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Abstract

:

Lime plaster and mortar are pyrotechnological materials that have been employed in constructions since prehistoric times. They may nucleate as calcite and/or aragonite under different environmental settings. In nature, aragonite and calcite form through biogenic and geogenic processes that lead to different degrees of atomic order. The latter is a result of defects in the crystal lattice, which affect the properties of crystals, including their interaction with infrared light. Using Fourier transform infrared spectrometry (FTIR) with the KBr pellet method, it is possible to exploit these differences and assess the degree of atomic order of aragonite and calcite crystals and thus their mechanisms of formation. Here we use FTIR to characterize the degree of short-range atomic order of a pyrogenic form of aragonite recently observed in experimental and archaeological lime binders. We show that pyrogenic aragonite has a unique signature that allows its identification in archaeological sediments and lime binders of unknown origin. Based on these results, we developed a new FTIR-based method to assess the integrity and degree of preservation of aragonite and calcite when they occur together in the same material. This method allowed a better assessment of the diagenetic history of an archaeological plaster and finds application in the characterization of present-day conservation materials, such as lime plaster and mortar, where different polymorphs may nucleate and undergo recrystallization processes that can alter the mechanical properties of binders.
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1. Introduction


Anthropogenic carbonates are human-made materials composed of CaCO3 that derive from pyrotechnological processes and include ash, lime plaster, lime mortar and, to a lesser extent, concrete [1,2,3,4]. These are among the most common materials produced by humans since prehistoric times [2]. Lime plaster and mortar are still largely used today in conservation works, with decorative (e.g., coating) or structural (e.g., binder between cobbles) functions [5,6,7]. Their physical and chemical properties are determined by the raw materials and lime technology used in their production, as well as by their functional role and environmental conditions upon and after setting [8,9,10]. Therefore, their characterization is crucial in the interpretation of the archaeological record, in the study of historic buildings, and in the development of novel construction materials and restoration strategies.



Lime binders usually nucleate as calcite, the stable polymorph of CaCO3 at ambient temperatures and pressures, upon carbonation of CaO (quicklime) and Ca(OH)2 (hydrated lime) [1,11]. It has been recently shown that the same mechanism of formation can lead to the nucleation of aragonite, one of the metastable polymorphs of CaCO3, in different amounts based on the starting CaCO3 substrate and environmental settings in magnesium-free lime plasters [12]. In nature, aragonite and calcite may form through different processes, such as precipitation in supersaturated solutions, precipitation in boiling water at hot springs, slow crystal growth in speleothems and spar, and biomineralization [11,13]. All of these formation processes may be conducive to different crystal shapes, from the crossed-lamellar arrangement in aragonitic shells to needle-shaped crystals in evaporites. In addition, different crystallization modes are responsible for the presence of impurities and defects in the crystal lattice of aragonite and calcite, which affect the degree of long-range atomic order of crystals and therefore their chemical and physical properties [14,15,16,17,18]. Among the chemical and physical properties affected by shifts in local structural order, significant changes occur in the way aragonite and calcite crystals behave when exposed to infrared light. Using Fourier transform infrared spectrometry (FTIR) with the KBr pellet method, Regev et al. [19] found that upon repeated grinding of the same pellet, the ratios of specific vibrational modes of calcite decrease, and if plotted they describe trend lines that are specific to calcites formed through different mechanisms (Figure 1). These include calcite derived from pyrotechnological processes, i.e., ash and lime plaster. Suzuki et al. [20] obtained similar results for geogenic and biogenic aragonite. More specifically, the intensities of the ν2 and ν4 vibrational modes are normalized to the intensity of the ν3 mode, and the values thus obtained (called ν2 and ν4 normalized heights) are plotted to define a so-called infrared grinding curve. The theoretical study by Poduska et al. [21] showed that the displacement between different curves is a product of different degrees of short-range atomic order in crystals formed by different mechanisms.



Infrared grinding curves of calcite and aragonite found extensive application in materials science and biomineralization [22,23,24,25,26,27]. Other fields that largely benefited from this analytical method are cultural heritage preservation and archaeology, and especially the study of anthropogenic carbonates. With grinding curves, it is possible to determine the formation process of unknown calcite crystals in sediments, artifacts and architectures, and to assess their state of preservation based on the degree of atomic order [28,29,30,31,32,33].



Since anthropogenic carbonates usually nucleate as calcite, their degree of atomic order is determined using calcite grinding curves. However, pyrogenic aragonite recently produced in experimental magnesium-free lime plasters together with calcite, and observed in archaeological carbonate-based materials [12,31,32,34,35,36], has not been considered in previous infrared grinding curves. This lack of structural characterization hinders a proper assessment of the degree of preservation of lime binders comprised of aragonite–calcite mixtures, as to date there is no method for separating the contributions of the two polymorphs when they occur together in the same infrared spectrum. Therefore, the aim of this study is twofold. First, we characterize pyrogenic aragonite from the point of view of short-range atomic order using FTIR, in order to provide a means to determine the nature of aragonite crystals in archaeological materials of unknown formation or diagenetic history. Second, we propose a new method to determine the degree of atomic order, and therefore the mechanism of formation and state of preservation, of calcite and aragonite when they occur together in the same lime binder. Our results show that pyrogenic aragonite is different from all the other known forms of the mineral and exhibits a unique FTIR signature. In addition, the method proposed herein allows a rapid structural assessment of the extent of diagenesis in archaeological and present-day construction materials characterized by both aragonite and calcite, including lime plasters and mortars for radiocarbon dating.




2. Materials and Methods


2.1. Standard Reference Materials


Crystals of geogenic aragonite with well-defined crystal faces from Tazouta (Morocco) and Molina de Aragón (Spain) were purchased from Mineralogical Research Company (San Jose, CA, USA). Crystals of calcite spar from Chihuahua (Mexico) were purchased from Ward’s Science (Rochester, NY, USA). Biogenic aragonite was obtained from Glycymeris sp. shells collected on the shore of the Mediterranean Sea at Ashkelon, Israel [37]. Aragonite precipitated out of boiling water was recovered from a kettle used over many years, where the scale was rarely removed [3]. Evaporitic aragonite was collected from the Lake Lisan Formation of the Dead Sea, Israel [38]. Pyrogenic aragonite was produced by heating powdered Glycymeris sp. shells to 900 °C for 12 h to obtain quicklime (CaO), which was then left to react with the atmosphere at room temperature until it carbonated completely [12]. Environmental conditions such as relative humidity and CO2 partial pressure were not monitored. The pyrogenic aragonite sample was six years old at the time of this study. Finally, archaeological samples of pyrogenic aragonite were collected from an Iron Age destruction layer at Megiddo [35], a Bronze Age combustion feature at Tell es-Safi/Gath [39,40], and Neolithic lime plaster floors at Motza [41], all of which are located in Israel.




2.2. Density Separation


Archaeological samples of ash containing calcite and aragonite were treated following the procedure of Toffolo et al. [35] to isolate aragonite crystals from the rest of the matrix and thus analyze them using FTIR without contributions from calcite. The high specific gravity of aragonite (2.94 g/mL) was exploited to separate it from calcite (2.71 g/mL). Samples were placed in a solution of sodium polytungstate (3Na2WO4∙9WO3∙H2O; TC-Tungsten Compounds GmbH, Grub am Forst, Germany) and 1 mol/L sodium phosphate dibasic (Na2HPO4; Sigma-Aldrich, St. Louis, MO, USA) at 2.75 g/mL density and pH 8 inside a plastic tube, and centrifuged. Heavier aragonite crystals migrated to the bottom of the tube. It should be noted that pyrogenic calcite and aragonite are less ordered than their geogenic counterparts, and therefore cover a wide range of specific gravities (from ~2.0 to 2.94 g/mL). However, calcite is not heavier than 2.71 g/mL, and thus it is possible to recover almost pure aragonite crystals (~1% calcite based on radiocarbon measurements and micro-XRD; [35]) between 2.75 and 2.94 g/mL.




2.3. Scanning Electron Microscopy (SEM)


Powdered aliquots of kettle, Lisan and pyrogenic (experimental and archaeological) aragonite were placed on carbon tape and coated using a gold sputter coater Emscope SC500. Samples were analyzed using a JEOL JSM-6460LV scanning electron microscope (JEOL, Tokyo, Japan) at 20 kV using a secondary electron detector. Megiddo ash samples were placed on carbon tape and coated using a gold-palladium sputter coater Edwards S150, and examined with a high-resolution Zeiss Leo Supra 55VP field emission scanning electron microscope (Oberkochen, Germany) between 2 and 5 kV using a secondary electron detector.




2.4. X-ray Diffraction (XRD)


Powdered samples of archaeological ash and lime plaster were analyzed with a 300 mm radius Bruker D8 Advance goniometer (Bruker, Billerica, MA, USA) configured in Bragg-Brentano mode, under the incident X-ray doublet CuKα combined with a 2.6° (180 px) linear Bruker LynxEye detector. The minor phase detection with good statistics is reached by acquisition for 550 s each 0.01 points in the range 15–60° 2θ. Oriented sample holders in PolyMethyl MethAcrylate or Si of respective diameters 25 and 20 mm were used depending on the amount of material (0.5 and 0.16 cm3). The contributions of the continuous background and of the CuKα2 were removed using the Bruker DIFFRAC.EVA v.4.2 software. Mineral identification and the semi-quantitative analysis were achieved using ICDD PDF2-2004 data base patterns.




2.5. Fourier Transform Infrared Spectrometry (FTIR)


A few milligrams of each standard material were homogenized and powdered in an agate mortar and pestle. About 0.1 mg were left in the mortar and mixed with approximately 0.5 mg of KBr (FTIR grade, Sigma-Aldrich, St. Louis, MO, USA) and pressed into a 7-mm pellet using a hand press (PIKE Technologies, Fitchburg, WI, USA). For grinding curves, each pellet was measured at least five times by repetitive grinding applying increasing strength, and at least five pellets per standard were analyzed. In addition, mixed pellets were prepared by weighing powdered calcite and aragonite spar in ratios of 30:70, 50:50, and 70:30, respectively, to test the grinding curve method with mixed polymorphs. Infrared spectra were obtained at 4 cm−1 resolution in 32 scans within the 4000–400 cm−1 spectral range using a Bruker Alpha spectrometer. Phase identification was performed using OMNIC (version 9), standard literature [42] and the reference collection of FTIR spectra of standard materials provided by the Kimmel Center for Archaeological Science, Weizmann Institute of Science (http://www.weizmann.ac.il/kimmel-arch/infrared-spectra-library). The infrared grinding curve method of Suzuki et al. [20], based on previous methods by Regev et al. [19] and Poduska et al. [21], was used to determine the heights of the ν2 and ν4 absorptions of aragonite normalized to the height of the ν3 absorption of aragonite. Macros Basic v. 8 was used to create a macro for the calculation of the normalized heights and thus swiftly process a large number of spectra. The ν2/ν3 and ν4/ν3 ratios were multiplied by 1000 for convenience in creating grinding curve plots. In the case of samples including both calcite and aragonite, we calculated heights using the “Peak height tool” in OMNIC.





3. Results and Discussion


3.1. FTIR Grinding Curves


Figure 2 displays the reference materials analyzed in this study to obtain and test grinding curves. Geogenic crystals grow slowly over a long time. As a result, the Tazouta and Molina de Aragón samples are large and their lattice exhibits long-range atomic order over macroscopic distances (Figure 2A,B). Glycymeris crystals are smaller and their nucleation is biologically regulated, thus leading to the mineralization of layers with different crystal structure and organization [13]. Note that in this study we did not differentiate between nacre, crossed lamellar, myostracum, and other portions of the shell, since usually all layers are represented in archaeological sediments and plasters, even when shells are found in small fragments (Figure 2C). Aragonite crystals formed in boiling water nucleate as small (<1 µm), elongated rods with hexagonal cross-section and show a considerable range of sizes (Figure 2D). Lisan aragonite, which is essentially evaporitic, formed in lacustrine water rich in magnesium, which is known to inhibit the nucleation of calcite [11]. Crystals are small, elongated rods or needles that occur in rosette-like clusters or druses (Figure 2E). Being a sedimentary material, it contains minor calcite and quartz inclusions. Pyrogenic aragonite nucleates upon carbonation of magnesium-free CaO and Ca(OH)2 at ambient temperatures and pressures and forms small (<1 µm), elongated needles, which may occur as single crystals or in clusters and include a minor amount of calcite (Figure 2F–H) [12,35].



Figure 3 shows the plots of the ν4 versus ν2 normalized heights of the same sample ground repetitively using increasing strength, for all the standard materials. The two large crystals of geogenic aragonite describe similar trendlines, which exhibit the smallest slope. The trendline of biogenic aragonite from Glycymeris sp. shells overlaps with that of geogenic samples and continues towards lower normalized ν2 and ν4 values. However, the initial portion of the trendline starts below the curve of geogenic materials. Kettle aragonite is characterized by a grinding curve displaced above the previous three. The pyrogenic and Lisan curves are even more displaced and show a greater slope.



Based on the theoretical study of Poduska et al. [21] on calcite grinding curves and on the experimental study of Suzuki et al. [20] on geogenic, biogenic and synthetic aragonite grinding curves, we conclude that the most ordered aragonite crystals are the geogenic samples, whereas Lisan aragonite crystals are the least ordered. Glycymeris crystals are also well ordered at the atomic level and their curve overlaps with the geogenic curve, although part of it continues in the lower portion of the plot. This trend is caused by different starting particle size, since geogenic crystals are much larger than biogenic ones [20]. In addition, the Glycymeris curve starts below the geogenic one. This could be interpreted as a consequence of biogenic crystals being more ordered than the geogenic. However, a more parsimonious interpretation is that the curve is partially displaced below the geogenic reference due to the presence of amorphous calcium carbonate (ACC) in the mature shell [43,44,45]. Since we did not differentiate between layers within the shell and ground it as a whole, we suspect that sites with preserved ACC might contribute to the infrared absorptions of aragonite. It is known that ACC is characterized by split ν3 peaks and extremely shallow ν4 [46], which may affect the absorptions of mature aragonite crystals. Upon increased grinding, ACC turns into aragonite and this transformation shows up in the lower portion of the Glycymeris curve [20].



The kettle, pyrogenic and Lisan aragonite are less ordered, and this is probably due to their rapid growth rate. It is known that fast nucleation of carbonates in supersaturated solutions or after exposure to high temperatures favors the occurrence of defects in the crystal lattice [27,32,47]. Among the three, Lisan aragonite is characterized by the highest growth rate, as crystals precipitate almost immediately in supersaturated solutions [48]. This is consistent with previous finds reported by Suzuki et al. [20], i.e., synthetic aragonite precipitated using magnesium as inhibitor is the least ordered material. Pyrogenic aragonite is slightly more ordered, probably because its growth rate is in the order of days in ash/quicklime, and weeks in the case of lime plaster [12]. Kettle aragonite precipitates rapidly in boiling water, and therefore it should be closer to the evaporitic form in terms of atomic order. However, the kinetics of this reaction are not well understood [11,49,50]. In addition, we cannot discount the possibility that aragonite crystals undergoing hundreds of boiling cycles in a kettle might grow along their c-axis and thus become more ordered. Indeed, some large crystals (>50 µm) were observed with SEM (Figure 2D).




3.2. Aragonite in Heat-Altered Sediments


The data presented in Figure 3 are consistent with results obtained by Suzuki et al. [20] for geogenic, biogenic, and synthetic aragonite. Pyrogenic aragonite appears to be entirely different from other known forms of the mineral and exhibits poor atomic order. This unique FTIR signature may thus be used to determine the presence of pyrogenic aragonite in sediments and carbonate-based materials. The validity of the pyrogenic aragonite grinding curve was tested using samples from archaeological combustion features where pyrogenic aragonite crystals were purified by density and identified by means of Raman micro-spectroscopy and SEM [35]. As shown in Figure 3, the plotted normalized heights of the samples from Megiddo and Tell es-Safi/Gath fall on the pyrogenic aragonite trendline. Thus, the grinding curve method for aragonite including the pyrogenic form offers a quick reference in the analysis of archaeological sediments using FTIR. The occurrence of pyrogenic aragonite has been determined with FTIR several times in archaeological combustion features and plasters [12,31,34,35,36]. However, the simultaneous presence of biogenic aragonite from shells, which is a common component of the archaeological record at many sites across the globe, requires a spectroscopic approach able to distinguish between the two. This becomes especially apparent in the case of combustion features where aragonite may be present as a byproduct of high-temperature burning of fuel and as shell fragments embedded in the sedimentary matrix [51,52]. The same applies to aragonitic shells embedded in lime mortars [53]. A swift calculation of the normalized heights may thus provide more accurate evidence and ultimately more solid interpretations.




3.3. Aragonite–Calcite Mixtures in Lime Binders


It has been shown that pyrogenic aragonite usually nucleates together with calcite, and that their relative amounts depend on the nature of the starting CaCO3 substrate and environmental conditions during the carbonation process of magnesium-free CaO and Ca(OH)2 [12]. In the case of mixtures of pyrogenic aragonite and calcite in ash layers or lime plasters/mortars and concrete, part of the calcite might be secondary and derive from localized dissolution of aragonite (and/or calcite) and subsequent reprecipitation into calcite, following the thermodynamics of CaCO3 at ambient conditions [3,11]. Instead, pyrogenic aragonite has proved to be a closed carbon system when preserved, based on radiocarbon dating of aragonite crystals from the Iron Age Megiddo destruction layer that yielded the same age range of charred seeds embedded within the same context [35]. Therefore, pyrogenic aragonite in archaeological materials appears to be pristine, whereas calcite might show different degrees of atomic order that may be important for interpretations regarding the integrity of the archaeological record and of present-day construction materials [2,3,54]. It would thus be useful to determine the degree of atomic order of calcite in materials where both polymorphs are present.



The OMNIC macro cannot process both polymorphs at the same time, as they share the ν4 absorption and the ν3 peaks overlap. To overcome this limit, we propose a new, simple method. The normalized ν2 heights of calcite and aragonite are obtained by dividing the relevant intensities of the ν2 absorptions by the intensity of the respective ν3 absorption. In the case displayed in Figure 4, the ν3 is split between aragonite and calcite because the two polymorphs are present in similar proportions. The ratios are thus 875/1420 for calcite and 856/1475 for aragonite. If one of the two polymorphs is dominant, the other would appear as a shoulder in the ν3. The same procedure cannot be applied to the ν4 absorption at 713 cm−1, as it is exactly the same for both polymorphs. Therefore, we assume that the ν4 intensity is similar for calcite and aragonite when they are ground to the same extent, regardless of atomic order. This may be the case based on the grinding curve plots of Regev et al. [19] and Suzuki et al. [20], where the ν2 normalized heights of calcite and aragonite show considerable offset, whereas the ν4 normalized heights cover a similar range of values. The normalized ν4 range shown in Figure 3 is consistent with these previous studies. In addition, the absorptivity values of the ν4 in calcite and aragonite are similar [55]. Thus, in an infrared spectrum with both polymorphs, the ν4 intensity would be the sum of the intensities of the two. By knowing their amounts based on XRD quantification, it is possible to divide the ν4 intensity accordingly and relate the portion of intensity to the relevant polymorph. We tested this assumption by preparing KBr pellets of aragonite and calcite spar in ratios of 50:50, 70:30, and 30:70, respectively (Table 1). Based on grinding curves by Regev et al. [19], the calcite spar sample that we used is poorly ordered compared to optical Iceland spar but offers a good clear-cut when plotting normalized heights. The sample shown in Figure 4 contains 50% calcite and 50% aragonite, meaning that 50% of the ν4 intensity was used for the calculation of the calcite normalized ν4 and 50% for the aragonite normalized ν4. The resulting normalized heights were plotted in the respective grinding curve plots, Regev et al. [19] for calcite and the present study for aragonite (Figure 5). Values fall on the poorly ordered calcite and ordered aragonite curves as expected. Similar results were obtained for other mixtures (Table 1 and Figure 5).




3.4. Applications


The method presented above was tested with archaeological ash from Megiddo and Tell es-Safi/Gath and lime plasters from Motza, where quantification was performed using XRD. In all cases, the normalized ν2 and ν4 heights fall on the expected location in the curves of calcite and aragonite (Table 1 and Figure 5). Therefore, both ash layers are well preserved based on the poor atomic order shown by aragonite crystals. In addition, we obtained insights into the composition of these samples. More specifically, the Megiddo bulk sample, which should be richer in coarse particles of geogenic calcite based on a previous study [35], is indeed characterized by calcite that shows the same degree of atomic order of chalk. Similarly, the ash from Tell es-Safi/Gath exhibits fairly ordered calcite located at the end of the chalk curve. This calcite derives from the local chalk bedrock [39].



The Neolithic plasters from Motza offered the opportunity to track the diagenetic history of the carbonate binder. MOS111 exhibits a good state of preservation of both aragonite and calcite, as suggested by the respective normalized heights located above the pyrogenic curves. Instead, plaster MOS3889, which comes from a different plaster floor within the site, exhibits more ordered calcite located below the lime plaster curve, which is indicative of recrystallization and thus diagenesis. Knowing that MOS111 contains a larger amount of aragonite, we hypothesize that in MOS3889 part of the aragonite might have recrystallized into calcite due to exposure to groundwater rich in carbonic acid. Therefore, by looking at different samples within the same site or architecture, it is possible to gain information on environmental settings affecting the preservation of the carbonate fraction at specific locales. We also observed a limitation in this method, i.e., for low amounts of either polymorph (ca. <15–20%) the ν4 contribution becomes so small that it can be considered negligible. Therefore, in such cases it is possible to run the macro for single polymorphs to evaluate the preservation of the material.



The procedure presented herein finds two major applications. First, assessing the state of preservation of calcite and aragonite in lime binders may shed light on the properties of construction materials such as lime plaster, lime mortar, and concrete. Being more soluble than calcite, the nucleation of large amounts of aragonite may considerably affect the quality of binders and alter their mechanical and hydraulic behavior through dissolution and reprecipitation processes [18,56]. This includes also binders characterized by pozzolanic reactions, where aragonite is a common byproduct [57]. By determining the degree of atomic order of calcite in binders that contain also aragonite, it is possible to understand whether part of the calcite formed from the dissolution of aragonite and thus obtain an overall assessment of the integrity of the material. The same method could be applied to the characterization of nanolimes used in the restoration of works of art and cultural heritage during their carbonation process, as the addition of isopropyl alcohol to Ca(OH)2 promotes the nucleation of the metastable polymorphs of CaCO3, e.g., aragonite and vaterite [7,58]. These transient phases may persist through time or dissolve and lead to recrystallization if environmental conditions are unfavorable (e.g., exposure to rain water or humidity), thus affecting the integrity of the material.



Second, the proposed method can be used in radiocarbon dating of lime plaster/mortar from historical buildings. In the absence of short-lived charred organics embedded in these materials, the carbonate binder may offer a reliable source of 14C for dating, provided that carbonates do not exchange carbon with the environment during burial or exposure to weathering agents through dissolution and reprecipitation processes triggered by carbonic acid [59]. When plasters/mortars contain both calcite and aragonite, it is possible to assess the state of preservation of calcite and select only poorly ordered samples for dating, as the latter are more likely to retain the original 14C signature of the atmosphere at the time of carbonation of Ca(OH)2 [28]. This becomes especially important considering the possibility of separating carbonate fractions with different degrees of atomic order based on their specific gravity [35]. In addition, FTIR can rapidly identify microscopic fragments of aragonitic shells embedded in the lime binder, which are a source of contamination for radiocarbon dating, without using time-consuming methods such as thin section petrography [53].





4. Conclusions


Anthropogenic carbonates are pyrotechnological materials composed mainly of CaCO3, which may nucleate as calcite and/or aragonite. The degree of atomic order of different polymorphs may vary considerably depending on the state of preservation of the material, since differential dissolution may lead to the recrystallization of only part of the crystals. This is especially the case of archaeological materials such as ash and lime plaster/mortar that undergo burial conditions for thousands of years, and present-day concrete, mortar and plaster exposed to the elements. Being able to address these issues is particularly important for researchers who wish to develop reliable methods to decode the diagenetic history of archaeological lime binders, in order to study novel conservation strategies. Here we presented a rapid method based on FTIR grinding curves of different aragonite standards that can determine the mechanism of formation of aragonite crystals of unknown origin, and in particular allows the identification of pyrogenic aragonite in archaeological combustion features where biogenic aragonite from shells may also occur. This method is based on changes in the normalized intensities of the ν2 and ν4 absorptions of aragonite upon repeated grinding of the KBr pellet, which depend on the degree of local structural order of the crystals and thus represent different formation processes. In addition, we proposed a method to assess separately the degree of atomic order of aragonite and calcite when both polymorphs occur in the same material. Since calcite and aragonite share exactly the same ν4 absorption, but also exhibit similar infrared absorptivity, it is possible to quantify the contribution of each polymorph to the ν4 vibration based on their quantification using XRD. Then, each ν4 height can be used to locate calcite and aragonite on their relative grinding curve plots. This procedure finds applications in the characterization of the mechanical properties of construction and building materials based on lime binders, and in the identification of poorly ordered calcite for radiocarbon dating of archaeological lime plaster/mortar.
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Figure 1. FTIR spectra of aragonite formed in boiling water. Upon increased grinding (lower spectrum), absorptions become narrower (a.u.: arbitrary units; spectra normalized to the ν3 absorption of aragonite). 
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Figure 2. Materials analyzed in this study. (A) aragonite spar from Tazouta, Morocco. (B) Aragonite spar from Molina de Aragón, Spain. (C) Glycymeris sp. shell from Ashkelon, Israel. (D) SEM image of aragonite rods precipitated out of boiling water in a kettle. (E) SEM image of a cluster of aragonite needles precipitated out of lacustrine water in the Lake Lisan Formation at the Dead Sea, Israel. (F) SEM image of aragonite needles formed upon the carbonation of CaO and Ca(OH)2 in an experimental quicklime. (G) SEM image of pyrogenic aragonite needles formed in high-temperature archaeological ash at Tell es-Safi/Gath, Israel. (H) SEM image of pyrogenic aragonite needles formed in high-temperature archaeological ash at Megiddo, Israel. 
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Figure 3. Aragonite grinding curves plot (n.a.u.: normalized absorbance units). Star: pyrogenic aragonite from Tell es-Safi/Gath. Square: pyrogenic aragonite from Megiddo. 
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Figure 4. FTIR spectrum of a 50:50 mixture of calcite spar and aragonite spar, showing the location of the respective absorptions (a.u.: arbitrary units). 
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Figure 5. Aragonite and calcite grinding curve plots and location of experimental and archaeological samples (n.a.u.: normalized absorbance units). Calcite plot modified after Regev et al. (2010) [19]. MEGC: Megiddo coarse fraction; MEGF: Megiddo fine fraction; TS: Tell es-Safi/Gath; MOS: Motza. Ratios are calcite:aragonite. 
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Table 1. Intensity values and normalized heights for calcite and aragonite in mixed polymorph samples (C: calcite; A: aragonite; N: normalized). The quantification of archaeological samples (C:A ratio) is based on XRD.
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Sample and C:A Ratio (%)

	
Calcite

	
Aragonite




	
ν3

	
ν2

	
ν4

	
Nν2

	
Nν4

	
ν3

	
ν2

	
ν4

	
Nν2

	
Nν4






	
Mix 50:50

	
1.761

	
0.733

	
0.287

	
416

	
81

	
1.700

	
0.630

	
0.287

	
370

	
84




	
Mix 30:70

	
1.521

	
0.509

	
0.344

	
334

	
68

	
1.698

	
0.787

	
0.344

	
463

	
141




	
Mix 70:30

	
1.906

	
0.898

	
0.310

	
471

	
113

	
1.734

	
0.447

	
0.310

	
257

	
54




	
Megiddo coarse 40:60

	
0.086

	
0.028

	
0.017

	
325

	
79

	
0.149

	
0.060

	
0.017

	
402

	
68




	
Megiddo fine 30:70

	
0.353

	
0.147

	
0.075

	
416

	
70

	
0.703

	
0.324

	
0.075

	
460

	
71




	
Tell es-Safi/Gath 30:70

	
0.376

	
0.100

	
0.059

	
266

	
47

	
0.600

	
0.231

	
0.059

	
385

	
69




	
Motza 111 70:30

	
1.013

	
0.457

	
0.131

	
451

	
90

	
0.959

	
0.340

	
0.131

	
354

	
41




	
Motza 3889 80:20

	
1.264

	
0.532

	
0.147

	
420

	
93

	
1.198

	
0.354

	
0.147

	
295

	
24
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