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Abstract

:

The present study applied LA–ICP-MS on gem-quality emeralds from the most important sources (Afghanistan, Brazil, Colombia, Ethiopia, Madagascar, Russia, Zambia and Zimbabwe). It revealed that emeralds from Afghanistan, Brazil, Colombia and Madagascar have a relatively lower lithium content (7Li < 200 ppmw) compared to emeralds from other places (7Li > 250 ppmw). Alkali element contents as well as scandium, manganese, cobalt, nickel, zinc and gallium can further help us in obtaining accurate origin information for these emeralds. UV-Vis spectroscopy can aid in the separation of emeralds from Colombia and Afghanistan from these obtained from the other sources as the latter present pronounced iron-related bands. Intense Type-II water vibrations are observed in the infrared spectra of emeralds from Madagascar, Zambia and Zimbabwe, as well as in some samples from Afghanistan and Ethiopia, which contain higher alkali contents. A band at 2818 cm−1, supposedly attributed to chlorine, was observed only in emeralds from Colombia and Afghanistan. Samples with medium to high alkalis from Ethiopia, Madagascar, Zambia and Zimbabwe can also be separated from the others by Raman spectroscopy based on the lower or equal relative intensity of the Type I water band at around 3608 cm−1 compared to the Type II water band at around 3598 cm−1 band (with some samples from Afghanistan, Brazil and Russia presenting equal relative intensities).
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1. Introduction


Emeralds, together with rubies and sapphires (red and blue corundum), as well as jadeite “jade” (jadeitite), diamonds and natural pearls, have been the most sought-after gems for several centuries. Emerald is the bluish-green to green to yellowish-green variety of beryl (with an ideal formula of Be3Al2SiO18) coloured by chromium and/or vanadium (iron may also contribute to the colour, but to a lesser extent); beryl coloured solely by iron is green beryl (and not emerald) [1]. Transparent natural emeralds of homogenous vivid-green colour are the most researched. Most faceted gems are sold by carat (1 carat = 0.2 g), but their monetary value is not linearly correlated with their weight; bigger gems are rarer and can fetch higher prices. Absence or presence, type and degree of treatment are also important factors linked to gems’ monetary value. In the case of emeralds, most gem-quality faceted stones contain surface-reaching fissures and, some of them, also cavities. In order to improve their clarity, the vast majority of emeralds are “filled” with a material having a refractive index similar to that of emerald (oil, resin or other) that reduces the visibility of the fissures and, sometimes, the cavities [2,3,4]. The degree of emerald clarity enhancement, which is not always directly linked with the amount of filling material, ranges from none to significant, with the former being very rare and more desirable [5]. Geographic origin is frequently requested from gemmological laboratories by customers as it is used by gem dealers as a brand name, is sometimes linked with history, exoticism, spirituality, etc., and might play an important role in the monetary value of a gem [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23]. In parallel, over the last two decades, ethical issues related to gem mining have been in the spotlight, and end consumers demand transparency about the mine-to-market supply chain, in addition to detailed information on stones’ provenance [23,24,25,26]. Origin determination for gems is also useful for archaeologists, curators, etc., as it can help them to better understand early trade routes [27,28,29,30,31,32,33,34,35,36,37,38,39,40].



Origin determination is based on gem characteristics linked to geological formation. However, gemmological laboratories are asked to issue reports mentioning a gem’s geographical origin, which is related to politics rather than geology [12,15]. Geographic origin determination is getting more complicated, considering that gems can grow in similar geologic environments but in different countries; e.g., emeralds associated with granites‒pegmatites and mafic‒ultramafic rocks as in Kafubu, Zambia; Malyshevsk (the Ural Mountains), Russia; Mananjary, Madagascar; etc. In parallel, a gem can grow in more than one geological environment in the same country; e.g., emeralds occur in Zambia in both Kafubu near Kitwe (associated with granites‒pegmatites and mafic‒ultramafic rocks; Type IA occurrence—see classification below) and Musakashi near Solwezi (in eluvial lateritic soils adjacent to quartz veins; Type IID occurrence—see classification below) [16,17,18,19,21,31,41,42].



Emerald is a relatively rare mineral because it needs common elements such as silicon (Si), aluminium (Al) and oxygen (O), together with less common elements (that are rarely encountered together) such as beryllium (Be)—enriched in the crust, chromium (Cr)—typically enriched in mantle rocks, and/or vanadium (V), with iron (Fe) in limited concentrations; however, it can be found on all continents except Antarctica [16,17,18,21]. Emeralds of gem quality and economic importance are not always formed though; several parameters play an important role in gem formation [43,44]. It is important to have the right ingredients in just the right amounts (as previously mentioned): favourable “thermobarometric conditions”, space to grow (with some exceptions), limited nucleation (i.e., few nuclei will evolve into a crystal) and stable growth conditions for a certain amount of time, but not for millions of years [44]. Importantly, post-growth phenomena that might damage the gem, such as mechanical fracturing, chemical etching, etc., should be absent [43].



A gemmological report with the origin for an emerald from a laboratory recognized by the international market can cost from ca. 100 up to 500 USD for gems <2 ct and >2000 USD for gems >50 ct, depending on the laboratory. Thus, gemmological laboratories receive principally medium- to high-quality “large” faceted (>0.5 ct and mostly >1 ct) emeralds “worth” an origin determination report. Nowadays these emeralds mostly come from Colombia (both the east and west side of central Cordillera), Zambia (Kafubu), Brazil (Itabira, Minas Gerais), Russia (Malyshevsk, the Ural mountains), Madagascar (Mananjary), Afghanistan (Panjsher Valley), Zimbabwe (Sandawana) and recently Ethiopia (Shakisso). In terms of monetary value, an emerald from Colombia fetches higher prices than an emerald of exactly the same size and quality from another country. Samples of similar size and quality other than Colombian fetch similar prices, but the traders still ask for an origin to be mentioned in the report.



The classification of emerald deposits is presented in several works, and recently an enhanced classification has been suggested [13,17,21]. According to this, the geological environment of the vast majority of occurrences producing gem-quality emeralds is classified as Type IA—tectonic‒magmatic-related hosted in mafic–ultramafic rocks [21]. Only emeralds from Colombia are classified as Type IIB; tectonic‒metamorphic-related hosted in sedimentary rock‒black shale and emeralds from Afghanistan (Panjsher Valley) are classified as Type IIC; tectonic‒metamorphic-related are hosted in metamorphic rocks [21].



Gemmological laboratories are issuing reports on emeralds (including origin determination), and coloured gems in general, after combining the results obtained by several methods [11,12,15,19,20]. The methods used should be non-destructive and rarely micro-destructive [45,46,47,48]. For the origin determination and characterization of emeralds, microscopy, FTIR (Fourier-Transform InfraRed) spectroscopy, UV-Vis-NIR (Ultraviolet-Visible-Near InfraRed) spectroscopy, chemistry such as EDXRF (Energy-Dispersive X-ray Spectroscopy), sometimes LA-ICP-MS (Laser Ablation–Inductively Coupled Plasma-Mass Spectrometry) as well as LIBS (Laser-Induced Breakdown Spectroscopy) and, in same cases, Raman and PL (photoluminescence) spectroscopy are used [6,7,11,12,15,19,20,23,31,40,41,42,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78]. Oxygen isotopes as well as fluid inclusions are also used for their study (see [21] for more information and further references); however, these methods are currently rarely used by gemmological laboratories. Gem-quality emeralds present some characteristics that might help gemmological laboratories build an accurate database to trace the origin of an unknown sample, in contrast with some other gems which might be more challenging (e.g., sapphires). For instance, the majority of gem-quality emeralds are found in primary deposits [76]; they contain inclusions that are associated with their geology and, due to their crystal structure and chemistry, several minor and trace elements directly linked to their growth environments could be present.



For the present work, 62 samples from eight countries’ data were collected using LA-ICP-MS as well as UV-Vis-NIR, FTIR, Raman and PL spectroscopy. The data from the samples were compared, looking for potential differences linked to their geographical origin. This is the first study that combines all these methods on samples from the most important sources of gem-quality emeralds.




2. Materials and Methods


All 62 samples studied are listed in Table 1. Forty-three samples were rough, and small areas (“windows”) were cut and polished in order to acquire better spectroscopic and chemical data, four of them were oriented (i.e., cut and polished parallel and/or perpendicular to the c-axis) and fifteen were faceted (all from Brazil). Most of the samples studied had a green or dark green homogenous colour. All samples from Russia were light green; some of the samples from Brazil and Colombia were also light green. All samples from Russia presented numerous inclusions.



UV-Vis-NIR spectra were acquired using a Cary 5000 UV-Vis-NIR spectrometer (Varian Inc., Palo Alto, CA, USA) in the 250–1500 nm spectral range, with a spectral bandwidth and data interval of 0.7 nm and a scan rate of 60 nm/min for the UV-Vis region and a spectral bandwidth and data interval of 1.0 nm and a scan rate of 120 nm/min for the NIR region. Polarized spectra using a diffraction grating polarizer were acquired on the oriented samples.



FTIR spectra were acquired from 8000 to 300 cm−1 using a Nicolet iS5 spectrometer (Thermo Fischer Scientific, Waltham, MA, USA) with 4 cm−1 resolution and 500 scans (background spectra were collected using the same parameters). Most of the spectra were unpolarized (or partially oriented); i.e., acquired on randomly oriented samples; positioned to maximize the signal. The c-axis of unoriented samples was checked so that none of the spectra were acquired with the beam parallel to the axis.



The absorption coefficient (a) was plotted to all UV-Vis-NIR and FTIR spectra. This was calculated using the formula a = 2.303 A/d, where A is the absorbance and d is the path length (or sample thickness for measurements on parallel polished windows) in cm.



Raman spectra were acquired using a Renishaw inVia spectrometer (Renishaw plc, Wotton-under-Edge, Gloucestershire, UK) from 100 to 2000 cm−1 and from 3300 to 3950 cm−1, coupled with an optical microscope, 514 nm excitation wavelength (diode-pumped solid-state laser), 1800 grooves/mm grating, notch filter, 40-micron slit, a spectral resolution of around 2 cm−1 and calibrated using a diamond at 1331.8 cm−1. For the 100–2000 cm−1 range, 40 mW laser power on the sample was used to acquire all Raman spectra (except for one sample from Colombia and one sample from Afghanistan, where a laser power of 8 mW was used to avoid spectra saturation linked to high sample luminescence), 50× short distance objective lens, an acquisition time of 20 s and five accumulations. As for the 3300–3950 cm−1 range, laser power of 0.8 mW on the sample was used to acquire all Raman spectra, 50× short distance objective lens, an acquisition time of 10 s (except for one sample from Colombia, where an acquisition time of 5 s was used) and 60 accumulations (except for the aforementioned sample from Afghanistan, where 40 accumulations were used).



Photoluminescence spectra from 550 to 900 nm were acquired on the samples using the Raman spectrometer with a 0.04 mW laser power on the sample, 50× short distance objective lens and an acquisition time of 10 s; different parameters were used for a sample from Afghanistan: 0.00008 mW laser power and an acquisition time of 20 s. Most spectra were acquired parallel and perpendicular to the samples’ c-axis; the c-axis was positioned using a polariscope and a conoscope.



LA–ICP-MS chemical analysis was performed using an iCAP Q (Thermo Fisher Scientific; Waltham, MA, USA) Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) coupled with a Q-switched Nd: YAG Laser Ablation (LA) device operating at a wavelength of 213 nm (Electro Scientific Industries, Fremont, CA, USA). A laser spot of 40 μm in diameter was used, along with a fluence of around 10 J/cm2 and a 10 Hz repetition rate. The laser warmup/background time was 20 s, the dwell time was 30 s, and the washout time was 50 s. For the ICP-MS operations, the forward power was set at ~1550 W, the typical nebulizer gas (argon) flow was ~1.0 L/min and the carrier gas (helium) set at ~0.80 L/min. The criteria for the alignment and tuning sequence were to maximize the beryllium (Be) counts and keep the ThO/Th ration below 2%. NIST 610 and NIST 612 glasses were used for calibration standards. The time-resolved signal was processed in Qtegra ISDS software (version 2.10, Thermo Fisher Scientific; Waltham, MA, USA) using silicon (29Si) as the internal standard, applying 31.35 wt % theoretical value for beryl. The limits of detection (LOD) and limits of quantification (LOQ) for each of the abovementioned elements are shown in Table 2. These limits differ from day to day (for every set of measurements), so they are presented as ranges, from the lowest to the highest. Three spots were analysed on every sample and five were analysed on samples from Ethiopia and Zimbabwe. The measured points were checked under a microscope (Nikon, Shinagawa, Tokyo, Japan) to make sure they are on green zones without inclusions (however, the presence of micro-inclusions cannot be completely ruled out).



The amount of water in emeralds is difficult to measure directly. However, it was found to be linked to Na2O concentration [79] and can be calculated using the following equation: H2O wt % = 0.5401 × ln(Na2O wt %) + 2.1867 [80].




3. Results and Discussion


3.1. LA–ICP-MS


LA–ICP-MS data on the studied samples are presented in Table 3 and all acquired individual chemical analysis are presented in Tables S1–S8. 23Na (sodium) and 24Mg (magnesium) are the most abundant of the minor and trace elements measured in the studied samples, with all studied samples from Zimbabwe (Sandawana) having Na2O > 2 wt %. It has been suggested that a Na2O content of emeralds <1 wt % is considered low, 1 wt % < medium < 2 wt % and >2 wt % high [56]. The studied emeralds from Colombia had a relatively low Na2O content. The samples from Afghanistan, Russia and Brazil had relatively low to medium Na2O content, with those from Brazil having a medium sodium content as well as most of the studied samples from Afghanistan. Relatively medium to high, and fairly high, sodium quantities were presented by the samples from Ethiopia, Madagascar, Zambia and Zimbabwe, with the latter exhibiting the highest content amongst the studied samples. The calculated water content of the studied samples is listed in Table 3; the Colombian samples presented the lowest calculated water content (1.69–2.17%), followed by Russian samples (1.99–2.3%), samples from Brazil (2.17–2.47%) and samples from Afghanistan, with calculated water content ranging from low (1.93%) to relatively high (2.54%). The vast majority of the other studied samples presented a water content >2.5%. The plot of MgO vs. Na2O presents a positive correlation (Figure 1), with a Na2O/MgO ratio being below 1 for most of the studied samples; only the studied Russian samples presented a ratio >1, with a 1.33 median and a 1.34 average (see Table 3). Data of samples from Brazil, Russia, Zimbabwe, Zambia and Madagascar are similar to previously published data measured with a microprobe [52,55,56,57,77]; some of the Russian emeralds were found to contain higher MgO with a Na2O/MgO ratio <1 [55].



Chemical elements responsible for the colour of emeralds, such as Cr, V and Fe, can be seen in various amounts (e.g., 56Fe up to 11200 ppmw for a sample from Madagascar). The 52Cr/51V ratio vs. 56Fe is represented in Figure 2. The 52Cr/51V ratio is >3.8 for all studied Type IA samples. All studied samples from Colombia presented 52Cr < 51V, with a 52Cr/51V ratio ranging from 0.12 to 0.45. Only two of the nine studied samples from Afghanistan presented 52Cr/51V < 1, while the other studied samples had ratios reaching up to 2.64 (see Table 3 and Figure 2). The distribution and scattering of the analysed points in Figure 2 might be influenced by the colour of the analysed samples (e.g., all samples from Russia were light green in colour).



Alkali metals, other than 23Na, are also present in emeralds in different concentrations (see 7Li, 39K, 85Rb and 133Cs in Table 3). The sum of the concentrations of all alkali metals (7Li + 23Na + 39K + 85Rb + 133Cs) measured in the studied samples is divided here into low (sum < 1%), medium (1% < sum < 2%) and high (sum > 2%). Samples from Colombia presented a low sum of alkalis, ranging from 0.30% to 0.73% (average: 0.46%, median: 0.43%), from Russia 0.65% to 1.04% (average: 0.80%, median: 0.75%), from Brazil 0.75% to 1.30% (average: 1.02%, median: 1.05%), from Afghanistan 0.49% to 1.60% (average: 1.03%, median: 1.16%) and all the rest of the samples presented a medium to high sum of alkalis (2.29% for a sample from Zimbabwe). Thus, the emeralds studied from Type IA occurrences can be separated into those with a low to medium sum of alkalis <1.30% (from Brazil and Russia) and those with a sum >1.35% (all the other emeralds of the same type; i.e., from Ethiopia, Madagascar, Zambia and Zimbabwe).



The alkali metal concentration of emeralds from different localities can vary and their plots are useful for separating them [14,42,70,81]. The studied samples can be divided into those with relatively low 7Li (<200 ppmw)—Afghanistan, Brazil, Colombia and Madagascar, and those with medium to high 7Li (>250 ppmw)—Ethiopia, Russia, Zambia and Zimbabwe (see Table 3). In parallel, the samples from Colombia did not present a detectable amount of 39K. The samples from Russia contained low amounts of potassium, with some measurements being below quantification limits (BQL). Samples from Madagascar showed the highest concentrations of potassium (up to 3150 ppmw, with 1389 ppmw average and 1090 ppmw median values) and the concentrations of emeralds from Afghanistan varied from low (107 ppmw) to high (1540 ppmw). In Figure 3, a 7Li vs. 39K binary plot of the studied samples is presented. Samples with low lithium (7Li < 200 ppmw) can be separated from those with medium to high lithium (7Li > 250 ppmw). Most of the samples from Russia are clustered separately from the other samples with medium to high lithium (Ethiopia, Zambia, Zimbabwe) as they contain relatively little potassium (39K < 105 ppmw). The samples from Colombia are not plotted as they do not contain measurable potassium with LA-ICP-MS. In comparison with published data obtained with LA-ICP-MS [70,80,82], the studied samples from Brazil, Ethiopia, Madagascar, Zambia and Zimbabwe presented similar trends. Zambian samples presenting higher potassium and a similar content of lithium, as well as low lithium and high potassium, and samples from Zimbabwe, with relatively low lithium content, have also been presented in previous studies [42,81]. It is also mentioned in a previous publication that some samples from Russia could present higher potassium [55].



In Figure 4 a 39K vs. 23Na binary plot is presented. As mentioned previously, the samples from Brazil and Madagascar are the only ones studied that belong to the Type IA occurrence type and contain relatively little lithium (7Li < 200 ppmw). It looks as samples from Madagascar can be further separated from samples from Brazil by using this plot, as the samples from Madagascar contain higher sodium and potassium than the Brazilian samples. Using the same plot, Russian samples can also be further separated from other samples of the Type IA occurrence type by those samples with medium to high lithium content (i.e., from Ethiopia, Zambia and Zimbabwe), as they contain low sodium and potassium.



In Figure 5, Figure 6, Figure 7 and Figure 8, 85Rb vs. 133Cs, 7Li vs. 85Rb, 7Li vs. 133Cs and 133Cs vs. 23Na binary plots are presented, respectively. All measured samples are plotted as they all presented concentrations of lithium, sodium, caesium and rubidium measurable with LA-ICP-MS (see Table 3). Apart for the samples from Brazil and Madagascar, which belong to Type IA occurrences, the samples from Colombia and Afghanistan present low 7Li. Samples from Colombia also presented the lowest rubidium (85Rb < 1.88 ppmw) and caesium (133Cs < 12.1 ppmw), whereas samples from Zimbabwe presented the highest rubidium (167 ppmw < 85Rb < 227 ppmw; 264 ppmw average and 279 ppmw median concentrations). Some of the samples from Madagascar also presented high rubidium (85Rb > 100 ppmw, up to 317 ppmw). Samples from Zambia presented the highest caesium content (from 941 to 1410 ppmw, 1202 ppmw average and 1215 ppmw median values). According to the literature, some samples from Zambia (Kafubu) could have relatively low lithium [42,70], while some have lower caesium and rubidium [40]. Samples from Colombia are plotted separately in the three plots of Figure 5, Figure 6 and Figure 7 as they contain the lowest rubidium, caesium and lithium. Samples from Zimbabwe and most samples from Madagascar contain high rubidium and caesium and so they are also plotted separately (see Figure 5). Samples from Madagascar and Zimbabwe can be separated as the former have a low lithium content and the latter have a high content (Figure 6 and Figure 7). Samples from Ethiopia and Zambia are well separated in a 7Li vs. 133Cs binary plot (Figure 7), as samples from Zambia contain the highest caesium; however, a slight overlap was observed between the two in another publication [81]. Emeralds in close connection with highly evolved pegmatites present high lithium and caesium (see Figure 7; emeralds from Russia, Zambia and Zimbabwe) as most of the extremely fractionated rare-element granitic pegmatites of the complex LCT (lithium, caesium, tantalum) association are enriched in lithium and caesium [70,83]. Possible differences in the alkalis of emeralds of Type IA could be linked to the difference between their granites‒pegmatites [83,84,85,86,87]. In comparison with published data obtained with LA-ICP-MS [42], the samples from Zambia and Zimbabwe presented similar trends; a few Zambian samples presented higher potassium and a similar content of lithium, and a few others presented lower lithium, lower caesium and higher potassium. The lithium and caesium content of the studied samples from Afghanistan did not vary much; however, potassium, sodium and rubidium exhibited a great variation (see Table 3). In Figure 8, in a 133Cs vs. 23Na binary plot, samples from Colombia, Brazil, Ethiopia, Russia and Zambia shows that individual measurements from each of these localities are clustered closely, whereas those obtained from Afghanistan, Madagascar and Zimbabwe present a wide variation.



45Sc, 55Mn, 59Co, 60Ni, 66Zn and 69Ga could also help with the determination of emeralds’ origin. 59Co, 60Ni and 66Zn were BQL for all the samples from Afghanistan and Colombia; all studied samples belonging to Type IA occurrence presented 59Co and 66Zn and, some of them, measurable 60Ni with LA-ICP-MS (see Table 3). Nickel could be used to separate Malagasy from Brazilian samples (both with low lithium); it is detectable in the former (average: 28.94 ppmw) and BQL for the latter. Some samples from Afghanistan as well as most samples of Type IA occurrence presented detectable manganese, and the samples from Zimbabwe presented the highest zinc and manganese contents of the studied samples. Emeralds from Colombia presented the highest gallium content (27.5 to 58.5 ppmw), followed by emeralds from Zimbabwe (24.8 to 33.7 ppmw), while those from Brazil had the lowest (6.68 to 13.8 ppmw). Nevertheless, Colombian samples with low gallium are cited in the literature [42,64]. Scandium is also present in all studied samples, with emeralds from Afghanistan presenting a large variation and the highest content (148 to 2390 ppmw; high scandium in emeralds from Afghanistan was also noted in [40,42,64]). Also, Colombian samples presented a variation from relatively low to high content of scandium (9.17 to 441 ppmw), as well as the Malagasy samples (21 to 309 ppmw). In Figure 9 and Figure 10, 69Ga vs. 45Sc and 7Li vs. 45Sc binary plots are presented, respectively. Samples from Colombia and Zimbabwe are separated from the rest in Figure 9 due to their higher gallium content as well as two out of nine of the studied samples due to their high gallium content. In Figure 10, the samples from Ethiopia are plotted separately in between the samples with low lithium and those with high lithium, as they also contain medium scandium concentrations.



In Figure 11, a binary plot of 133Cs vs. 23Na/7Li ratio is presented; in this, the studied Ethiopian, Russian and Zambian emeralds (all with 7Li > 250 ppmw) are well separated. The plotted points of Ethiopian samples overlap only with those from one sample from Zimbabwe and the plotted points from Zambia with the analysis of two out of the three studied samples from Zimbabwe. As mentioned above, the samples from Zimbabwe contain high rubidium and could be easily separated from the samples from Ethiopia and Zambia (see again Figure 5 and Figure 6). Our results on the Russian emeralds present slightly lower 23Na/7Li ratios compared to those presented in [19].



In Figure 12, a Ga vs. Zn vs. Li triplot is presented, with most samples plotted showing similarity to those presented in [64]; only the samples from Afghanistan differ. Samples belonging to Type II occurrences do not present any measurable zinc with LA-ICP-MS; thus, they are plotted separately from the samples from Type IA occurrences. From the latter, studied samples from Brazil are plotted separately from the studied samples from Madagascar (both present low lithium contents). Some points of the samples from Madagascar overlap with the other samples from Type IA occurrences, but they can be separated as they contain medium to high lithium.




3.2. UV-Vis-NIR Spectroscopy


In Figure 13, Figure 14 and Figure 15, UV-Vis polarised spectra with a spectral range of 250 to 900 nm of three green emeralds from Colombia, Afghanistan and Zambia, respectively, are presented. The light blue lines are for the ordinary-ray (o-ray) spectra and the orange lines are for the extraordinary-ray (e-ray) spectra. All emeralds from Colombia (see an example in Figure 13) presented absorptions due to Cr3+ and V3+ in the violet-blue part (around 430 nm) and absorption in the orange-red part (around 600 nm), with a shoulder at around 395 nm due to vanadium [34,42,53,62,88,89,90,91,92]. All spectra on the emerald from Afghanistan (Figure 14) show absorptions due to Cr3+ (some of the studied samples also presented the bands due to V3+), with relatively low Fe2+-linked absorption at around 830 nm and very weak absorption at around 370 nm (barely observed along the o-ray) due to Fe3+. All studied emeralds classified as Type IA (i.e., from Brazil, Ethiopia, Madagascar, Russia, Zimbabwe and Zambia) presented absorptions linked to Cr3+, Fe3+ and Fe2+ (see an example in Figure 15; Table 4). Some samples also presented additional weak bands in the red part of the electromagnetic spectrum, possibly linked to Fe3+‒Fe2+ charge transfer (e.g., from Zambia and Madagascar) [91].



In Figure 16, Figure 17 and Figure 18, polarised spectra in the near infrared region (NIR) from 1300 to 1500 nm, of the samples shown in Figure 13, Figure 14 and Figure 15, are presented. The bands in those figures are linked to water vibrations (overtone and combination). The more pronounced bands observed along the e-ray (orange line) are linked to Type I water (main band at around 1400 nm –around 7142 cm−1) and those along the o-ray (light blue line) to Type II water (i.e., water linked with alkalis; main band at 1408 nm –around 7102 cm−1) [88,93,94,95]. Consequently, Type II water bands are more intense in samples with a higher content of alkalis; thus, they are weaker in emeralds from Colombia (Figure 16). The bands are of medium intensity in samples from Brazil, Russia and seven out of nine samples from Afghanistan and one sample out of four from Ethiopia (Figure 17), and intense in all samples from Madagascar, Zambia and Zimbabwe, as well as three out of four from Ethiopia and two out of nine from Afghanistan (Figure 18).



Thus, all emeralds from Type IA occurrences presented relatively important absorptions linked to Type II water; only the samples from Brazil, Russia and one (out of four) from Ethiopia showed medium to weak absorptions of Type II water and pronounced absorptions of Type I water. This is probably due to a lower content of alkalis in these samples compared to the other studied samples from Type IA occurrences. The samples from Colombia and most of the studied samples from Afghanistan (seven out of nine) show similar characteristics to those from Brazil, Russia as well as one from Ethiopia; those from Colombia exhibited the lowest intensity of Type II water bands. Two samples from Afghanistan (belonging to Type II occurrences) present relatively important absorptions linked to Type II water.




3.3. FTIR Spectroscopy


FTIR spectra were acquired on randomly oriented samples (see an example in Figure 19). At around 3500 cm−1, where the vibrations linked to water molecules’ stretching are situated, all samples presented complete absorption due to their thickness. From 4500 to 6000 cm−1, the combination water bands are situated with a series of bands at around 5270 cm−1 that are linked to Type I and Type II water. From 6500 cm−1 (1538.5 nm) to 7500 cm−1 (1333.3 nm), overtone and combination water bands are also observed, the same as was observed in the NIR region presented above [88,93,95].



At the region from 2200 to 2850 cm−1 (Figure 20), a series of bands linked to H2O, D2O, CO2 and chlorine are present [66,76,95,96]. More precisely, the bands situated at 2470, 2640, 2670 and 2735 cm−1, which are related to the stretching vibration of deuterated water, are observed in all the spectra of all the studied samples, with differing intensities [97]. An additional band at around 2290 cm−1, is linked to water, is also observed in all studied samples; it is also found in some hydrothermal synthetic emeralds [14,98]. The series of bands from 2300 to 2400 cm−1 (with the main band situated around 2358 cm−1) is attributed to CO2 and vibrations linked to the presence of 13C and 18O isotopes [66,95]. The band at around 2818 cm−1 was found only in the samples from Colombia and Afghanistan and none of the others, but it was also observed in emeralds from Norway; this band is possibly linked to chlorine [65,66].



Emerald FTIR spectra display strong polarisation phenomena [95,96]. For example, deuterated water bands are distinctly more pronounced in spectra acquired along the extraordinary-ray, and CO2 bands are more pronounced along the ordinary-ray [95,96].




3.4. Raman Spectroscopy


Raman spectra ranging from 200 to 1300 cm−1 and from 3520 to 3680 cm−1 were acquired on different directions, with the laser beam perpendicular to the c-axis (spectra in black colour) and parallel to the c-axis (spectra in grey colour), without the use of a polariser. The results for an emerald from Colombia are shown in Figure 21 and Figure 22, of an emerald from Ethiopia in Figure 23 and of an emerald from Zambia in Figure 24. Sometimes, it was challenging to acquire a proper spectrum with the 514 nm laser due to emeralds’ chromium luminescence. Bands linked to Si6O18 ring vibrations are situated below 600 cm−1; the main band at around 686 cm−1 is due to Be‒O stretching vibrations, and the main band at around 1070 cm−1 is due to Si‒O and/or Be‒O stretching [58,72,95,97,99,100]. The relative intensities of the Raman bands change following the different orientations; the band at around 686 cm−1 is more intense in spectra acquired with the laser parallel to the c-axis and the band at around 1070 cm−1 is more intense in spectra acquired with the laser perpendicular to the c-axis (Figure 21). The exact position and full width half maximum (FWHM) of the band at 1070 cm−1 was found to be useful for separating natural emeralds from their synthetic counterparts, as well as low-alkali from high-alkali emeralds, where the observed differences are due to silicon substitution with aluminium, beryllium and lithium along with sodium, potassium and caesium for charge compensation [72,73]. In the samples studied, the FWHM of the 1070 cm−1 band (measured from the spectra acquired with the laser perpendicular to the c-axis) in samples with higher alkali content is generally higher (FWHM < 22 cm−1 can be considered for those emeralds of low to medium alkali content), but the position of the band is not shifted towards higher Raman shifts as alkalis increase (see Table 5). It is worth noting that some of the samples studied showed different trends compared with [73]; the samples from Russia and Brazil (Itabira) presented a lower content of alkalis. Additionally, the FWHM depends on the spectral resolution; thus, it can be slightly different when using a different resolution.



The bands at around 3608 cm−1 and 3598 cm−1 are due to Type I water and Type II water, respectively, which also present polarisation phenomena (see again Figure 22, Figure 23 and Figure 24) [67,69,99]. In the present study, the ratios of these Raman peaks’ intensities (I3608/I3598) were greater for the spectra acquired with the laser parallel to the c-axis. The described relative intensities presented in Table 5 are for the spectra acquired with the laser perpendicular to the c-axis.



A clear separation between emeralds from Type IA and Type II occurrences cannot be made using Raman spectra (see again Table 5). This is due to the variation of alkali elements’ content in the samples from the various geological environments, which might overlap. The Raman peak intensity of I3608 is higher than I 3598 (I3608 > I3598; see Figure 22) for all studied samples from Colombia, some samples from Afghanistan, some from Brazil and from Russia; it is more or less equal (I3608 = I3598; see Figure 23) for most samples from Afghanistan, Brazil and Russia, as well as some from Ethiopia, and lower (I3608 < I3598; see Figure 24) for all studied samples from Madagascar, Zambia and Zimbabwe as well as most from Ethiopia (see Table 5).




3.5. PL Spectroscopy


PL spectroscopy of emeralds was suggested as a useful tool to separate natural emeralds from synthetic ones, as well as to aid in emerald origin determination [58,61,72,74]. PL bands’ intensities and positions vary slightly in different orientations relative to the c-axis [74]. In Figure 25, the photoluminescence spectra with a spectral range from 650 to 850 nm, acquired with the laser beam perpendicular to the c-axis, of emeralds from Colombia (upper spectrum) and Zimbabwe (bottom spectrum) are presented. Both samples presented two sharp bands at around 680 and 684 nm linked to Cr3+ (also known as R2 and R1 lines, respectively), as well as a broad band centred at around 720–740 nm, also linked with chromium [74,101]. It has been suggested that the exact position of the R1 band can give valuable clues on emeralds’ natural vs. synthetic nature (no synthetics with R1 > 683.7 nm) as well as on their geologic origin (schist-origin emeralds with R1 < 683.9 nm [74]; see also Figure 26). Table 5 lists the exact position ranges of this band in the spectra of the studied samples. The studied samples show similar trends to those previously presented [74]; however, the emeralds from Brazil and Russia presented R1 bands shifted towards lower wavelengths and at 683.9–684 nm and 683.7–683.8 nm, respectively. Additionally, the R1 band of the studied samples from Afghanistan can vary in position, ranging from 683.6 to 684.2 nm.





4. Conclusions


LA-ICP-MS measurements on emerald samples from the eight most important sources reveal a relatively low lithium content (7Li < 200 ppmw) for all studied emeralds from Type II occurrences (Afghanistan and Colombia). Additionally, certain emeralds belonging to Type IA occurrences (all samples from Brazil and Madagascar) can also present low lithium content (7Li < 200 ppmw), whereas the emeralds from other Type IA occurrences (Ethiopia, Russia, Zambia and Zimbabwe) present medium to high lithium contents (7Li > 250 ppmw). Measurements of the concentrations of a combination of alkali elements present in Type IA and Type II occurrences can help with the identification of emeralds from different mining areas. Scandium, manganese, cobalt, nickel, zinc and gallium can further aid with the separation. Origin determination cannot be performed by only studying one element or a single binary plot; it requires a combination of several.



UV-Vis spectra are useful in the separation of Type II emeralds from Type IA emeralds as the former contain iron-related bands of low intensity and the latter are of high intensity. Other spectroscopic data (FTIR, Raman and photoluminescence spectroscopy) on emeralds can further help to separate emeralds with low alkali element contents from those with high alkali element contents. However, there is an overlap between samples from different geological environments; separation using solely these methods should be undertaken with caution.



Apart from the microscopic characteristics, it seems that using the combination of spectroscopic and chemical characteristics (on green zones) presented in this work, a gem-quality emerald of “unknown” location and of relatively large size (>1 ct), similar to client stones submitted to gemmological laboratories, can be identified. First sorting could be done by using UV-Vis spectroscopy and the intensity of iron-related bands, as emeralds from Type IA occurrences (Brazil, Ethiopia, Madagascar, Russia, Zambia and Zimbabwe) contain intense iron-related bands and in emeralds from Type II occurrences (Afghanistan and Colombia) iron-related bands are absent or of low intensity. Emeralds from Type IA occurrences can be separated into those with low lithium (<200 ppmw for emeralds from Brazil and Madagascar) and those with medium to high lithium (>250 ppmw for emeralds from Ethiopia, Russia, Zambia and Zimbabwe). Low-lithium emeralds from Brazil contain less sodium, less potassium and no (BQL) nickel as well as more zinc compared to those from Madagascar, so plots combining these elements could help to separate these two. Medium- to high-lithium emeralds from Russia contain less sodium and potassium and rubidium than those from Ethiopia, Zambia and Zimbabwe. Samples from Zimbabwe present higher rubidium, gallium and manganese compared to those from Ethiopia and Zambia. Samples from Zambia contain more caesium and lithium and less scandium than the samples from Ethiopia, so they can be separated using plots combining these elements as well as a binary plot of the 133Cs vs. 23Na/7Li ratio. Samples from Type II occurrences from Afghanistan and Colombia can be separated as the former contain higher concentrations of potassium, rubidium and caesium than the latter, and the scandium and gallium ratios differ as well.



The abovementioned scheme should be confirmed after studying a larger sample from these areas and taking into account the microscopic features of the samples. Studies on a larger number of gem-quality samples of green to dark green colour from various mining areas in the same region, along with a detailed study of their host rocks (especially of Type IA emeralds), should be performed in order to better understand the link between the trace elements and their geology and to better predict possible variation in the trace elements of emeralds in the same mining region. Statistical analyses (e.g., discriminant analysis) of the chemical data should be performed, as this might provide an additional tool for emeralds’ geographic origin determination. Samples from less productive mining areas that have supplied gem-quality emeralds in the past, and might produce again in the future, should be also studied (e.g., Swat Valley, Pakistan; Mushakashi, Zambia; Bahia, Brazil). Additional measurements with a microprobe might help us to better understand the crystallochemistry of the samples. Standards for LA-ICP-MS made of doped emeralds with various elements might decrease any matrix effect and, in parallel, help with the measurement of trace elements with greater accuracy. Additionally, LA-ICP-MS with improved detection limit or analysis with secondary ion mass spectrometry (SIMS) may help further.



Polarised FTIR spectra on well-oriented samples should also be acquired in order to look for potential differences between samples from different mines. Polarized Raman spectra should also be collected in order to have a more accurate comparison between the vibrational data of different emeralds.
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Figure 1. Binary plot of MgO (wt %) vs. Na2O (wt %). 
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Figure 2. Binary plot of 52Cr/51V vs. 56Fe. 
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Figure 3. Binary plot of 7Li vs. 39K. 
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Figure 4. Binary plot of 39K vs. 23Na. 
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Figure 5. Binary plot of 85Rb vs. 133Cs. 
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Figure 6. Binary plot of 7Li vs. 85Rb. 






Figure 6. Binary plot of 7Li vs. 85Rb.



[image: Minerals 09 00561 g006]







[image: Minerals 09 00561 g007 550] 





Figure 7. Binary plot of 7Li vs. 133Cs. 
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Figure 8. Binary plot of 133Cs vs. 23Na. 
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Figure 9. Binary plot of 69Ga vs. 45Sc. 
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Figure 10. Binary plot of 7Li vs. 45Sc. 
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Figure 11. Binary plot of ratios 133Cs vs. 23Na/7Li. 
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Figure 12. Ternary plot of 66Zn vs. 69Ga vs. 7Li. 
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Figure 13. UV-Vis polarized spectra of an emerald from Colombia. The light blue and orange lines are for the o-ray and e-ray spectra, respectively. The upper spectrum has been vertically offset for clarity. 
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Figure 14. UV-Vis polarized spectra of an emerald from Afghanistan. The light blue and orange lines are for the o-ray and e-ray spectra, respectively. The upper spectrum has been vertically offset for clarity. 
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Figure 15. UV-Vis polarized spectra of an emerald from Zambia. The light blue and orange lines are for the o-ray and e-ray spectra, respectively. The upper spectrum has been vertically offset for clarity. 
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Figure 16. NIR polarized spectra of an emerald from Colombia. The light blue and orange lines are for the o-ray and e-ray spectra, respectively. The upper spectrum has been vertically offset for clarity. 
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Figure 17. NIR polarized spectra of an emerald from Afghanistan. The light blue and orange lines are for the o-ray and e-ray spectra, respectively. The upper spectrum has been vertically offset for clarity. 
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Figure 18. NIR polarized spectra of an emerald from Zambia. The light blue and orange lines are for the o-ray and e-ray spectra, respectively. The upper spectrum has been vertically offset for clarity. 
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Figure 19. FTIR spectra of an emerald from Colombia (blue spectrum) and from Zimbabwe (red spectrum). The upper spectrum has been vertically offset for clarity. 






Figure 19. FTIR spectra of an emerald from Colombia (blue spectrum) and from Zimbabwe (red spectrum). The upper spectrum has been vertically offset for clarity.
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Figure 20. FTIR spectra of an emerald from Colombia (blue spectrum) and from Zimbabwe (red spectrum). The upper spectrum has been vertically offset for clarity. 






Figure 20. FTIR spectra of an emerald from Colombia (blue spectrum) and from Zimbabwe (red spectrum). The upper spectrum has been vertically offset for clarity.
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Figure 21. Raman spectra from 200 to 1300 cm−1 of an emerald from Colombia. The black and grey spectra are acquired with the laser beam perpendicular to the c-axis and parallel to the c-axis, respectively. The upper spectrum has been vertically offset for clarity. 
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Figure 22. Raman spectra from 3520 to 3680 cm−1 of an emerald from Colombia. The black and grey spectra are acquired with the laser beam perpendicular to the c-axis and parallel to the c-axis, respectively. Note that the upper spectrum is shifted higher for clarity. 
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Figure 23. Raman spectra from 3520 to 3680 cm−1 of an emerald from Ethiopia. The black and grey spectra are acquired with the laser beam perpendicular to the c-axis and parallel to the c-axis, respectively. Note that the upper spectrum is shifted higher for clarity. 






Figure 23. Raman spectra from 3520 to 3680 cm−1 of an emerald from Ethiopia. The black and grey spectra are acquired with the laser beam perpendicular to the c-axis and parallel to the c-axis, respectively. Note that the upper spectrum is shifted higher for clarity.
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Figure 24. Raman spectra from 3520 to 3680 cm−1 of an emerald from Zambia. The black and grey spectra are acquired with the laser beam perpendicular to the c-axis and parallel to the c-axis, respectively. Note that the upper spectrum is shifted higher for clarity. 






Figure 24. Raman spectra from 3520 to 3680 cm−1 of an emerald from Zambia. The black and grey spectra are acquired with the laser beam perpendicular to the c-axis and parallel to the c-axis, respectively. Note that the upper spectrum is shifted higher for clarity.
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Figure 25. PL spectra from 650 to 850 nm of an emerald from Colombia (upper spectrum) and an emerald from Zimbabwe (bottom spectrum). Note that the upper spectrum is shifted higher for clarity. 
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Figure 26. PL spectra from 660 to 710 nm of an emerald from Colombia (upper spectrum) and an emerald from Zimbabwe (bottom spectrum). Note that the upper spectrum is shifted higher for clarity. 
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Table 1. List of studied samples, along with their weight and colour ranges.
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	Locality
	No. of Samples
	Weight Range (ct)
	Colour Range





	Afghanistan (Panjsher Valley from Kherskanda)
	9
	0.27–0.68
	Green



	Brazil (Itabira)
	18
	0.17–1.88
	Light green to green



	Colombia (Coscuez)
	8
	0.11–2.42
	Light green to green



	Ethiopia (Shakisso)
	4
	0.43–1.69
	Green



	Madagascar (Mananjary from Irondro, Ambodivandrika and Morarano)
	9
	0.17–2.18
	Green to dark green



	Russia (Malyshevsk, Ural mountains)
	5
	0.33–0.80
	Light green



	Zambia (Kafubu)
	6
	0.47–2.50
	Green



	Zimbabwe (Sandawana)
	3
	0.24–0.56
	Green
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Table 2. LA–ICP-MS detection limits and ranges in ppmw.
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	Limits
	7Li
	23Na
	24Mg
	39K
	45Sc



	LOD
	0.29–0.87
	7.00–49.13
	0.28–1.24
	6.82–17.72
	0.44–1.07



	LOQ
	0.87–2.42
	21.00–147.38
	0.83–3.73
	20.45–53.16
	1.32–3.20



	Limits
	51V
	52Cr
	55Mn
	56Fe
	59Co



	LOD
	0.29–0.85
	1.36–1.99
	0.23–0.67
	4.37–6.51
	0.09–0.42



	LOQ
	0.86–2.54
	4.07–5.96
	0.70–2.01
	13.12–19.52
	0.28–1.25



	Limits
	60Ni
	66Zn
	69Ga
	85Rb
	133Cs



	LOD
	2.71–6.11
	0.65–2.28
	0.13–0.45
	0.15–0.28
	0.02–0.07



	LOQ
	8.12–18.33
	1.94–6.85
	0.39–1.36
	0.44–0.83
	0.06–0.21







LOD: Limits of detection; LOQ: Limits of quantification.
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