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Abstract

:

This paper presents a preliminary scientific investigation of pigments used by Martiros Sarian, a prominent Armenian artist known for his vibrant and evocative paintings. The study focuses on five of Sarian’s paintings from different periods of his career, namely, Morning in Stavrino, Arabian Dancer, Caravan, Yerevan Zangu River, and Kirovakan, dated between 1909 and 1948. Non-destructive techniques, including micro-attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopic imaging and X-ray fluorescence (XRF), were employed to characterize the pigments in the samples extracted from these paintings. The results reveal the presence of various pigments, including ultramarine blue, cobalt blue, cobalt cerulean blue, viridian, emerald green, cobalt green, celadonite green, cadmium yellow, chrome yellow, Venetian red, yellow ochre, red ochre, lead white, zinc white, and calcium carbonate. Additionally, metal carboxylates and oxalates, degradation products associated with the paint layers, were observed and discussed. The findings contribute to a better understanding of Sarian’s artistic technique and provide valuable insights for the conservation and restoration of his artworks.
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1. Introduction


Martiros Sarian (1880–1972) is a highly influential figure in twentieth-century Armenian art, often regarded as the key proponent of the Armenian national style of painting [1]. Sarian received his artistic training at the Moscow School of Painting, Sculpture, and Architecture from 1897 to 1903, where he honed his skills under renowned painters Konstantin Korovin and Valentin Serov [2]. He promptly joined a circle of Symbolist artists in Moscow and began showcasing his vibrant and vividly colored paintings. Throughout his journeys to Constantinople (now Istanbul) in 1910, Egypt in 1912, southwestern Armenia in 1913, and Persia (now Iran) in 1914, Sarian drew inspiration for a series of large-scale fresco-like works, aiming to convey the evocative qualities of Middle Eastern landscapes. These experiences also led to the incorporation of Persian motifs into several of his paintings. Similar to many Russian artists in the early 20th century, Sarian drew significant inspiration from Impressionism. Furthermore, his admiration for the French artists Henri Matisse (1869–1954) and Paul Gauguin (1848–1903) is evident in his utilization of areas of simplified, flat colors [3].



Despite being acknowledged as a symbolic Armenian artist, there exists limited information regarding Sarian’s painting technique and the materials he utilized. The acquisition of such knowledge through scientific investigation plays a pivotal role in unraveling the methodologies employed in creating these artworks and ensuring their optimal preservation. Remarkably, prior to this paper, no scientific research had been conducted on this subject, underscoring the novelty and significance of this contribution in shedding light on the color palette employed by Sarian.



This paper aims to characterize pigments from paintings created by Martiros Sarian, which are housed at the Martiros Sarian House-Museum in Yerevan, the capital of the Republic of Armenia. To our knowledge, these paintings have never been studied using scientific techniques before. Due to the unavailability of scientific equipment at the museum and the inability to transport the paintings, small fragments were carefully extracted from the edges and corners of the artwork by the curators and the conservators at the museum. The edges and corners of the artwork contained pigments and were chosen to minimize any invasive harm to the paintings. It is worth noting that the samples were exclusively taken from the upper layers of the paintings; however, it remains plausible that these extracted pigment samples might contain tiny portions of components from the underlying ground layers. The extracted pigment samples were then brought to the authors’ laboratory at Imperial College London, UK, for scientific analysis. The analyzed paintings in this paper include Morning in Stavrino, Arabian Dancer, Caravan, Yerevan Zangu River, and Kirovakan, dated 1909, 1913, 1926, 1931, and 1948, respectively. These specific paintings were selected to investigate the artist’s evolving techniques and materials over distinct 10-year periods: the 1910s, 1920s, 1930s, and 1940s. Characterization of the pigments is conducted using non-destructive methods, including micro-attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopic imaging [4] and X-ray fluorescence (XRF) [5]. The application of micro-ATR-FTIR imaging [6,7,8,9] and XRF [10,11] for pigment characterization in oil paintings has been well-established, demonstrating the suitability of these techniques for non-destructive analysis. The present study demonstrates how the combination of ATR-FTIR spectroscopic imaging and XRF offers significant guidance in the preliminary characterization of oil paint layers that are from museums where access to scientific investigation is limited.




2. Materials and Methods


Pigment samples were extracted from 17 locations at the edges and corners of the paintings: Morning in Stavrino (blue, green, and yellow pigments), Arabian Dancer (blue, green, and red pigments), Caravan (brown, red, yellow, blue, green, and blue-green pigments), Yerevan Zangu River (blue, green, and dark green pigments), and Kirovakan (orange and light blue pigments), as displayed in Supplementary Materials (SM), Figure S1. The extracted pigment samples each weigh around 200 mg, except for the dark green pigment from Yerevan Zangu River, which consists of merely two powders. The extracted pigment samples were first subjected to XRF analysis, followed by investigation using micro-ATR-FTIR spectroscopic imaging.



2.1. Micro-Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) Spectroscopic Imaging


The pigment samples extracted from the paintings were placed onto a 2 mm thick CaF2 window (Crystran Ltd., Poole, UK) for micro-ATR-FTIR spectroscopic imaging measurements, as shown in Figure S2. The micro-ATR-FTIR imaging measurements were conducted using an Agilent 670 FTIR spectrometer operating in continuous scan mode with a 64 × 64-pixel 2D focal plane array (FPA) detector (Santa Barbara, CA, USA). In the micro-ATR configuration, the spectrometer and the FPA detector were coupled with a Cary 620 IR microscope (Agilent Technologies, Inc., Santa Clara, CA, USA) with a 15× Cassegrain objective and a slide-on germanium (Ge) crystal as the internal reflective element (IRE). The Ge crystal (refractive index n ~ 4.00) enables a high spatial resolution of 2–4 μm depending on wavelength. Spectra were collected with 4 cm−1 spectral resolution in the range of 3900–750 cm−1 using 64 scans. The chemical images of the measured compounds were obtained by plotting the integrated absorbance of the spectral bands of interest in all 4096 spectra as a function of all pixels of the array, representing the spatial distribution of the absorbance of the spectral band of interest. These chemical images are presented in a color map (~70 × 70 μm2) spanning from high absorbance (red) to low absorbance (blue).




2.2. X-ray Fluorescence (XRF)


The XRF measurements were performed using an ED-XRF Epsilon 3XLE (Malvern Panalytical Ltd., Almelo, Netherlands) equipped with an Ag anode tube (maximum voltage = 50 keV) at 1200 s acquisition time for each pigment sample. Five set-ups of voltage/current intensity/filter/medium were employed for each measurement, contributing to final data collection: 50 keV/300 μA/Ag/air, 50 keV/300 μA/Cu/air, 20 keV/750 μA/Al/air, 12 keV/1250 μA/Al/air, and 9 keV/1666 μA/Ti/He. The system was equipped with a 10-position sample holder allowing sample spinning during measurement. The samples were placed in holders with 4 µm polypropylene films. The qualitative and semi-quantitative analyses of the XRF spectral data were performed and calibrated using an analytical program, Omnian software (Malvern Panalytical Ltd., Almelo, Netherlands). The Omnian software was used to search, align, and manually inspect peaks from the scanning atlas, after which the data were processed to obtain the final results. It should be noted that XRF is a semi-quantitative technique, requiring a reasonable amount of material—typically 2 to 3 g—to ensure sufficient counts for quantitative analysis. In this study, the XRF results are utilized for providing qualitative compositional information, while the quantitative results are for reference. Detected elements were categorized based on their concentration as major (>1%), minor (0.1–1%), and trace (<0.1%) for each pigment, as detailed in Table 1, Table 2, Table 3 and Table 4. The primary lines (Kα and/or Lα) in the spectra of the minor and trace elements were utilized for manual inspection to confirm the presence of these elements.





3. Results


3.1. Study of the Blue Pigments


In this section, the blue pigments under investigation include those extracted from Morning in Stavrino, Arabian Dancer, Yerevan Zangu River, Caravan, Yerevan Zangu River, and the light blue pigments extracted from Kirovakan. The XRF results of these pigments are detailed in Table 1.



The blue pigment sample extracted from Morning in Stavrino and Arabian Dancer can be identified as ultramarine, which was traditionally acquired from the mineral lapis lazuli [12]. Lapis lazuli is a complex mineral that contains sodium, calcium, aluminum, silicon (Na, Ca, Al, Si)-based minerals such as lazurite (major), and other mineral impurities such as calcium carbonate (CaCO3) and pyrite (FeS). Synthetic ultramarine, which was invented in 1826, is a more likely candidate and is chemically identical to lapis lazuli but boasts even more vibrant colors. Figure 1 and Figure 2 show the ATR-FTIR chemical images of ultramarine blue and calcium carbonate. The band of νas(O–Si–O) at around 1000 cm−1 is assigned to lazurite [13,14], while the bands at 1414 cm−1 (νas(CO32−)) and at 874 cm−1 (δout-of-plane(CO32−)) are assigned to calcium carbonate [15]. XRF results (Table 1) show the detection of iron (Fe) and sulfur (S), which may support the existence of pyrite. However, it is important to note that S is also present in ultramarine blue. Future research may employ other molecular techniques to further elucidate the source of S. Chromium (Cr) was detected as a major element from the XRF results, implying the sample may contain Cr-based components. Chloride was also detected as a major element in the XRF results of this blue pigment and is commonly found in other pigment samples as well (Table 1, Table 2, Table 3 and Table 4). This presence could be attributed to chlorinated salts or Cl-containing degradation products. However, these compounds were not identified using the ATR-FTIR spectroscopic imaging technique. Further analysis is required to elucidate these Cr-based components and Cl-containing degradation products.



The ATR-FTIR imaging results show the presence of lead white and gypsum in the blue pigment from Caravan (Figure 3a). This observation finds support in the identification of high concentrations of Pb and Ca, as indicated by the XRF results (Table 1). Notably, there is no apparent detection of ultramarine blue, recognizable by its characteristic bands at approximately 1000 cm−1 in the ATR-FTIR spectrum. The use of XRF analysis enabled the detection of Co and Sn (Table 1), thereby corroborating the prevalence of cobalt cerulean blue (CoO·nSnO2, cobalt stannate) [16] as one of the components of this blue pigment sample. The detection of Al from the XRF results indicates the possibility that cobalt blue (CoO·Al2O3) might also have been used in the painting. The ATR-FTIR imaging results show the presence of lead white and gypsum by assigning the spectral bands at 1396 cm−1 [6,9,17] and 1107 cm−1 [18,19], respectively (Figure 3b–d). The detection of cadmium (Cd) and sulfur (S) as major elements in the XRF results implies that this blue pigment may contain cadmium yellow (CdS), which is uncommon for blue pigments. This could be attributed to the artist’s blending of colors, although microscopic images do not reveal any apparent greenish hues. Cd was also detected as a minor element in other blue and green pigments in this study (Table 1 and Table 2), which may be due to contamination from brushes or the palette.



The ATR-FTIR imaging results of the blue pigment sample from Yerevan Zangu River (Figure 4) show chemical images of silicates, calcium carbonate, metal carboxylates, and an unidentified compound. The presence of silicates was identified by assigning the absorbance at 1026 cm−1 and 1034 cm−1 (Figure 4b,f) and the detection of Si from the XRF results. These detected silicates may be fillers mixed with the blue pigment. The presence of Co and Sn detected with XRF may suggest that cobalt cerulean blue (CoO·nSnO2) is the main component of this blue pigment from the paint layer. It is noteworthy that metal carboxylates, characterized by distinct bands of νas(COO−) within the spectral range of 1520 cm−1 to 1630 cm−1, were notably abundant within this blue pigment sample. The broad band of νas(COO−) in this blue pigment sample indicates these metal carboxylates have a non-crystalline structure. The unidentified compound identified in this blue pigment shows characteristic bands at 1115 cm−1, which may indicate the presence of gypsum (Figure 4e,f). Nonetheless, this absorbance, assumed to be νas(SO42−), is at a higher wavenumber compared to the gypsum detected in the other samples, which is around 1107–1111 cm−1. The other absorbance peaks of gypsum, such as the one at 1620 cm−1, and water absorption at 3398 and 3529 cm−1, overlap with the absorbance of the metal oxalates detected in the blue pigment from Yerevan Zangu River. Furthermore, the detection of S is absent from the XRF results. As a result, gypsum cannot be identified in this blue pigment.



The presence of lipids, metal soaps, and calcium carbonate was identified in the light blue pigment sample from Kirovakan using ATR-FTIR spectroscopic imaging (Figure 5). The detection of Sn and Co using XRF may suggest that cobalt cerulean blue (CoO·nSnO2) is the primary component of the light blue pigment (Table 1). The possibility of cobalt blue (CoO·Al2O3) is not considered due to the absence of Al detection using XRF. The relatively strong vibrational bands located at 1740 cm−1, 2856 cm−1, and 2929 cm−1, assigned to the νsy(C=O ester), νsy(CH2), and νas(CH2), respectively, suggest the presence of a lipidic binder (Figure 5c,f), most likely associated with a siccative oil, such as linseed oil. The extensive distribution of this lipidic binder detected within the light blue pigment as shown from the ATR-FTIR image could be associated with the widespread occurrence of metal carboxylates (Figure 5d), which exhibit a broad νas(COO−) peak in the ATR-FTIR spectrum (in Figure 5f), indicating their non-crystalline structure. These metal carboxylates can be amorphous zinc carboxylates as XRF detected a high amount of Zn (Table S1). In addition, zinc lactate, another degradation product of oil paints, was detected as demonstrated by the spectral bands at 1047 cm−1, 1092 cm−1, 1122 cm−1, and 1270 cm−1 (Figure 5e,f), which closely resemble the spectrum of zinc lactate [20,21]. It is known that zinc lactate can form as localized aggregates infused into the matrix of zinc soaps, in accordance with descriptions in the literature [20]. This observation is consistent with our ATR-FTIR chemical images (Figure 5d,e).



XRF analysis reveals Zn as the most abundant element detected in the blue pigments from Morning in Stavrino, Arabian Dancer, Yerevan Zangu River, and Kirovakan, suggesting the possible presence of zinc white (ZnO). However, it is worth noting that the spectral band of zinc white typically appears around 450 cm−1, which falls beyond the spectral range detectable by our ATR-FTIR spectroscopic technique. To validate the presence of zinc white in these blue pigments, further investigations could involve the use of FTIR spectroscopy with the far-IR region, capable of detecting spectral bands at lower wavenumbers. Additionally, complementary techniques like Raman spectroscopy could also be employed.




3.2. Study of the Green Pigment


In this section, the focus turns to the exploration of green pigments, encompassing those derived from Morning in Stavrino, Arabian Dancer, Yerevan Zangu River, Caravan, and the dark green pigments from Yerevan Zangu River. The XRF results of these pigments are detailed in Table 2.



The ATR-FTIR images (Figure 6b,c) show chemical distributions of ultramarine blue and calcium carbonate in the green pigment from Morning in Stavrino, which is in line with the results of the blue pigment sample from Morning in Stavrino. Our XRF results (Table 2) reveal a high concentration of calcium (Ca), aligning with our identification of calcium carbonate in the blue pigments. In addition, a spectrum extracted from the measured area of this green pigment sample exhibits two absorption bands at 1252 cm−1 and 1286 cm−1, indicating a presence of hydrated chromium oxide (Cr2O3∙2H2O) [14], also known as viridian (Figure 6d). The spectra also exhibit an O–H bending band at approximately 1640 cm−1, which confirms the presence of water molecules in the hydrated chromium oxide. The absorption bands at 1252 cm−1 and 1286 cm−1 are attributed to a by-product, which was assumed to be a chromium-bearing borate in the literature [22]. Interestingly, these two absorption bands are not commonly identified in modern post-war samples, possibly due to the application of different manufacturing techniques in the production of viridian pigments [23]. However, our XRF results do not detect boron (Table 2) due to the limitations of XRF in detecting light elements. The XRF results of this green pigment sample do confirm the presence of Cr, supporting the presence of viridian. It should be noted that in certain literature [14], Cr2O3·2H2O exhibits distinct peaks at approximately 1063 cm−1 and 792 cm−1, which are not observed in our results. The absence of absorption bands at 1063 cm−1 and 792 cm−1 may be explained by the specific synthesis conditions of this viridian pigment, involving a higher temperature range and a prolonged calcination period [22].



The ATR-FTIR analysis reveals the presence of ultramarine blue, calcium carbonate, and hydrated chromium oxide in the green pigment from Arabian Dancer (Figure 7b–d), which is consistent with the results obtained for the green pigment used in Morning in Stavrino (Figure 6), except for the detection of sulfates and gypsum (Figure 7e,f). The sulfates observed in the green pigment sample may be attributed to the presence of chrome yellow, as yellow hues are visible on the mineral particles of this green pigment (Figure 7a). Gypsum (CaSO4·2H2O) could either be an original material or a product of degradation. The spectral band at 1107 cm−1 is assigned to the anti-symmetric stretching mode of sulfate (νas(SO42−)), while the bands at 3396 cm−1 and 1620 cm−1 correspond to the stretching and bending vibrational modes of water, respectively. The detection of Cr revealed in the XRF results (Table 2) may provide supporting evidence for the potential existence of chrome yellow (Figure 7e,g) and hydrated chromium oxide (Figure 7d,g) within the green pigment, as indicated by the ATR-FTIR results. The detection of Zn as the element with the highest concentration in the XRF results could be attributed to the potential utilization of zinc white. This hypothesis needs verification through additional complementary techniques, such as FTIR spectroscopy within the far-IR spectral region or Raman spectroscopy.



The distribution of Cr2O3·2H2O in the green pigment from Caravan was obtained by plotting the integrating absorbance bands at 1250 cm−1 and 1284 cm−1 (Figure 8b). XRF analysis also confirmed the presence of Cr (Table 2). Lead white and gypsum were identified from the ATR-FTIR imaging results (Figure 8c), and Pb and Ca were detected from the XRF results.



The ATR-FTIR imaging results (Figure 9) show chemical images of metal oxalates as a degradation product, and the distribution of calcium metal carboxylates, calcium carbonate, gypsum, and silicates in the green pigment from Yerevan Zangu River. The presence of silicates in this green pigment sample was identified by assigning Si-O stretching modes [24] at 1030 cm−1 (Figure 9f,h) or at 957 cm−1 (Figure 9g,h). The detection of Zn, Cr, and Co from the XRF results (Table 2) implies that the green pigments may contain cobalt green (CoO·ZnO) and chromium oxide green (Cr2O3). We do not observe the spectral bands at 1252 cm−1 and 1286 cm−1 that are attributed to boron-containing by-products in hydrated chromium oxide, which can be seen in the green pigments from Arabian Dancer (Figure 7f,g) and Caravan (Figure 8b,f). In addition to the cobalt green pigment, which was relatively uncommon, a more plausible explanation could involve the mixture of small amounts of cobalt blue (CoO·Al2O3) into this green pigment to achieve the desired hue.



The substantial presence of As (9.722%, Table S2) from the XRF results of the blue-green pigment from Caravan (Table 2) suggests a high likelihood of a Cu-based pigment, emerald green (copper acetoarsenite, 3Cu(AsO2)2·Cu(CH3COO)2) [25]. Emerald green was highly esteemed by artists in the 19th century due to its vividness and long-lasting properties. Nevertheless, its production was ultimately discontinued by the 1960s due to the severe toxicity associated with the pigment [26]. Other possibilities of Cu-based green pigments could include malachite (CuCO3·Cu(OH)2) and azurite (2CuCO3·Cu(OH)2), potentially indicated by the identification of carbonates by assigning the spectral bands of the carbonate group at 1400 cm−1 and 862 cm−1 in our ATR-FTIR results (Figure 10b,d). However, it is worth noting that malachite, an ancient pigment, was not commonly employed in the 20th century. Furthermore, both malachite and azurite exhibit multiple peaks of νas(CO32−) in the region of 1380 cm−1 and 1490 cm−1 [14], these carbonates are more likely to be attributed to lead white. The substantial presence of Pb, as evident in the XRF results, further supports the assumption that the carbonates within this blue-green pigment are primarily derived from lead white. Additionally, the detection of Co and Zn also suggests the possible presence of a small amount of cobalt green (CoO·ZnO) [27]. Zinc carboxylates, characterized by spectral bands of νas(COO−), were identified as a degradation product in this blue-green pigment, exhibiting a split doublet at 1531 cm−1 and 1546 cm−1 [21] (Figure 10c,d). The spectral bands of νas(COO−) at 1454 and 1546 cm−1 may also be attributed to the carboxylic group of copper acetoarsenite [28], thus supporting the presence of emerald green.



Apart from the green pigment, another green pigment that is darker was also taken from Yerevan Zangu River (Figure 11a). The ATR-FTIR spectrum extracted from a chemical image was created by plotting absorbance between 930 and 1000 cm−1 and shows two spectral bands at 957 cm−1, 972 cm−1 and a shoulder at 1072 cm−1, which can be ascribed to a distortion of the Si−O bond in plane [29]. The ATR-FTIR imaging results show that the dark green pigment used in Yerevan Zangu River may be celadonite (K(Mg, Fe2+)(Fe3+, Al)[Si4O10](OH)2) (Figure 11). However, the amount of dark green sample (two separate powders) is too low to get reliable results to confirm the presence of K, Mg, and Al.




3.3. Study of the Yellow and Brown Pigments


In this section of the pigment investigation, we delve into the analysis of yellow pigments from Morning in Stavrino and Caravan, and a brown pigment from Caravan. The XRF results of these pigments are detailed in Table 3.



The ATR-FTIR imaging results (Figure 12) reveal the detection of sulfates in the yellow pigment sample taken from Morning in Stavrino, as indicated by the spectral bands at 984 cm−1, 1068 cm−1, and 1182 cm−1 (ν(SO42−)). The bands at 1068 cm−1 and 1182 cm−1 are attributed to νas(SO42−), while the band at 984 cm−1 corresponds to νsy(SO42−) [30]. The XRF results (Table 3) do not detect any cadmium (Cd), indicating that the possibility of cadmium yellow can be ruled out. Additionally, chrome yellow is composed of PbCrO4 and PbSO4 [31]. The ATR-FTIR spectra display the presence of νsy(CrO42−) at approximately 850 cm−1. The detection of Cr from the XRF results suggests that chrome yellow may be the main component of the yellow pigment. It is important to emphasize that a substantial amount of Si, Ca, Zn, and Fe was detected using XRF (Table S3). The presence of Si and Fe could suggest the inclusion of Fe-containing yellow earth in this chrome yellow pigment. Similarly, the identification of Ca and Zn might indicate the incorporation of CaCO3 and zinc white (ZnO), respectively, into the yellow pigment. However, the absorption bands associated with Fe-containing yellow earth and CaCO3 are obscured by the strong spectral bands of ν(SO42−) and νsy(CrO42−) originating from the chrome yellow pigment. Verification of this hypothesis may necessitate the utilization of alternative techniques.



The brown-colored sample extracted from Caravan has a pale almond tone mixing with an orange matrix (Figure 13a). ATR-FTIR analysis reveals the presence of carbonates, potentially lead white and calcium carbonate (Figure 13b), which was supported by the detection of Pb and Ca from the XRF results (Table 3). The presence of Cd and Zn in the XRF results may indicate the identification of cadmium yellow (CdS and ZnS) in the brown-colored sample. However, the absence of S in the XRF results may raise concerns regarding the identification of cadmium yellow. Unfortunately, the Cd–S vibrational bands fall within the spectral range of 300–230 cm−1 [32], which exceeds the capability of our ATR-FTIR technique. Consequently, the verification of CdS through the ATR-FTIR results is unattainable. Nonetheless, the presence of CdCO3 and CdSO4 is commonly observed when identifying CdS in cadmium yellow pigment. This is due to the utilization of CdSO4 and CdCO3 as reagents in the wet and dry process syntheses of CdS, respectively [33,34]. Furthermore, CdSO4 and CdSO3 are degradation products resulting from the photooxidation of CdS [35]. Therefore, the detection of carbonates in this yellow pigment sample can also be assigned to CdCO3.



Despite the slightly different colors exhibited by the yellow pigment and brown pigments from Caravan (Figure 13a and Figure 14a), their ATR-FTIR imaging and XRF results are similar. Carbonates, including lead carbonate (lead white), calcium carbonate, and cadmium carbonate, were identified, as shown in Figure 14b and Table 3. The measured Zn content in the brown pigment sample from XRF results is 1.055% (Table S3), categorizing it as a major element. However, the yellow pigment sample contains 0.737% of Zn (Table S3), designating it as a minor element.




3.4. Study of the Red and Orange Pigments


Red pigments from Arabian Dancer and Caravan and an orange pigment extracted from Kirovakan are examined and discussed in this section. The XRF results of these pigments are detailed in Table 4.



The ATR-FTIR imaging results demonstrate the presence of gypsum in the red pigment from Arabian Dancer (Figure 15b), indicating that the red pigment may be composed of Venetian red. Venetian red is typically produced by combining gypsum with iron oxide (Fe2O3) derived from red ochre [36]. The detection of silicates (Figure 15c) further supports the presence of red ochre since ochre is a mixture of ferric oxide, clay, and silicate-containing sand. The detection of iron (Fe) and silicon (Si) in the XRF results (Table 4) also corroborates the hypothesis that the red pigment contains red ochre. It is important to note that based on the XRF results, the presence of cadmium (Cd), zinc (Zn), and sulfur (S) was also detected. Therefore, the possibility of cadmium yellow (CdS and ZnS) should not be excluded. Additionally, the identification of oxalates as degradation products was observed (Figure 15d).



ATR-FTIR imaging results reveal the presence of silicates, gypsum, an unidentified compound, and carbonates in the red pigment from Caravan (Figure 16). By assigning spectral bands at 934 cm−1, 1018 cm−1, and 1033 cm−1 attributed to different silicates and clay mixtures, red ochre can be identified (Figure 16b,g). The detection of Fe from the XRF results supports the possibility of red ochre, but the lack of Si detection may weaken this hypothesis. The unidentified compound identified in this red pigment displays characteristic bands at 927 cm−1, 976 cm−1, 1431 cm−1, and 1462 cm−1 (Figure 16d,e,g). These bands may suggest a potential association with the elevated levels of chlorine (Cl), phosphorus (P), and erbium (Er) detected in the XRF results (Table 4). However, due to the limited existing literature on the application of Er-based components in oil paintings, confirming whether this unidentified compound is genuinely related to the Er-based components remains challenging. A pixel from this red pigment shows the presence of an intense band at 1400 cm−1 that may be characteristic carbonates [15] (Figure 16f,g). Combined with the XRF results indicating a high concentration of Pb and Ca, we cannot exclude the presence of lead white and CaCO3. Notably, Co was detected in the XRF results. Therefore, it is reasonable to hypothesize that Co-based pigments were mixed with this red pigment to give it a somewhat violet appearance.



Red ochre (Fe2O3 + kaolin) was identified in the orange pigment from Kirovakan by assigning spectral bands at 912 cm−1 (inner-surface OH in-plane bending), 1005 cm−1, and 1028 cm−1 (equatorial Si−O bond anti-symmetric stretching) (Figure 17b,d). The detection of Fe and Si further supports the presence of red ochre in the orange pigment. Impurities such as calcium carbonate [37] were also identified (Figure 17c).




3.5. Formation of Metal Carboxylates and Oxalates in Oil Paints


Calcium carbonate is commonly found in all ochres [37]. Our results confirmed the presence of calcium carbonate in the ochre pigments through the identification of specific vibrational modes. The band of νas(CO3) was observed within the range of 1404–1415 cm−1, accompanied by a distinct peak at approximately 872 cm−1 (δ(CO3)). Calcium carbonate in oil paintings has been found to form degradation products such as calcium carboxylate [38,39] and calcium oxalate [40]. Identification of calcium carboxylate and calcium oxalate can be acquired by assigning to a doublet of νas(COO−) at around 1540/1575 cm−1 [19] and a spectral band of νas(C=O) at 1650 cm−1 [41], respectively.



The formation of metal soaps in oil paintings occurs spontaneously due to the interaction between the fatty acid constituents of drying oils used as binders and the cations present in inorganic pigments [42,43]. These metal soaps play a significant role in the generation of protrusions and distortions within the paint layers [7]. Similarly, the calcium ions present in the calcium carbonate within the analyzed pigment samples potentially undergo a saponification reaction with the fatty acids present in an oil-based binder, resulting in the formation of calcium soaps or calcium carboxylates. Upon conducting a detailed examination, a notable observation was made: the absorbance of carbonate decreased while the absorbance of metal carboxylates increased (Figure 18a). However, the data revealed that these metal carboxylates exhibit the broad spectral band of νas(COO−) at 1570 cm−1, indicating the presence of a non-crystalline structure [44]. Additionally, a shoulder at 1454 cm−1, attributed to δ(CH2) of the typical soap aliphatic chain, was observed in the spectra, which represents a characteristic spectral pattern of metal carboxylates.



In addition to the saponification of CaCO3 that gives rise to metal soaps, CaCO3 is also responsible for the formation of metal oxalates, as illustrated in Figure 18b. It was observed that the carbonate absorbance at 1415 cm−1 decreased as the oxalate absorbance at 1655 cm−1 increased. It is noteworthy that the intensity of the νas(COO−) of calcium soaps at 1543 cm−1 decreased in the region where the metal oxalates were identified, as depicted in P4 and P5 in the ATR-FTIR image of metal oxalates (Figure 18b). Therefore, calcium is likely to be the metal ion present in these oxalates. Metal oxalates are predominantly found in association with organic binding media, indicating their probable formation as a result of the degradation of organic matter [45]. However, some studies have also reported that metal oxalates can originate from metal carboxylates [46].





4. Discussion


The results of ATR-FTIR spectroscopic imaging coupled with XRF made it possible to identify the chromatic palette used by Martiros Sarian. The pigments identified in Sarian’s works during this research are comparable to the ones employed by his influential artists, Henri Matisse [47,48,49] and Paul Gauguin [50,51,52], as well as other notable Impressionist and Post-Impressionist painters of the era [53,54]. As described in the results section, these pigments include ultramarine blue, cobalt blue, cobalt cerulean blue, viridian or chromium oxide, emerald green, cobalt green, celadonite green, cadmium yellow, chrome yellow, Venetian red, yellow ochre, red ochre, lead white, zinc white and calcium carbonate. Due to the high spatial resolution of ATR-FTIR spectroscopic imaging (~3–4 μm), the mixture of pigments within a single color can be successfully resolved, and each component can be identified. The green pigments like viridian and emerald green have been frequently mentioned in technical studies of Impressionist and Post-Impressionist artists, including Monet, Pissarro, and Munch [27,55,56,57]. However, it is worth noticing that in these five investigated paintings created by Sarian, no presence of Prussian blue was identified. Prussian blue (Fe7(CN)18, or Fe4[Fe(CN)6]3·nH2O), a vivid blue pigment that emerged during the early 18th century, has been recognized as the pioneering pigment among its modern counterparts [58]. The presence of this pigment has been identified in numerous Impressionist paintings. Notably, Matisse and Gauguin demonstrated an affinity for Prussian blue [47,50,51,59]. Further research should examine additional paintings by Sarian to ascertain whether Prussian blue was absent from his palette, despite its common usage among other Impressionist artists. Additionally, it is important to note that the XRF results (Table 1, Table 2, Table 3 and Table 4) demonstrate a significant presence of Pb in the pigments from Caravan. It appears that Sarian used both lead white and zinc white simultaneously in some paintings, but only Caravan showed a higher abundance of lead compared to zinc in this study. Caravan was painted in 1926. From 1926 to 1928, Matiro Sarian lived and worked in Paris, but most works from this period were destroyed in a fire aboard the boat on which he returned to the Soviet Union. Future work may also focus on investigation of paintings produced in this period to understand Sarian’s choice of white.



Ultramarine blue was identified in Morning in Stavrino (1909) and Arabian Dancer (1913), while cobalt-containing blue pigments, such as cerulean blue and/or cobalt blue, were identified in Caravan (1926), Yerevan Zangu River (1931), and Kirovakan (1948). It remains uncertain whether Sarian utilized different blue pigments during different periods of his artistic career. However, our findings indicate that Sarian incorporated ultramarine blue in paintings created during earlier years (1909 and 1913), whereas he employed cobalt-containing blue pigments in paintings from later years (1926, 1931, and 1948). Furthermore, chromium-containing green pigments were used in the paintings from 1909, 1913, 1926, and 1931, albeit with slight variations in their combinations. In the paintings from 1909 and 1913, Viridian (hydrated Cr2O3) was mixed with ultramarine blue, while in the painting from 1926, it was mixed with lead white. The painting from 1931 featured a dehydrated form of chromium-containing pigment, likely Cr2O3, which was mixed with cobalt green and celadonite. Regarding red pigments, variations were observed in the paintings dating from 1926, 1931, and 1948. The painting from 1926 featured Venetian red, while erbium red and red ochre were identified in the paintings from 1931 and 1948, respectively. It is worth noting that while ultramarine blue was identified using ATR-FTIR spectroscopic imaging, the XRF results did not quantify Na in the blue pigment and the green pigment from Morning in Stavrino, as can be seen in Table 1 and Table 2. This could be attributed to the fact that, although Na is among the lightest elements detectable using ED-XRF [60], its detection is sometimes hindered due to its very low energy fluorescence (<1 keV). The air between the sample and the detector may be too dense for the fluorescence to pass through. To better confirm the presence of Na, other techniques such as atomic absorption spectroscopy or inductively coupled plasma optical emission spectroscopy (ICP-OES) can be conducted in future work.



Degradation products, such as metal oxalates and metal carboxylates, were successfully identified in the pigments of this paper. The detected metal carboxylates exhibited either a crystalline nature, characterized by a sharp νas(COO−) band, or a non-crystalline nature, indicated by a broad νas(COO−) band in the ATR-FTIR spectra. Zinc carboxylates described in this study displayed a single peak (Figure 12) or a doublet (Figure 13) in the ATR-FTIR spectra, which may be attributed to the different symmetry of the components [21]. As demonstrated in Section 3.5, the formation of metal carboxylates and metal oxalates may be attributed to the presence of CaCO3, as revealed by the ATR-FTIR spectroscopic imaging results displayed in Figure 18. Previous research has primarily focused on investigating calcium oxalate due to its high occurrence in cultural heritage objects, including oil paintings and stone artifacts [61]. Although gypsum (CaSO4·2H2O) could potentially serve as a source of Ca ions for the formation of calcium oxalate, we did not observe a decrease in gypsum absorbance at around 1110 cm−1 with increasing oxalate absorbance at 1655 cm−1, as observed in the case of CaCO3 (Figure 18b). Ca ions derived from CaCO3 are more likely to form calcium oxalate, which is consistent with previous literature findings [62] that demonstrated CaCO3 can react with even very low concentrations of oxalic acid to produce calcium oxalate.



To support these findings regarding the paint surfaces and to achieve a more comprehensive understanding of the utilized color palette by Sarian, further investigation into the compositional analysis of the oil paintings is needed. This should encompass the identification of additional pigment samples extracted from Sarian’s artworks spanning the 1950s, 1960s, and 1970s, as well as stratigraphic imaging through cross-sectional analysis. Non-invasive portable XRF is recommended for the museum to conduct in situ semi-quantitative investigations of their paintings. Additionally, the application of additional scientific techniques like Raman spectroscopy and SEM-EDX is recommended to complement and strengthen the outcomes presented in the present study.




5. Conclusions


This study has provided valuable insights into the pigments used by Martiros Sarian in five of his paintings. By employing micro-ATR-FTIR spectroscopic imaging in conjunction with XRF, successful characterization of pigments was achieved. The analysis revealed the presence of several different pigments commonly used by Sarian, which were consistent with those used by Sarian’s influential artists, Henri Matisse and Paul Gauguin. Ultramarine blue was identified in earlier paintings, while cobalt-containing blue pigments, including cerulean blue and cobalt blue, were present in later works. Chromium-containing green pigments, including viridian and chromium oxide, were utilized with slight variations in combination. Different red pigments, namely Venetian red, and red ochre, were observed in three of the paintings.



This study also investigated the formation of degradation products in the pigments, such as metal carboxylates and metal oxalates. Calcium carbonate was found to play a significant role in the formation of these compounds. Zinc and lead carboxylates were identified as crystalline structure carboxylates by the presence of the sharp band of νas(COO−). Other amorphous metal carboxylates exhibited broad νas(COO−) bands in the ATR-FTIR spectra.



It was noted that Prussian blue, a commonly used blue pigment among Impressionist artists, was not identified in Sarian’s works examined in this study. Further research on additional paintings by Sarian would help determine if Prussian blue was absent from his palette.



Overall, this study enhances our understanding of Sarian’s artistic techniques and materials. The findings contribute to the preservation and conservation of his artworks, providing valuable information for art historians, conservators, and curators. Further research and analysis of additional paintings by Sarian would expand our knowledge of his artistic style and pigment choices.
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Figure 1. (a) Microscopic image of the blue pigment taken from Morning in Stavrino where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the blue pigments showing the distribution of (b) ultramarine blue and (c) calcium carbonate. (d) ATR-FTIR spectra extracted from pixels of the chemical images. 
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Figure 2. (a) Microscopic image of the blue pigment sample taken from Arabian Dancer where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the blue pigment showing the distribution of (b) ultramarine blue and (c) calcium carbonate. (d) ATR-FTIR Spectra extracted from pixels of the chemical images. 
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Figure 3. (a) Microscopic image of the blue pigment sample taken from Caravan where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the blue pigment showing the distribution of (b) lead white and (c) gypsum. (d) ATR-FTIR spectra extracted from pixels of the chemical images. 
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Figure 4. (a) Microscopic image of the blue pigment taken from Yerevan Zangu River where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the blue pigments showing the distribution of (b) silicate, (c) metal carboxylates, (d) calcium carbonate, and (e) an unidentified compound of which images were produced by plotting integrated absorbance between 1080 and 1180 cm−1. (f) ATR-FTIR spectra extracted from pixels of the chemical images. 
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Figure 5. (a) Microscopic image of the light blue pigment sample taken from Kirovakan where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the light blue pigment sample showing the distribution of (b) calcium carbonate, (c) lipids, (d) metal carboxylates and (e) zinc lactate. (f) ATR-FTIR spectra extracted from pixels of the chemical images. 






Figure 5. (a) Microscopic image of the light blue pigment sample taken from Kirovakan where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the light blue pigment sample showing the distribution of (b) calcium carbonate, (c) lipids, (d) metal carboxylates and (e) zinc lactate. (f) ATR-FTIR spectra extracted from pixels of the chemical images.
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Figure 6. (a) Microscopic image of the green pigment taken from Morning in Stavrino where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the green pigments showing the distribution of (b) ultramarine blue (c) calcium carbonate and (d) Cr2O3·2H2O. (e) ATR-FTIR spectra extracted from pixels of the chemical images. 






Figure 6. (a) Microscopic image of the green pigment taken from Morning in Stavrino where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the green pigments showing the distribution of (b) ultramarine blue (c) calcium carbonate and (d) Cr2O3·2H2O. (e) ATR-FTIR spectra extracted from pixels of the chemical images.
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Figure 7. (a) Microscopic image of the green pigments taken from Arabian Dancer where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the green pigments showing the distribution of (b) ultramarine blue, (c) calcium carbonate, (d) Cr2O3·2H2O, (e) sulfates, and (f) gypsum. (g) ATR-FTIR spectra extracted from pixels of the chemical images. 






Figure 7. (a) Microscopic image of the green pigments taken from Arabian Dancer where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the green pigments showing the distribution of (b) ultramarine blue, (c) calcium carbonate, (d) Cr2O3·2H2O, (e) sulfates, and (f) gypsum. (g) ATR-FTIR spectra extracted from pixels of the chemical images.
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Figure 8. (a) Microscopic image of the green pigment taken from Caravan where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the green pigments showing the distribution of (b) Cr2O3·2H2O, (c) lead white, (d) gypsum, and (e) zinc carboxylates. (f) ATR-FTIR spectra extracted from pixels of the chemical images. 






Figure 8. (a) Microscopic image of the green pigment taken from Caravan where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the green pigments showing the distribution of (b) Cr2O3·2H2O, (c) lead white, (d) gypsum, and (e) zinc carboxylates. (f) ATR-FTIR spectra extracted from pixels of the chemical images.
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Figure 9. (a) Microscopic image of the green pigment taken from Yerevan Zangu River where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the green pigments showing the distribution of (b) metal oxalates, (c) metal carboxylates, (d) calcium carbonate, (e) gypsum, and silicates with absorbance at (f) 980–1070 cm−1 and (g) 930–970 cm−1. (h) ATR-FTIR spectra extracted from pixels of the chemical images. 






Figure 9. (a) Microscopic image of the green pigment taken from Yerevan Zangu River where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the green pigments showing the distribution of (b) metal oxalates, (c) metal carboxylates, (d) calcium carbonate, (e) gypsum, and silicates with absorbance at (f) 980–1070 cm−1 and (g) 930–970 cm−1. (h) ATR-FTIR spectra extracted from pixels of the chemical images.
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Figure 10. (a) Microscopic image of the blue-green pigment taken from Caravan where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the blue-green pigment showing the distribution of (b) carbonates and (c) zinc carboxylates. (d) ATR-FTIR spectra extracted from pixels of the chemical image are placed next to the chemical images. 






Figure 10. (a) Microscopic image of the blue-green pigment taken from Caravan where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the blue-green pigment showing the distribution of (b) carbonates and (c) zinc carboxylates. (d) ATR-FTIR spectra extracted from pixels of the chemical image are placed next to the chemical images.
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Figure 11. (a) Microscopic image of the dark green pigment taken from Yerevan Zangu River where the black square displays the area identified using ATR-FTIR imaging. (b) ATR-FTIR chemical image of the dark pigments showing the distribution of celadonite. (c) ATR-FTIR spectra extracted from pixels of the chemical images of celadonite. 






Figure 11. (a) Microscopic image of the dark green pigment taken from Yerevan Zangu River where the black square displays the area identified using ATR-FTIR imaging. (b) ATR-FTIR chemical image of the dark pigments showing the distribution of celadonite. (c) ATR-FTIR spectra extracted from pixels of the chemical images of celadonite.
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Figure 12. (a) Microscopic image of the yellow pigment sample taken from Morning in Stavrino where the black square displays the area identified using ATR-FTIR imaging. (b) ATR-FTIR chemical image of the yellow pigment sample showing the distribution of PbCrO4 and (c) ATR-FTIR spectrum extracted from a pixel of the chemical image. 






Figure 12. (a) Microscopic image of the yellow pigment sample taken from Morning in Stavrino where the black square displays the area identified using ATR-FTIR imaging. (b) ATR-FTIR chemical image of the yellow pigment sample showing the distribution of PbCrO4 and (c) ATR-FTIR spectrum extracted from a pixel of the chemical image.
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Figure 13. (a) Microscopic image of the brown pigment taken from Caravan where the black square displays the area identified using ATR-FTIR imaging. (b) ATR-FTIR chemical image of the brown pigments showing the distribution of lead white and calcium carbonate. (c) ATR-FTIR Spectra extracted from pixels of the chemical images. 






Figure 13. (a) Microscopic image of the brown pigment taken from Caravan where the black square displays the area identified using ATR-FTIR imaging. (b) ATR-FTIR chemical image of the brown pigments showing the distribution of lead white and calcium carbonate. (c) ATR-FTIR Spectra extracted from pixels of the chemical images.
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Figure 14. (a) Microscopic image of the yellow pigment sample taken from Caravan where the black square displays the area identified using ATR-FTIR imaging. (b) ATR-FTIR chemical image of the yellow pigment sample and (c) ATR-FTIR spectrum extracted from a pixel of the chemical image. 






Figure 14. (a) Microscopic image of the yellow pigment sample taken from Caravan where the black square displays the area identified using ATR-FTIR imaging. (b) ATR-FTIR chemical image of the yellow pigment sample and (c) ATR-FTIR spectrum extracted from a pixel of the chemical image.
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Figure 15. (a) Microscopic image of the red pigments taken from Arabian Dancer where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the red pigments showing the distribution of (b) gypsum, (c) silicates, and (d) metal oxalates. (e) ATR-FTIR spectra extracted from pixels of the chemical images. 






Figure 15. (a) Microscopic image of the red pigments taken from Arabian Dancer where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the red pigments showing the distribution of (b) gypsum, (c) silicates, and (d) metal oxalates. (e) ATR-FTIR spectra extracted from pixels of the chemical images.
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Figure 16. (a) Microscopic image of the red pigments taken from Caravan where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the red pigments showing the distribution of (b) silicates, (c) gypsum, an unidentified compound of which images were produced by plotting integrated absorbance between (d) 890 and 950 cm−1 and (e) 1400 and 1500 cm−1, and (f) carbonates. (g) ATR-FTIR spectra extracted from pixels of the chemical images. 






Figure 16. (a) Microscopic image of the red pigments taken from Caravan where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the red pigments showing the distribution of (b) silicates, (c) gypsum, an unidentified compound of which images were produced by plotting integrated absorbance between (d) 890 and 950 cm−1 and (e) 1400 and 1500 cm−1, and (f) carbonates. (g) ATR-FTIR spectra extracted from pixels of the chemical images.
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Figure 17. (a) Microscopic image of the orange pigment sample taken from Kirovakan where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the orange pigments showing the distribution of (b) kaolin and (c) calcium carbonate. (d) ATR-FTIR spectra extracted from pixels of the chemical images. 






Figure 17. (a) Microscopic image of the orange pigment sample taken from Kirovakan where the black square displays the area identified using ATR-FTIR imaging. ATR-FTIR chemical image of the orange pigments showing the distribution of (b) kaolin and (c) calcium carbonate. (d) ATR-FTIR spectra extracted from pixels of the chemical images.
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Figure 18. Micro-ATR−FTIR spectroscopic imaging of the top external surface of two pigment samples from Yerevan Zangu River: (a) blue pigment and (b) green pigment. The images of the integrated absorbance of calcium carbonate (1415/1408 cm−1), metal carboxylates (1570 cm−1), and metal oxalates (1655 cm−1) and the ATR-FTIR spectra extracted from pixels (P1 to P4 in (a) and P1 to P5 in (b)) clearly show that absorbance of the metal oxalates and metal carboxylates increases as absorbance of the calcium carbonate decreases. 
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Table 1. Summary of XRF results of the blue pigments.






Table 1. Summary of XRF results of the blue pigments.





	
Color

	
Painting

	
Detected Chemical Elements with XRF






	
Blue

	
Morning in Stavrino (1909)

	
Major: Zn, Ca, S, Si, Cr, Al, Pb, Cl, Fe

Minor: Ti, Cu, As, P, Cd, Co

Trace: Mn, Ga, Ni, Sr




	
Arabian Dancer (1913)

	
Major: Zn, Si, S, Al, Ca, Pb, Fe

Minor: K, Cl, P, Cd, Cr, As, Ga, Co, Cu

Trace: Ti, Mn, V




	
Caravan (1926)

	
Major: Pb, Ca, Co, Al, Fe, Zn, S, Cd

Minor: Cl, Cr, V

Trace: Sr, Ga




	
Yerevan Zangu River (1931)

	
Major: Zn, Sn, Co, Si, Ca, Fe, Cl, Cr

Minor: As




	
Light blue

	
Kirovakan (1948)

	
Major: Zn, Ca, Sn, Co

Minor: Si, S, Cl, Fe,

Trace: Cu, As, Cr, P











 





Table 2. Summary of XRF results of the green pigments.






Table 2. Summary of XRF results of the green pigments.





	
Color

	
Painting

	
Detected Chemical Elements with XRF






	
Green

	
Morning in Stavrino (1909)

	
Major: Ca, Cr, Si, S, Al, Fe, Zn, Cl, P

Minor: Pb, Co, Ti, Cu

Trace: As, Mn




	
Arabian Dancer (1913)

	
Major: Zn, Na, S, Si, Ca, Al, Cr, Fe, Pb, Ti

Minor: P, Cl, Co, Cd

Trace: Sn, As, Sr




	
Yerevan Zangu River (1931)

	
Major: Zn, Pb, Si, Ca, Al, Fe, S, Cl, Cr, Co

Minor: As, Er, V, Ga

Trace: Mn




	
Caravan (1926)

	
Major: Pb, Ca, Cr, Mg, Fe, Zn

Minor: Cd, Cl, Ti

Trace: Sr, Mn, Zr




	
Blue-green

	
Caravan (1926)

	
Major: Pb, As, Cu, Ca, Co

Minor: Zn, Fe, Cl, Sn

Trace: Sr, Cr, Ti, Zr




	
Dark green

	
Yerevan Zangu River (1931)

	
N/A











 





Table 3. Summary of XRF results of the yellow and brown pigments.






Table 3. Summary of XRF results of the yellow and brown pigments.





	
Color

	
Painting

	
Detected Chemical Elements with XRF






	
Yellow

	
Morning in Stavrino (1909)

	
Major: Si, Ca, Zn, Cl, Pb, S, Fe, Cr, Sn, Ti

Minor: As




	
Caravan (1926)

	
Major: Pb, Ca, Cd, Ti, Cl

Minor: Fe, Zn, V, Cr

Trace: Sr, Zr




	
Brown

	
Caravan (1926)

	
Major: Pb, Ca, Cd, Zn

Minor: Al, Fe, Cr, Co

Trace: Sr, Ti, Cu, Zr, Rb











 





Table 4. Summary of XRF results of the red and orange pigments.






Table 4. Summary of XRF results of the red and orange pigments.





	
Color

	
Painting

	
Detected Chemical Elements with XRF






	
Red

	
Arabian Dancer (1913)

	
Major: Zn, Na, S, Ca, Al, Si, Cd, Fe, P

Minor: Cl, K, As, Cr, Ti

Trace: Co, Mn




	
Caravan (1926)

	
Major: Pb, Cl, Co, Ca, P, Fe, Zn, Er

Minor: Cr

Trace: Ga




	
Orange

	
Kirovakan (1948)

	
Major: Zn, Si, Ca, Fe, Cl, S

Minor: Ti, Cr, V, As, Co
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