.002

12 46.45 28.04 20.10 1.10 2.52 0.68 0.04 0.47 0.25 0.15 - 0.08 0.13 - - - -
+0.2 +0.19 +0.22 +0.03 +0.15 +0.03 +0.007 +0.04 +0.006 +0.01 +0.02 +0.04

13 40.95 16.15 19.47 5.54 1.62 - 15.14 0.33 0.24 0.10 0.31 - 0.15 - - - 0.28
+0.14 +0.12 +0.17 +0.04 0.11 +0.08 +0.03 +0.006 +0.008 +0.01 +0.04 +0.03

14 49.38 23.98 20.59 2.34 +2.45 0.28 0.023 0.47 0.17 0.11 0.04 - 0.16 - - - -
+0.18 +0.15 +0.2 +0.03 +0.12 +0.02 +0.004 +0.03 +0.004 +0.009 +0.008 +0.04

15 51.84 19.17 22.19 3.08 2.08 - 0.95 0.24 0.17 0.09 - - 0.19 - - - -
+0.16 +0.12 +0.18 +0.03 +0.1 +0.02 +0.02 +0.003 +0.006 +0.03




Heritage 2021, 4 2654
Table 2. Cont.
Object Number Si Fe Al P Ti S Pb Mn Zr Zn Cu Ni A% Bi Nb Cr Sn

16 53.02 17.64 23.79 1.14 1.90 1.33 0.59 0.20 0.18 0.10 - - 0.11 - 0.02 - -
+0.16 +0.11 +0.17 +0.02 +0.1 +0.02 +0.01 +0.02 +0.003 +0.006 +0.03 +0.002

17 48.58 2231 21.06 3.72 2.32 0.44 0.34 0.64 0.25 0.10 - 0.05 0.20 - - - -
+0.16 +0.13 +0.19 +0.04 +0.11 +0.02 +0.01 +0.03 +0.004 +0.007 +0.01 +0.03

18 52.33 19.94 21.84 1.67 2.10 1.08 0.19 0.27 0.18 0.10 0.05 0.05 0.21 - 0.02 - -
+0.16 +0.12 +0.18 +0.03 +0.11 +0.02 +0.008 +0.02 +0.003 +0.007 +0.007 +0.01 +0.03 +0.002

19 49.09 22.38 22.34 1.25 2.25 1.30 0.24 0.80 0.17 0.11 - 0.07 - - - -
+0.17 +0.15 +0.19 +0.03 +0.13 +0.03 +0.01 +0.04 +0.004 +0.009 +0.01

20 47.03 19.60 19.89 9.15 2.60 - 0.87 0.27 0.17 0.10 0.04 0.04 0.25 - 0.01 - -
+0.15 +0.12 +0.18 +0.06 +0.11 +0.02 +0.02 +0.003 +0.007 +0.006 +0.009 +0.04 £0.002

21 50.02 25.09 18.36 1.22 2.73 117 0.28 0.34 0.27 0.21 - 0.07 0.18 0.06 - - -
+0.19 +0.16 +0.2 +0.03 +0.14 +0.03 +0.01 +0.03 +0.006 +0.01 +0.02 +0.04 +0.007

22 51.99 20.29 21.93 217 2.03 091 0.03 0.25 0.16 0.11 - - 0.13 - - - -
+0.17 +0.13 +0.18 +0.03 +0.11 +0.02 +0.004 +0.02 +0.003 +0.008 +0.03

23 49.83 23.06 21.45 1.54 2.48 0.55 0.20 0.45 0.22 0.09 - - 0.13 - - - -
+0.18 +0.15 +0.2 +0.03 +0.12 +0.02 +0.009 +0.03 +0.004 +0.008 +0.04

24 45.84 24.37 2249 2.85 2.70 0.58 0.25 0.53 0.18 - - - 0.16 0.05 - - -
+0.17 +0.16 +0.2 +0.04 +0.13 +0.02 +0.01 +0.04 +0.003 +0.04 +0.006

25 35.21 23.10 16.91 14.92 2.27 - 6.46 0.33 0.30 0.19 0.08 0.04 0.19 - - - -
+0.15 +0.15 +0.22 +0.08 +0.13 +0.05 +0.03 +0.006 +0.01 +0.01 +0.01 +0.04

26 42.32 35.32 13.87 2.68 3.24 0.55 - 0.84 0.28 0.65 - 0.10 0.15 - - - -
+0.2 +0.2 +0.28 +0.04 +0.14 +0.03 +0.05 +0.006 +0.02 +0.02 +0.04

27 52.88 1791 24.35 1.48 1.86 0.90 0.02 0.37 0.13 0.08 - - - 0.02 - - -
+0.15 +0.11 +0.17 +0.03 +0.1 +0.02 +0.003 +0.03 +0.003 +0.006 £0.003

28 43.11 28.00 19.71 0.76 2.39 - 3.94 1.08 0.28 0.20 0.25 0.05 0.12 0.11 - - -
+0.18 +0.17 +0.23 +0.03 +0.13 +0.05 +0.05 +0.006 +0.01 +0.02 +0.01 +0.04 +0.01

29 48.09 26.23 19.30 1.13 2.23 1.22 0.84 0.18 0.26 0.23 0.06 0.07 0.16 - - - -
+0.18 +0.16 +0.21 +0.03 +0.13 +0.03 +0.02 +0.03 +0.006 +0.01 +0.01 +0.01 +0.04

30 46.66 24.29 19.97 1.58 2.46 2.93 1.02 0.31 0.24 0.17 0.07 0.08 0.22 - - - -
+0.18 +0.16 +0.21 +0.03 +0.13 +0.04 +0.02 +0.03 +0.005 +0.01 +0.01 +0.02 +0.04

31 53.07 11.99 20.22 10.54 2.17 - 1.27 0.35 0.23 0.16 - - - - 0.02 - -
+0.16 +0.11 +0.17 +0.06 +0.13 +0.02 +0.03 +0.004 +0.009 +0.002
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Table 2. Cont.
Object Number Si Fe Al P Ti S Pb Mn Zr Zn Cu Ni A% Bi Nb Cr Sn

32 46.46 27.21 19.73 1.14 1.86 1.42 0.87 0.69 0.26 0.13 - 0.11 0.12 - - 0.11 -
+0.2 +0.18 +0.23 +0.03 +0.13 +0.03 +0.02 +0.05 +0.006 +0.01 +0.02 +0.04 +0.03

33 429 20.28 20.57 6.30 1.99 - 6.79 0.30 0.24 0.17 0.34 0.04 0.13 - 0.02 - -
+0.14 +0.12 +0.18 +0.05 +0.1 +0.05 +0.02 +0.005 +0.008 +0.01 +0.009 +0.03 +0.003

34 48.51 19.78 19.90 4.68 2.10 - 4.16 0.21 0.23 0.11 0.06 0.04 0.14 0.09 - - 0.36
+0.16 +0.14 +0.18 +0.04 +0.12 +0.04 +0.03 +0.005 +0.008 +0.009 +0.01 +0.04 +0.01 +0.02

Non-Working Side

1 42.34 30.22 19.97 2.25 1.74 1.62 1.23 0.24 0.15 0.12 0.06 0.05 - - - - -
+0.17 +0.16 +0.22 +0.03 +0.1 +0.03 +0.02 +0.03 +0.004 +0.009 +0.05 +0.01

2 46.34 26.55 18.89 2.08 2.45 1.77 0.06 1.22 0.23 0.20 - 0.07 0.14 - - - -
+0.18 +0.16 +0.23 +0.03 +0.12 +0.03 +0.006 +0.05 +0.005 +0.01 +0.01 +0.04

3 45.59 28.85 19.57 1.32 2.63 0.59 0.02 0.62 0.36 0.18 - 0.09 0.13 0.05 - - -
+0.19 +0.18 +0.24 +0.03 +0.13 +0.03 +0.006 +0.04 +0.006 +0.01 +0.02 +0.04 +0.007

4 50.50 23.89 19.35 2.56 2.31 0.55 0.07 0.38 0.23 0.13 - - - 0.03 0.07 - -
+0.17 +0.14 +0.2 +0.04 +0.11 +0.02 +0.006 +0.03 +0.004 +0.008 +0.005 +0.002

5 45.92 26.41 15.53 1.04 2.51 1.52 0.05 0.44 0.35 6.19 - 0.05 - - - - -
+0.2 +0.17 +0.25 +0.03 +0.14 +0.03 +0.007 +0.04 +0.007 +0.07 +0.02

6 5.55 83.88 - 0.30 2.93 1.79 0.28 1.49 2.26 1.11 - 0.41 - - - - -
+0.12 +0.29 +0.04 +0.21 +0.06 +0.05 +0.11 +0.05 +0.09 +0.12

7 27.90 44.72 17.16 0.93 1.94 1.23 0.13 0.48 0.90 4.26 - - 0.35 - 0.08 - -
+0.22 +0.31 +0.39 +0.04 +0.17 +0.05 +0.02 +0.06 +0.02 +0.09 +0.06 +0.01

8 51.62 22.05 20.94 1.44 2.24 0.93 0.03 0.25 0.17 0.14 0.04 0.04 0.12 - - - -
+0.17 +0.14 +0.19 +0.03 +0.11 +0.02 +0.004 +0.03 +0.004 +0.009 +0.008 +0.01 +0.03

9 32.50 48.55 11.08 0.88 3.24 1.56 0.06 0.47 0.86 0.49 - - 0.20 0.11 - 0.16 -
+0.22 +0.3 +0.37 +0.04 +0.17 +0.04 +0.01 +0.05 +0.02 +0.03 +0.05 +0.02 +0.04

10 36.17 13.88 20.29 0.98 1.50 0.92 0.02 0.15 0.24 25.72 - 0.02 0.11 - - - -
+0.15 +0.1 +0.24 +0.02 +0.08 +0.02 +0.005 +0.02 +0.005 +0.12 +0.007 +0.02

11 51.96 20.09 21.59 1.40 2.37 1.51 0.35 0.28 0.18 0.12 - - 0.15 - - - -
+0.17 +0.13 +0.18 +0.03 +0.12 +0.03 +0.01 +0.03 +0.004 +0.008 +0.04

12 45.95 24.74 18.16 3.10 2.17 4.76 0.05 0.49 0.24 0.15 - - 0.15 0.04 - - -
+0.17 +0.16 +0.21 +0.04 +0.12 +0.04 +0.006 +0.04 +0.005 +0.01 +0.04 +0.006
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Table 2. Cont.
Object Number Si Fe Al P Ti S Pb Mn Zr Zn Cu Ni A% Bi Nb Cr Sn

13 53.98 17.26 22.51 2.01 1.66 1.82 0.05 0.34 0.14 0.08 0.02 0.03 0.10 - - - -
+0.15 +0.1 +0.17 +0.03 +0.08 +0.03 +0.004 +0.02 +0.003 +0.005 +0.005 +0.007 +0.03

14 49.84 22.05 23.11 1.23 221 0.78 0.03 0.46 0.16 0.08 - 0.05 - - - - -
+0.16 +0.13 +0.19 +0.03 +0.1 +0.02 +0.004 +0.03 +0.003 +0.006 +0.01

15 55.29 16.91 22.36 2.14 2.23 041 0.02 0.24 0.16 0.09 - 0.03 0.13 - - - -
+0.16 +0.11 +0.16 +0.03 +0.1 +0.02 +0.003 +0.02 +0.003 +0.006 +0.008 +0.03

16 43.63 30.69 19.67 1.70 2.65 0.74 0.03 0.34 0.29 0.14 - - 0.12 - 0.03 - -
+0.18 +0.18 +0.22 +0.03 +0.14 +0.03 +0.006 +0.03 +0.006 +0.01 +0.04 +0.003

17 49.63 18.44 22.54 5.90 1.88 0.65 0.03 0.57 0.17 0.06 - - 0.11 0.03 0.01 - -
+0.15 +0.12 +0.17 +0.05 +0.1 +0.02 +0.003 +0.03 +0.003 +0.005 +0.03 £0.004  £0.002

18 4951 19.84 25.12 1.51 2.10 1.24 0.01 0.30 - 0.09 - 0.04 0.21 0.03 0.01 - -
+0.16 +0.12 +0.18 +0.03 +0.1 +0.03 +0.003 +0.02 +0.007 +0.009 +0.03 £0.004  £0.002

19 56.56 15.47 22.98 1.49 2.08 0.75 0.02 0.22 0.14 0.11 0.03 - 0.13 0.02 - - -
+0.16 +0.11 +0.16 +0.03 +0.1 +0.02 +0.003 +0.02 +0.003 +0.006 +0.005 +0.03 +0.003

20 47.09 20.37 20.52 4.82 2.04 4.26 0.02 0.36 0.16 0.11 - 0.04 0.19 0.03 0.01 - -
+0.15 +0.12 +0.18 +0.04 +0.1 +0.04 +0.003 +0.02 +0.003 +0.007 +0.008 +0.03 £0.003  40.002

21 49.82 24.84 19.44 157 2.65 0.6 0.03 0.41 0.21 0.16 - 0.05 0.19 0.04 - - -
+0.19 +0.15 +0.21 +0.03 +0.13 +0.02 +0.005 +0.03 +0.004 +0.01 +0.01 +0.04 +0.005

22 49.08 20.06 22.92 3.38 2.16 1.69 0.04 0.29 0.13 0.10 - 0.03 0.12 - - - -
+0.16 +0.12 +0.18 +0.04 +0.1 +0.03 +0.004 +0.02 +0.003 +0.006 +0.008 +0.03

23 55.16 16.75 24.04 1.09 2.08 0.38 0.01 0.24 0.14 0.05 - 0.02 - 0.03 0.01 - -
+0.15 +0.11 +0.16 +0.02 +0.1 +0.02 +0.003 +0.02 +0.003 +0.005 +0.007 £0.003  £0.002

24 55.09 17.22 2251 1.99 2.20 0.38 0.03 0.23 0.18 0.05 - 0.04 0.09 - 0.01 0.08 -
+0.16 +0.11 +0.16 +0.03 +0.1 +0.02 +0.003 +0.02 +0.003 +0.005 +0.008 +0.03 £0.002  £0.02

25 48.25 19.75 21.52 3.64 2.26 3.70 0.03 041 0.18 0.13 - 0.03 0.11 - 0.01 - -
+0.15 +0.12 +0.18 +0.04 +0.1 +0.04 +0.004 +0.03 +0.003 £0.007 +0.008 +0.03 +0.002

26 46.77 26.33 18.17 2.88 2.82 1.83 0.01 0.61 0.18 0.34 - 0.06 - - - - -
+0.18 +0.15 +0.22 +0.04 +0.12 +0.03 +0.004 +0.03 +0.004 +0.01 +0.01

27 49.40 20.07 23.56 2.25 2.23 1.50 0.01 0.5 0.16 0.10 - 0.04 0.16 0.03 - - -
+0.17 +0.13 +0.19 +0.03 +0.11 +0.03 +0.003 +0.03 +0.003 +0.007 +0.01 +0.03 +0.004

28 45.94 28.24 18.97 2.08 2.22 1.13 0.05 0.61 0.24 0.16 0.07 0.11 0.18 - - - -
+0.18 +0.16 +0.22 +0.03 +0.12 +0.03 +0.006 +0.04 +0.005 +0.01 +0.01 +0.02 +0.04
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Table 2. Cont.
Object Number Si Fe Al P Ti S Pb Mn Zr Zn Cu Ni A% Bi Nb Cr Sn

29 47.10 26.51 20.15 1.28 2.15 1.94 0.06 0.24 0.25 0.14 - 0.07 0.11 - - - -
+0.18 +0.16 +0.22 +0.03 +0.12 +0.03 +0.006 +0.03 +0.005 +0.01 +0.02 +0.04

30 47.55 27.97 18.61 1.39 2.70 0.75 0.03 0.33 0.26 0.13 - 0.06 0.18 0.04 0.02 - -
+0.19 +0.16 +0.23 +0.03 +0.13 +0.03 +0.005 +0.03 +0.005 +0.01 +0.01 +0.04 +0.006  +0.003

31 61.39 9.94 20.95 2.40 2.29 2.28 0.03 0.33 0.17 0.07 - - 0.15 - - - -
+0.17 +0.1 +0.16 +0.04 +0.12 +0.03 +0.003 +0.03 +0.003 +0.006 +0.04

32 50.49 23.5 21.22 0.86 1.92 0.36 0.04 117 0.20 0.13 - 0.11 - - - - -
+0.18 +0.14 +0.2 £0.02 +0.11 +0.02 +0.005 £0.05 +0.004 +0.009 +0.01

33 48.93 20.65 21.66 2.96 2.05 2.90 0.04 0.31 0.19 0.11 0.03 0.04 0.14 - 0.01 - -
+0.15 +0.12 +0.18 +0.03 +0.1 +0.03 +0.004 +0.02 +0.003 £0.007 +0.006 +0.009 +0.03 +0.002

34 48.08 21.36 18.75 6.96 2.07 1.86 0.07 0.4 0.19 0.13 - - 0.14 - 0.02 - -
+0.17 +0.14 +0.2 +0.05 +0.12 +0.03 +0.006 +0.03 +0.004 +0.009 +0.04 +0.002
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According to the data obtained from the surfaces, there are 17 chemical elements that
have been determined using a semi-quantitative express analysis with a handheld pXRF
spectrometer. Different concentrations of chemical elements indicate different intensities
regarding an element’s presence on the mold’s surfaces.

The main elements of the clay—ceramic composition (Si, Fe, Al, and Ti) show a consis-
tently high concentration on both the working and non-working surfaces of the molds, on
objects both with and without evidence of carbonization.

The presence of Pb traces in concentrations from 1 up to 15.1% on the working
surfaces was observed among the metal elements assumed to be from the alloy composition
(Figure 7a). The dispersion of the concentration values in the box-and-whisker plots
(Figure 7c) indicates that 50% of the concentration of Pb lies within the interquartile range.
Most of the values lie below the median line. The values with concentrations above 3.5%
strongly indicate a good preservation of Pb residues in the surface layer of the working side.

According to the data obtained from the non-working side of the casting mold, it
contains Pb in a much lower concentration (Table 2; Figure 7b,d). Most of the Pb concentra-
tions obtained by screening the non-working surface are in the range up to 0.2%, which
indicates the Pb content of the ceramic clay material.

Cu is characteristically present on the working sides of four objects (number 8, 13, 28,
and 33) at tenths of a percent and on the non-working sides at hundredths of a percent. As
with lead, copper is characterized by differences in the concentrations on the working and
non-working sides (Table 2; Figure 7a,b).

The presence of Sn was determined for only two objects (number 13 and 34) on the
working side (Table 2; Figure 7a).

According to the data (Table 2) obtained by a screening pXRF analysis of the working
(Figure 7a) and non-working (Figure 7b) sides of the molds, most of the concentration
values for Zn lie in a similar range (Figure 7c,d). The exceptions are the values obtained
from the surface of the object numbers 5, 6, 7, and 10, which have residues of the medical
bandage used as tags. Medical bandages often contain zinc oxide, which is the reason for its
presence on the surface. The good preservation of this layer is due to the good preservation
of the tissue backing with the adhesive layer. Thus, a comparison of the Zn intensities on
the working and non-working sides (as shown for the case of Pb residues) does not allow
us to consider Zn as a probable component of the copper-alloy cast in the molds.

The non-metals P and S show constant presence on the working and non-working sides.
P has consistently higher concentrations on the working surfaces (up to 15%) (Table 2).

The metals Ni, Bi, and Nb are found at the levels of hundredths of a percent (Table 2).
V is established in the majority of objects, but only at the level of tenths of a percent. Cr is
present in a small number of objects, in tenths and hundredths of a percent.

Additionally, Mn and Zr are registered on the surface of the forms in similar concen-
tration ranges with a similar scatter pattern of values and refer to the composition of the
ceramic material (Table 2).

3.3. Results of SEM-EDS Examination of Ceramic Molds Surfaces

SEM observation of the mold casting cavities showed differences in the ceramic substance
microstructure of non-carbonized and carbonized surfaces. Non-carbonized ceramic surfaces
do not demonstrate thermal transformation such as sintering, bubbling, and corrosion, as
was noted above (Figure 6a,b). On the contrary, carbonized surfaces present features such
as bubbling, corrosion, and sintering, caused certainly by high temperature impact on clay
particles from ceramic substance during the casting process (Figure 6d,c).

The results of EDS examination are shown in Table 3, containing data on the range of
weight values of different chemical elements in the objects examined. The data are grouped
into two blocks. The upper block includes objects with carbonized working surfaces (num-
bers 13-34). The lower block concerns objects without evidence of carbonization (numbers
16-26). Additionally, Table 4 contains data on the selected EDS spectra compositions for
objects with carbonized surfaces.
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Table 3. Results of the EDS examination of the sampled objects.
Object Chemical Elements, Weight %
Number C (o) Al Si Na Mg Ca K P Cl F Fe Ti Mn Pb Sn Cu Zr Ba In As Ce N S

7.97- 31.54- 1.93- 4.48- 2.92—- 1.27- 1.38- 1.00- 1.58- 1.59- 3.76-

13 5740 5620  9.81 2833 347 ) 5.75 8.71 597 124 ) B2 8 72 a5 g71a 202 ) ) ) 136 ) ) )
116- 53.07-  653- 2235~  1.08- 104~ 125~ 3.29- 1.88-  1.15-

15 459 6020 859 2910 268 ) 113 3.04 ) 425 ) 571 1.63 ) ) 910 10.69 ) ) 175 ) ) ) )

18 1358- 4245~  1.83-  23.13- i i L07-  Ll- L0 126 i 1.19- i ) i i i i i i i i i i
13.73 57.28 13.31 43.28 6.77 7.98 ’ 5.78 7.83
8.65-  3880- 233-  452- 118  1.02- 111-  112-  120- 1.01- 3.63-

20 3495 5750 1330 3024 3.8 438 1944 1036 322 ) ) 1268 102 ) 8.64 ) <1.00 ) 192 ) ) ) ) )
427~ 4160- 341-  9.77- 110-  1.04- 1.04- 2.07- 1.04-

B 1255 5874 950 3711 - - 160 7.94 - 384 - 2139 1338 156 - - 3.92 - - - - - -

”s 10.09- 2016~  101-  1.20- . . 155- 288  101-  125- . L4 . 383  113- . . 200 . . 7.72-
4234 5183 702 1940 11.83 1267 1163 257 5.46 : 5256 498 . 10.14

3 228~ 41.33- 143~ 296~  121- 235~ 196~  1.02- 224~  101-  281- 214 i ) 13- 0 i i i i i i i i
927 6333 1330 3939  4.82 662 1723 877 1134 686 927 1136 9.28 :

3 713-  3345- 225~ 3.72- 129-  110- 110~  1.07- 2.03- 1.22-
4799 5254 852 1626 ) ) 3.82 261 6.08 1.40 ) 931 ) ) 38.84 ) ) ) ) ) ) ) ) )

" 7.86-  31.68- 1.04-  132- i i L4 5. 138 Lil- . 1.08- i ) 991-  143- ) i i . i i ) i
2482 4601 768 1241 6.25 . 6.53 1.46 4.88 3897  33.86

16 170- 3775~ 231- 1579- 152~ 108  100-  157- i 2.10- ) 131- 114~ i i i i i i i i i i
6.68 60.51 13.06 43.40 3.51 1.20 2.10 8.31 14.18 2413 1.20
312-  3511- 428 1216~  255- 1.00-  1.09-  1.08-  1.09- 202-  1.20-

17 949 6116 1136  33.03 292 216 383 1148 112 4.46 ) 1813 1247 ) ) ) 1248 ) ) ) 103 ) )
7.89-  4637-  585-  11.79- 118-  137- 104 1.16- 271-

2 2050 6606 1192 3850 2 143 245 511 7 oag - 937 %7 - - - - - - - - - -t

2% 469-  4490-  453- 1921- 138~ 104  151-  LI3- i 21 i 3.35- i i i i i i i i i i i i
1034 5468 925 2600 184 11 7.00 5.01 . 7.89
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Table 4. Data on the selected EDS spectral compositions for objects with carbonized surfaces.

Spectrum, Chemical Elements, Weight %

Number C o Al Si Na Mg Ca K P Cl Fe Ti Mn Pb Sn Cu Ba In As S N
N13/1/2 9.07 4412 494 11.49 0.42 0.19 1.05 1.62 0.18 025 224 0.22 - 15.05 1.91 0.32 - - 1.36 - 5.60
N13/1/3 16.86 3434 423 9.94 0.31 0.42 213 1.62 0.34 0.36 10.64 0.63 - 12.02 3.61 2.02 - - 0.52 - -
N13/1/7 17.72 46.26 4.00 10.37 0.31 0.32 1.42 1.20 0.35 0.20 3.20 0.30 B 6.43 1.87 - - - 0.59 - 5.46
N13/4/13 1391 36.59 3.69 833 0.18 037 3.09 1.22 448 055 477 025 - 22.57 - - - - - - -
N13/4/19 52.90 9.00 26.29 3.14 0.38 3.61 1.33 0.51 1.24 3.23 0.19 - 3425 - - - - - - -
N15/1/1 - 60.20 6.90 22.35 0.51 0.44 1.04 - 0.33 3.29 2.93 0.25 - - 9.10 10.69 - 1.75 - 0.23 -
N15/1/2 1.81 53.59 7.41 2549 0.49 041 113 1.94 0.57 425 2.92 0.34 - - - 0.93 - - - 0.54 -
N15/2/6 - 48.60 9.51 24.74 0.45 0.69 2.36 3.90 112 0.56 5.03 0.92 - - - 0.60 - - - - -
N20/1/3 9.73 50.71 8.29 17.92 0.64 0.98 144 0.90 041 - 7.90 0.86 0.12 - - 020 - - - - -
N20/1/8 10.06 53.70 7.57 16.03 0.79 1.01 124 0.98 0.69 - 7.29 025 0.12 - - 0.27 - - - - -
N20/3/10 21.14 38.80 5.72 17.16 0.28 021 143 7.17 1.91 0.17 147 - - 3.63 - - 0.92 - - - -
N20/3/9 19.37 39.64 4.66 13.20 0.27 0.31 2.80 4.58 3.22 0.39 2.55 0.37 - 8.64 - - - - - - -
N23/1/2 7.99 45.79 7.40 24.20 0.44 020 0.61 7.94 0.22 1.04 3.38 0.28 - - - 051 - - - - -
N23/1/5 - 56.27 6.68 25.40 043 047 0.67 255 0.20 1.83 2.88 0.28 - - - 2.33 - - - - -
N23/1/6 - 48.51 7.77 26.58 0.39 0.48 1.45 3.30 0.26 2.04 8.06 0.62 - - - 0.55 - - - - -
N25/1/1 - 4232 6.51 19.19 0.53 0.17 2.73 12.67 2.35 0.78 132 - - 9.44 - - 2.00 - - - -
N25/1/4 - 36.35 1.49 1.85 - 0.23 7.85 - 7.87 1.79 1.69 - B 37.09 3.78 - - - - - -
N25/1/9 19.11 36.43 1.71 3.19 023 0.28 5.88 - 5.39 1.14 1.96 - - 2318 293 - - - - - -
N25/2/1 15.92 35.44 218 4.63 - 041 6.32 - 521 116 228 - - 22.13 4.38 - - - - - -
N25/2/19 20.19 39.42 251 6.54 - 0.33 6.75 0.61 551 0.96 3.12 - - 19.95 3.48 - - - - - -
N31/1/1 - 51.66 3.37 7.14 0.25 045 436 043 437 3.39 4.90 0.20 - 9.28 148 - - - - - 8.73
N31/1/3 - 56.41 3.94 6.62 0.39 0.98 3.51 0.23 4.08 3.51 3.70 0.17 - 6.57 0.91 - - - - - 8.11
N31/1/14 - 55.19 5.52 10.29 0.30 6.62 311 0.50 278 250 3.48 0.19 - 5.81 1.04 - - - - - -
N33/1/3 - 39.41 276 4.39 - 0.24 3.57 0.41 6.08 1.40 2.30 - - 38.84 - - - - 0.60 - -
N33/1/8 - 37.79 3.30 5.69 - 0.30 3.82 0.54 5.94 1.25 3.08 - - 38.28 - - - - - - -
N33/1/11 9.31 48.31 5.56 11.30 0.25 0.53 2.03 1.10 2.75 0.40 4.36 0.33 - 13.77 - - - - - - -
N34/1/3 7.86 39.49 1.31 321 - - 1.14 - 1.38 - 1.83 - - 991 33.86 - - - - - -
N34/2/5 - 46.01 2.81 5.52 0.37 0.30 4.04 0.59 6.07 1.46 215 - - 37.97 391 - - - - - -
N34/2/6 13.57 31.68 1.09 1.75 0.17 0.20 4.68 - 6.53 0.69 3.61 - - 3414 2.50 - - - - - -
N34/3/2 20.11 36.34 241 4.64 0.26 025 3.43 - 2.95 0.30 2.69 - - 12.39 - - - - - - -
N34/3/6 8.72 37.68 1.06 1.83 0.15 - 191 - 3.06 0.43 1.50 - - 16.65 27.14 - - - - - -
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As expected, the chemical spectra of all examined objects contain major elements that
are certainly related to clay and ceramic materials. In first is Si (silica) and Al (alumina).
Other elements that are probably components of the clay and ceramics are Fe (iron), K
(potassium), Ca (calcium), Na (natrium), Mg (magnesia), and Ti (titanium). Relatively high
concentrations of Fe in all objects may be explained by the fact that most of the potter’s
clays from the Primorye region are saturated with iron oxides [22] (p. 37).

Elements that are not characteristic of the material composition of clay or ceramics but
are supposedly related to the alloys” compositions are Pb (lead), Sn (tin), and Cu (copper).
They are recognized only on objects with carbonized casting cavities and pouring gates
(number 13, 15, 20, 23, 25, 31, 33, and 34). Single objects with the carbonization of a working
surface (number 18) are free of Pb, Sn, or Cu traces. The Pb contents in the EDS spectra
of six objects varied broadly from 1.59% up to 52.56% (Tables 3 and 4). Pb forms the
most significant peaks on the spectrograms. There are separate, distinguished peaks of Pb
(Figure 8a) and joint Pb-Si peaks (Figure 8b). The Pb-Si peaks are registered in most cases.

d

Spectrum 7

b

Spectrum 3

&

Spectrum 3

d

Spectrum 1

Figure 8. Kruglaya Dolina site. Selected EDS spectra of examined objects. (a) Object number 34, test
site 1, spectrum 7. (b) Object number 34, test site 2, spectrum 3. (c) Object number 34, test site 1,
spectrum 3. (d) Object number 15, test site 1, spectrum 1.

The Sn contents in the EDS spectra of five objects varied from 3.61% to 33.86%
(Tables 3 and 4; Figure 8c). The Sn traces were observed via screening pXRF examina-
tion confirmed with the SEM-EDS results (Figure 9). Sn was distributed over the working
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surface of the casting mold as inhomogeneous inclusions up to 400 um in length. The
distribution and size of the inclusions suggest their origin as remnants of cast alloys
containing Sn.

Figure 9. Kruglaya Dolina site. SEM image of the working surface of the mold (object number 34)
with Sn traces on EDS mapping.

The Cu contents in the EDS spectra of three objects varied from 2.02% to 10.69%
(Table 3; Figure 8d). It must be noted that Cu was recognized also for object number 20 in
concentrations less than 1.0% (Table 2).

It may be emphasized that no traces of Pb, Sn, and Cu are recognized in the EDS
spectra from the non-carbonized working sides of object number 17, 16, 22, and 26 and in
the EDS spectra from the “unworking” (back) side of object number 15.

As (arsenic) was detected in five objects, but only in one object (number 13) was the
contents of this element > 1.0% (Table 3). In other objects, the concentration of As was
measured as hundredths and tenths of a percent. Arsenic, which is not a characteristic
element of clay and ceramics chemical compositions, may be interesting as an impurity in
copper ores or as an added component of alloy [11] (pp. 60-61, 74), [23,24]. Taking into
account the concentration of As in object number 13, it seems likely that this element is an
alloy component.

The EDS method shows the presence of Zn only for object number 20 within the
concentration range of 0.13-0.33% The data on Zn intensities on the EDS spectra and the
results obtained by a handheld pXRF analyzer are slightly different but not contradictory.
The pXRF analyzes an extensive surface area so that the average mass concentration of Zn
has a low value but demonstrates the stable presence of this element on the molds” working
surface. The surface analysis by the SEM method is more accurate, and analyzing local
areas does not allow for determining a stable presence of Zn in all measurements. Therefore,
it is fair to conclude that Zn is most likely strongly dispersed in low concentrations on the
molds” working surfaces as an element of the ceramics.

P (phosphorous) can be identified in most of objects examined (Table 3). It is important
to note the significant differences in P concentrations in the objects. Relatively high
concentrations of P (3.22-11.63%) are detected certainly for the Pb-containing objects
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(number 13, 20, 25, 31, 33, and 34). In other objects, P concentrations are low (<1.5%) or
extremely low (<1.0%). The detection of P in archaeological ceramics may be due to various
reasons and, in particular, to this chemical element penetrating from the soil [25-27]. In
this connection, some tendency toward overlapping P and Ca concentrations may be noted.
Pb-containing objects, number 13, 20, 25, 31, and 34, show high concentrations of P together
with enhanced concentrations of Ca (5.76-19.24%). In this connection, object number 31 is
of special interest. SEM imaging of one of the test areas shows the angular-shaped mineral
inclusion of a size of around 40.0 um (Figure 10a). The EDS spectrum of this inclusion is
characterized by extremely high concentrations of P, 11.34%, and Ca, 17.24% (Figure 10b).
Concerning the possible reasons for the mutually high P and Ca concentrations, it may
be noted that these elements are the main components of some kinds of soil fertilizers. In
particular, the orthophosphate (CaPOy) used in powder and crystalline forms is one of most
widely known and practiced soil additives [28,29]. Taking into account the localization of
the archaeological site Kruglaya Dolina in the area of long-termed agricultural activity, it
may be thought that high concentrations of P and Ca, in particular in mineral inclusion
form, are due to penetration from the fertilized soil.

Spectrum 2

Figure 10. Kruglaya Dolina site. Object number 31. (a) SEM image of a cavity surface microstructure
with mineral inclusion containing high concentrations of P and Ca. “+” marks the EDS spectrum.
(b) EDS spectrum of mineral inclusion.
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The constant element recognized in 12 of the 13 examined objects is Cl (chlorine). Its
concentrations are close for different objects (Table 2). It seems likely that the detection
of Cl at archaeological ceramic object surfaces may be explained by its penetration from
soil, where this element naturally originates or is the result of human activities [30]. In
this connection, it is important to note the relatively high concentrations of K (potassium)
recognized for most examined objects (Table 3). K is one of the major clays and, conse-
quently, is a material element of ceramics. However, additionally, potassium and chlorine
may penetrate the porous ceramics material from the soils. In particular, the source of both
elements might be KCI (potassium chloride), which is well-known as a wide spread soil
fertilizer [31]. An explanation for the high K and CI concentrations at the ceramic mold
surfaces seems to be the same as that in the case of high P and Ca concentrations.

The metals Mn, Ba, In, Zr, and Ce appear in EDS spectra of some objects (Tables 3 and 4).
According to the data, all of these elements are present in natural clays and soil chemical
contents [32-35]. At the same time, In, Mn, Ba are known as the impurities in ores used for
bronze-casting [36,37]. Preliminarily, considering the concentrations of elements, Mn in
object number 13, In in object number 15, and Ba in object numbers 20 and 25 may be the
ore’s impurities.

4. Discussion and Conclusions

The use of nondestructive pXRF and SEM-EDS methods for the examination of ancient
ceramic casting molds from the Primorye region, southern Russian Far East, resulted in
the detection of probable traces of copper alloy. The results obtained by the much more
accurate SEM-EDS method verifies the data from the pXRF screening analysis. The metals
Pb, Sn, and Cu were interpreted as alloy components and were recognized on the surface
of ceramics. Importantly, relatively significant concentrations of these elements were found
in trace amounts on the molds” working cavity surfaces with evidence of carbonization.
Non-carbonized ceramics surfaces were free of traces of Pb, Sn, and Cu. Our EDS and pXRF
data correspond, in general, with the results of other experimental investigations detecting
traces of alloy on ceramic molds surfaces [9]. Pb, Sn, and Cu certainly show different
patterns. For most of the examined objects with carbonized cavity surfaces, significant
concentrations of Pb are detected. The elements Sn and especially Cu show more episodic
and weak appearances. According to these data, some preliminary notions on probable
alloy compositions may be suggested.

Representative series of the objects (numbers 1-5, 8, 13, 20, 25, and 31-34) indicate
the usage of alloys ligated with lead (Tables 2 and 3). The instability of silica-tin (Si-Sn)
and silica-copper (Si-Cu) compounds is supposed to be the reason that, in a single case
only (object number 13), the co-presence of three elements—Pb, Sn, and Cu—are detected.
Notably, this case is confirmed by both EDS and pXRF results. Object number 13 is also
interesting as the As concentration of 1.5% allows us to suppose that this element is an
alloy component. For object numbers 25, 31, and 34, where the EDS detects Pb and Sn,
the presence of Cu is automatically assumed. These data allow us to assume the usage
of multicomponent copper alloys containing Cu, Pb, Sn, and As, and Cu, Pb, and Sn,
correspondingly. According to the pXRF results, object numbers 8, 28, and 33 show the
co-presence of Pb from 2.83% to 6.79% and Cu at the tenths of a percent while no Sn traces
were detected. According to EDS, no traces of Sn and Cu were recognized in object number
33. Therefore, for the cases of object numbers 8, 28, and 33, the copper alloy containing Cu
and Pb is assumed tentatively.

The EDS examination of two objects indicates the supposed usage of alloys not
containing lead. These objects show the presence of Sn and Cu (number 15), and Cu only
(EDS of number 23). Considering the stability and detection of available Pb-5i compounds,
it may be thought that, in these cases, lead initially was not a part of the alloy compositions.
Therefore, two kinds of lead-free alloys are assumed—one containing Cu and Sn, and the
other containing Cu.
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Asnoted in the Introduction, previous investigations on the chemical contents of Bohai
period copper alloys based on the examination of bronze artifacts and metal residues from
ceramic crucibles has revealed the co-existence of several composition systems. First, there
are Pb-containing systems recognized in most of the cases: Cu-Pb, Cu-Sn-Pb, Cu-Sn-Pb-As,
and Cu-Pb-As. It was determined that Pb is used widely for the ligation of copper alloys in
the southern Russian Far East since the beginning of the 1st mil AD. Non Pb-containing
systems such as Cu, Cu-Sn, and Cu-As were also distinguished. The multicomponent
alloys were practiced most widely during the Bohai period. Importantly, Zn was not
used as a ligating component of copper alloys at that time. Zn-containing alloys became
widespread over the territory of southern Russian Far East some time later, in XII-XIII c.
AD [11] (pp. 60-62, 84-85), [12,13].

As may be seen, the results of the EDS and pXRF examination of ceramic molds from
the Kruglaya Dolina site, are consistent, in general, with the referenced data. The supposed
variants of the alloy compositions distinguished through the set of main metals (Cu-Pb-Sn,
Cu-Pb-5n-As, Cu-Pb, Cu, and Cu-Sn) do not contradict to the composition of Bohai period
copper alloys. Note that the absence of convincing traces of Zn on the casting mold surfaces
as a probable alloy component is also consistent with earlier research results. It has to be
emphasized that no traces of precious metals, in particular, Ag and Au, were detected on
the molds’ surfaces. The ceramic molds were used just for the bronze casting.

Some concluding remarks may be stated. First, our investigation confirmed the
possibility of using archaeological ceramic casting molds as potential sources of information
about ancient copper-alloys contents. Applying the pXRF and SEM-EDS methods allows us
to detect the presence of Pb, Cu, Sn, and As as probable alloy components on mold working
surfaces. An essential condition for recognizing these elements is a carbonized state of the
ceramic surface, certainly indicating the casting process. Even though the contents of the
alloys may be determined at a relative qualitative level but not at an accurate quantitative
one, the data obtained are of interest in the context of ancient bronze-casting. The materials
presented were used as a pilot physicochemical examination of ancient ceramic casting
molds from southern Russian Far East. Research concerning the unique case of the bronze-
casting workshop remains at the Bohai period Kruglaya Dolina site contributes to the
widening general database of copper alloys practiced in early medieval times.
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