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Introduction

Jadeitite is a pyroxenitic rock that contains mainly jadeite (NaAlSi2O6), it is an unusual rock type that forms in conditions of high pressure and low temperature, which are associated with collisions and subduction of tectonic plates. Such special metasomatic conditions are essential for the crystallization of jadeite and limit its geological occurrence [START_REF] Harlow | Jade (Nephrite and Jadeitite) and Serpentinite: Metasomatic Connections[END_REF][START_REF] Harlow | Jadeitite from Guatemala: New observations and distinctions among multiple occurrences[END_REF] Jadeite jade is commonly mistaken or associated with other minerals such as: serpentine, albite, nephrite, omphacite, quartz, among others [START_REF] Tremain | Pre-columbian "jade": Towards an improved identifica-tion of greencolored stone in Mesoamerica[END_REF][START_REF] Smith | Archaeometric application of the Raman microprobe to the non-destructive identification of two pre-columbian ceremonial polished 'greenstone' axe-heads from Mesoamerica[END_REF]. Therefore, the mineral composition of both geological and archaeological jadeite and greenstones samples is complex and its accurate identification can be problematic. Their * Corresponding author:

Email address: mavis.montero@ucr.ac.cr (Mavis L. Montero) mineralogical characterization is often achieved using a set of complementary spectroscopic, microscopic, and geological approaches [START_REF] Coccato | Gem quality and archeological green 'jadeite jade' versus 'omphacite jade[END_REF][START_REF] Franz | A Comparative Study of Jadeite, Omphacite and Kosmochlor Jades from Myanmar, and Suggestions for a Practical Nomenclature[END_REF].

When dealing with samples of archaeological and historical significance, non-invasive techniques and portable equipments are crucial, as their importance prohibits any sampling strategy [START_REF] Vandenabeele | Mobile spectroscopic instrumentation in archaeometry research[END_REF]. In the past decades, spectroscopic techniques stood out as a non-invasive way to obtain information about the molecular and elemental composition of these artifacts [START_REF] Tremain | Pre-columbian "jade": Towards an improved identifica-tion of greencolored stone in Mesoamerica[END_REF].

In pre-Columbian Mesoamerica, jadeite-jade was a sacred material associated with the process of reflourishing and the concepts of agriculture, youth, generosity, fertility, water, maize plant and life's essence [START_REF] Snarkis | Gold and Power in Ancient Costa Rica, Panama, and Colombia[END_REF]Millerand Martin, 2006;[START_REF] Taube | The symbolism of jade in Classic Maya religion[END_REF]. The Motagua Fault Zone, in Guatemala, is the only known source of jadeite-bearing rocks in the region and is generally considered as the main deposit used by the pre-Columbian societies of Mesoamerica and Central America [START_REF] Niespolo | Mineralogy, geochemistry, and stable isotopes of Guatemalan jadeitites: a new method to determine the provenance of Mesoamerican jade artifacts[END_REF][START_REF] Harlow | Two high-pressure-low-temperature serpentinite-matrix mélange belts, Motagua fault zone, Guatemala: A record of Aptian and Maastrichtian collisions[END_REF].

In modern-day Costa Rica, approximately 680 kilometers southeast of the Motagua Fault Zone, jade stones were intensively used [START_REF] Snarkis | Gold and Power in Ancient Costa Rica, Panama, and Colombia[END_REF][START_REF] Mora-Marin | Costa Rica and the Maya: Prestige Goods and International Relations[END_REF] from 800 BCE to 900 CE [START_REF] Guerrero | The archeological context of jade in Costa Rica[END_REF][START_REF] Sanchez | Revisión de la secuencia cultural Orosí-Tempisque de la Gran Nicoya: Nuevos datos provenientes de las excavaciones del sitio Manzanillo (G-430 Mz)[END_REF]. Indeed, body adornments, such as earrings, beads and necklaces were carved and crafted using jadeitite, as well as other rocks and minerals, generally referred to as greenstones [START_REF] Guerrero | The archeological context of jade in Costa Rica[END_REF]. Among these artefacts, emblematic pendants were produced within the modern borders of Costa Rica.

Such pendants were carved in the shape of a human or animal in their upper section, and * Corresponding author:

Email address: mavis.montero@ucr.ac.cr (Mavis L. Montero) an axe in their lower section. Their two side perforations suggest they were worn as pendants [START_REF] Mora-Marin | Costa Rica and the Maya: Prestige Goods and International Relations[END_REF][START_REF] Kuboyama | Clasificación estilística de los "dioses-hachas" y sus aspectos funcionales: un análisis de materiales realizado con la colección del Museo del Jade , Costa Rica[END_REF], which gives rise to their name: axegod pendants.

Figure 1. Map of Central America, highlighting Guatemala, the Motagua Fault Zone and Costa Rica, with an example of its characteristic greenstone axe-god pendants, both front and back faces and a detail of its surface.

These axe-god pendants have important differences in roughness between the front and back sides, clearly due to the original crafting process. In general, their front side is highly polished, while their back side has rougher and irregular marks. Such differences in surface's shape and roughness is known to induce huge changes in FT-IR spectra [START_REF] Leue | Impact of Soil Microstructure Geometry on DRIFT Spectra: Comparisons with Beam Trace Modeling[END_REF] and represent a great methodological challenge for their characterization using * Corresponding author:

Email address: mavis.montero@ucr.ac.cr (Mavis L. Montero) non-invasive spectroscopy. Despite such importance, no study of the effect of roughness on Infrared, Raman and X-ray fluorescence signals has ever been reported for greenstones.

This research aims to identify a suitable methodology for characterizing the mineral composition of Costa Rica's jade and greenstone axe-God pendants, taking into account the experimental limitations and the sample's surface topography.

To do so, 45 stone samples extracted from the Motagua Fault Zone, were thoroughly analyzed by Fourier transform infrared spectroscopy (FT-IR), X-ray fluorescence (XRF) and Raman spectroscopy. The benefits and drawbacks of each technique were discussed in order to establish the appropriate set of conditions and equipment needed for the identification of the rock's minor and major mineral phases. Additionally, profilometry was used to characterize the surface's roughness, providing key information to analyze its effect on the spectral results. Lastly, 12 archaeological axe-god pendants from the Museo del Jade y de la Cultura Precolombina (Costa Rica) were analyzed using the previously defined methodology. For the first time in physicochemical archaeometry, all FT-IR spectra were statistically treated using functional data analysis.

Methodology

Samples 45 rock samples extracted from the Motagua Fault Zone (MFZ) in Guatemala, were purchased from a local craftsman in San José, Costa Rica. The samples included jadeite * Corresponding author:
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and other associated minerals, hereinafter referred to as green-stones. The rock samples were cut and polished to ease their manipulation and characterization.

Additionally, a group of 12 archaeological axe-God pendants were selected from the vast collection of the Museo del Jade y de la Cultura Precolombina (Instituto Nacional de Seguros) in San José, Costa Rica. The artifacts were chosen based on the mineralogical information provided by the museum. The objects selected have reported mineral compositions of either jadeite, associated minerals or other greenstones common in the collection.

A digital camera (Nikon D7200) was used to take the photographs of the 57 samples, the images can be seen in the Supplementary Material section. Taking into account the mineral and geochemical heterogeneity of the objects, for each sample several spots were included in the analysis. In every case, the spots were distributed throughout the object, selecting only flat surfaces with an appropriate location on which all the techniques could be performed.

Methods

Portable X-Ray Fluorescence Spectroscopy (XRF)

A portable XRF analyzer (XGLAB Elio) was used to examine the elemental composition of the samples. The equipment has a Rh X-ray tube with a Be window, a Si detector and a collimator of 1 mm of diameter. The spectra were acquired for 120 s, using an accelerating voltage of 40 kV and an operating current of 60 µA. The spectra obtained were processed * Corresponding author:
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using CrossRoads Scientific Spectra-X software, both semi-quantitative and qualitative analysis were performed. The semi-quantitative analysis of Al, P, Si, K, Ni, Rb, Fe, Mn, Ti, Cu, Pb, Sr and Ca was achieved by using a reference standard of basalt rock (688-NIST) and of obsidian rock (278-NIST).

Portable Fourier transform infrared spectroscopy (FT-IR)

To study the vibrational properties of the samples, a portable FT-IR spectrometer Bruker

Optics Alpha with the external reflection module was used for the measurements, for each spot 35 scans were carried out in order to improve signal-to-noise ratio, focusing in the spectral region between 400-4000 cm -1 . The spectra were recorded with the OPUS 7 software and compared with reference spectra from the RRUFF project database [START_REF] Lafuente | The power of databases: The RRUFF project[END_REF] and reported elsewhere [START_REF] Ostrooumov | Infrared reflection spectrometry analysis as a non-destructive method of characterizing minerals and stone materials in geoarchaeological and archaeometric applications[END_REF][START_REF] Robles | Non-destructive in situ spectroscopic analysis of greenstone objects from royal burial offerings of the Mayan site of Palenque, Mexico[END_REF].

Raman Spectroscopy

A portable Raman spectrometer was used (Ocean Optics ID MiniRaman handheld system), it was equipped with a 785 nm laser with power ranging from 10 mW to 50 mW. The integration time varied from 1 s to 10 s, depending on the sample, in order to improve signalto-noise ratio.

For confocal Raman spectroscopy an Alpha 300 R (WITec) spectrometer was employed.

The experimental conditions used were: integration time of 1 s, 50 accumulations, an excitation wavelength of 532 nm and a laser power of 30 mW.

The spectra were compared with the standards from the RRUFF project database [START_REF] Lafuente | The power of databases: The RRUFF project[END_REF] in order to identify the different minerals. Additionally, an approximation of the * Corresponding author:

Email address: mavis.montero@ucr.ac.cr (Mavis L. Montero) jadeite percentage was carried out based on the wavenumber of the Si-O-Si band in the Raman spectra, following a previously reported procedure [START_REF] Gendron | Portable Raman verification and quantification of jade in Olmec ceremonial axes from El Manatí, Veracruz, Mexico[END_REF]. Jadeite quantification was performed using Raman spectra obtained with both portable and confocal spectrometers.

Abrading treatment and profilometry

To examine the effect of surface roughness on the spectral results, 11 of the 45 MFZ samples were chosen and subjected to a controlled erosion; their rear face was abraded using a disc polishing machine and a silicon carbide abrasive. Subsequently, the sample's roughness was examined with a stylus surface profilometer Dektak XT (Bruker). A stylus of 2 µm diameter with 3 mg force was used to scan a length of 2600 µm with a scanning rate of 43.33 µm per second and a resolution of 0.144 µm/point. Vision64 software was used to calculate the arithmetic average height (Ra) of the abraded and polished faces of the samples.

Spectral pre-processing

A series of pre-processing procedures were applied using R software to the spectroscopic data and were chosen according to the spectral requirements: i) cropping (the range of the FT-IR spectra was cropped to 400-2000 cm -1 ), ii) baseline correction (polynomial fitting), iii) extended multiplicative signal correction (EMSC), iv) normalization of spectrum intensities (standard normal variate), v) filter based on minimal intensity (the spectrum maximum intensity should be at least 0.01 a.u.).

Statistical analysis * Corresponding author:
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Partial least square regression was used to model the correlation between a region of the FT-IR spectra (predictor variables) and Ra (response variable). The model presented here was calculated using samples in which jadeite was identified, including MFZ samples (FYJ02, FYJ06, FYJ07, FYJ09, FYJ10, FYJ16, FYJ20 and FYJ44) as well as archaeological samples (2079 and 2219). More specifically, the computation included an average spectrum per sample and was applied to the spectral range between 400-644 cm -1 . The PLSR modelling was carried out using the pls R package and validated using a Leave One Out Cross Validation (LOOCV).

Part of the statistical treatment of spectroscopic data was achieved using multivariate data analysis techniques. However, spectra are functions of a single variable (wavenumber), hence Functional Data Analysis (FDA) has been suggested as a more appropriate analytical approach [START_REF] Saeys | Potential applications of functional data analysis in chemometrics[END_REF]Burfieldet al., 2015). When using functional data analysis, the spectra are described as a function, not as a set of points, as would be the case if they were analyzed with multivariate analysis techniques. By doing so, FDA takes into account that each spectrum is the result of a sum of absorption peaks, where there's a high correlation between the absorbance at two consecutive wavenumbers; due to the physicochemical underlying cause of every band in the spectrum [START_REF] Saeys | Potential applications of functional data analysis in chemometrics[END_REF]Burfieldet al., 2015).

To construct the function starting from the discrete observations of each spectrum, B-splines basis functions were used; said basis functions have been reported as the most appropriate type when working with spectroscopic data [START_REF] Saeys | Potential applications of functional data analysis in chemometrics[END_REF]Burfieldet al., 2015).

Subsequently, functional principal component analysis (FPCA) was used as a dimension reduction technique, it performs a dimensionality reduction analogous to the multivariate * Corresponding author:
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principal component analysis (Burfieldet al., 2015). Lastly, k-means clustering was carried out. FPCA was used to study if surface roughness is a relevant criterion that influences spectra similarity, this procedure was applied to the FT-IR spectra of polished and abraded MFZ samples. Additionally, FPCA coupled with k-means clustering was used to examine if FT-IR is an appropriate technique to distinguish between the different main mineral(s) identified in the MFZ and archaeological samples.

Statistical analysis was performed using the computing environment R. The code and data to perform the pre-processing and functional data analysis mentioned in this paper are available for download in malfaro2.github.io/Hernandez_et_al/. Data formatting and figures were prepared using the collection of R packages: tidyverse (Wickham et al., 2019), ChemoSpec [START_REF] Hanson | Chemospec: Exploratory chemometrics for spectroscopy[END_REF], hyperSpec [START_REF] Beleites | Hyperspec: A package to handle hyperspectral data sets in r[R package version 0[END_REF], prospectr [START_REF] Stevens | An introduction to the prospectr pack-age[R package version 0.1.3[END_REF], hyperChemoBridge [START_REF] Mcmanus | Hyperchemobridge: Bridge between hyperspec chemospec [R package version 1[END_REF], baseline [START_REF] Liland | Optimal choice of baseline correction for multivariate calibration of spectra[END_REF], shiny [START_REF] Chang | Shiny: Web application framework for r [R package version 1[END_REF], fda.usc (Febrero-Bande and Oviedo de la Fuente, 2012), readxl (Wickham and Bryan, 2019), plotly [START_REF] Sievert | Plotly for r[END_REF] and pls [START_REF] Mevik | Pls: Partial least squares and principal component regression [R package version 2.7-3[END_REF].

Results and discussion

Spectral analysis on polished MFZ samples

FT-IR has been reported as a functional, non-invasive technique for identifying major mineral phases of greenstone samples, specially mid infrared reflection [START_REF] Ostrooumov | Infrared reflection spectrometry analysis as a non-destructive method of characterizing minerals and stone materials in geoarchaeological and archaeometric applications[END_REF][START_REF] Viggiano | Non-destructive microchemical and micro-luminescence characterization of jadeite[END_REF].

* Corresponding author:
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In the case of the 45 Motagua Fault Zone samples, FT-IR allowed to identify three major minerals: jadeite, omphacite and albite, as shown in figure 2. Additionally, garnet was identified as a major mineral alongside omphacite but exclusively in sample FYJ34.

Afterwards, Raman spectroscopy was used to verify and complement the identification made based on the FT-IR spectra (table 1); additionally, a jadeite quantification methodology recently proposed [START_REF] Gendron | Portable Raman verification and quantification of jade in Olmec ceremonial axes from El Manatí, Veracruz, Mexico[END_REF] was applied to Raman spectra obtained with both confocal and portable spectrometers.

Minerals such as jadeite, albite and omphacite, that were previously identified by FT-IR, were identified through Raman spectroscopy as well, spectra of such samples and the respective references are displayed in figure 3.

Confocal Raman spectroscopy allowed the identification of several minor mineral phases: titanite, rutile, analcime, phlogopite and garnets such as almandine. All of which have been previously reported in jade samples from the Guatemala Fault Zone [START_REF] Harlow | Jadeitite from Guatemala: New observations and distinctions among multiple occurrences[END_REF][START_REF] Gendron | Discovery of jadeite-jade in Guatemala confirmed by non-destructive Raman microscopy[END_REF].

It should be noted that minor mineral phases, as almandine and titanite, cannot be identified with the FT-IR characterization methodology employed here; in this regard, confocal Raman spectroscopy represents a great advantage and supplies valuable information. Moreover, considering that each jade occurrence presents certain specificity in its minor mineral phases content, a detailed analysis of the sample's composition, focusing in identifying the minor mineral phases, might provide useful and supplementary information for a provenance study. This approach might be particularly interesting to apply in the Costa Rican case study for which the jadeite source has generated some uncertainty in the past.

The main drawback of the characterization with this kind of confocal Raman spectrometer is its lack of portability, which makes it impractical for in situ studies.

On the other hand, some of the Raman spectra acquired with the portable spectrometer displayed weak bands which were hard to distinguish from the baseline, which, in most * Corresponding author:

Email address: mavis.montero@ucr.ac.cr (Mavis L. Montero) instances, was highly affected by fluorescence. These features made more difficult the interpretation of the spectra and the assignment of vibrational modes. 
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However, in almost every Raman spectrum obtained with the portable spectrometer, the band assigned to the symmetrical Si-O-Si vibration was clearly defined; so, said spectra were employed for the quantification of jadeite, in every sample in which jadeite was previously identified by FT-IR spectroscopy. Jadeite quantification was performed using the spectra obtained with the confocal Raman spectrometer as well.

The data shown in table I indicate correspondence in the jadeite percentage calculated with confocal and portable Raman spectrometers. With the exception of samples FYJ14 and FYJ38, in 80% of the samples the difference between the jadeite percentage calculated by each technique varies between 0 and 7%, with an overall average difference of 6%. The variation between both percent-ages may be due to the changes in the regions analyzed with each method and to the reduced analysis area of the confocal spectrometer.

Additionally, in every case, the jadeite percentage calculated showed a good agreement with the mineral identification: when a second mineral, besides jadeite, was identified the resulting jadeite percentage was lower than when jadeite was the only mineral identified.

Altogether, despite its limitations in mineral identification, the portable Raman spectrometer could provide useful information when paired with another technique such as FT-IR, specially for in situ studies. Subsequently, the molecular characterization techniques (FT-IR and Raman spectroscopy) were complemented with elemental analysis obtained by X-ray fluorescence spectroscopy. Some of the results are displayed in figure 5, the ternary diagram shows the relative fraction of Si, Ca and Fe of every spectrum recorded, including * Corresponding author:

Email address: mavis.montero@ucr.ac.cr (Mavis L. Montero) 5 spectra per sample. Both Ca and Fe are common substitutions in jadeite, while Si is a central element in pyroxenes such as jadeite. The distribution of the samples through the figure 5 shows good agreement with the identification previously performed and a subtle grouping can be seen. In general, the most part of samples identified exclusively as jadeite (NaAlSi2O6) had the lowest Ca and Fe relative weight percentages and therefor higher Si relative weight percentages. On the other hand, the samples with higher Fe and Ca relative weight percentages were the ones identified as omphacite ((Ca, Na)(Mg,Fe 2+ ,Al)Si2O6). As shown in table II, the abrading treatment causes, in most cases, approximately a fourfold increase in each sample's arithmetic average height. Such differences in surface roughness cause changes in the XRF, FT-IR and Raman spectra, for example: shifts, loss of bands and intensity reduction. This spectral differences between polished and abraded faces can be explained by the decrease of specular reflection and the enhancement of diffusion processes [START_REF] Ricci | Non-invasive identification of surface materials on marble artifacts with fiber optic mid-FTIR reflectance spectroscopy[END_REF].

The Raman spectra of abraded surfaces exhibited a great reduction in the band's intensity, and, in some cases, couldn't be distinguished from the baseline. Such behavior was observed in Raman spectra obtained with both portable and confocal spectrometers. The results suggest that Raman spectroscopy, obtained with the experimental conditions described in the previous section, would not be appropriate for the identification of minerals in samples with rough surfaces, or at least in samples with an arithmetic average height greater than 1.05 µm.

* Corresponding author:
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The intensity of the XRF spectra was also significantly reduced after the abrasion; in this case, the qualitative and quantitative elemental analysis can be greatly affected, specially for minor and trace elements.

Considering that, from all the techniques included in this study, FT-IR is the most suitable technique for identifying major minerals during in situ studies, a detailed discussion of the influence of surface roughness on FT-IR spectra is presented here. All of the effects previously mentioned, as can be seen when comparing the spectra obtained in the sample's polished and abraded faces (figure 6). For instance, the FT-IR spectra of sample FYJ44 (figure 6A), in which jadeite and albite were identified, a 13-21 cm -1 shift toward lower wavenumbers can be seen after the abrasion, especially in the absorption bands centered at 960 and 1085 cm -1 . While the spectra of * Corresponding author:
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Nonetheless, it can be noted that the magnitude of the shift is not constant along the spectra.

Another difference between the FT-IR spectra of polished and abraded samples is the loss of a band. An example of which is depicted in figure 6B, particularly in the bands centered at 762 and 785 cm -1 , those bands were visible in the polished area of sample FYJ44 but were no longer seen after the abrasion. The loss in intensity is another effect seen in the FT-IR spectra after the abrading treatment, in this case the decrease in spectral intensity varies between 17-87%. This change is more noticeable in the spectral range between 800-1200 cm -1 , for almost every band in all of the minerals identified. The loss of intensity can be seen in figure 6 A-B, markedly in the bands centered at 1078cm -1 and 964 cm -1 of sample FYJ02, as well as those centered at 1085 cm -1 and 960 cm -1 of sample FYJ44.

Furthermore, partial least squares regression (PLSR) was examined to describe the association between Ra and the intensity variation in the FT-IR spectra. The PLSR model was computed using the pls R package and validated using a Leave One Out Cross

Validation (LOOCV). The 4 components explain 99.3 % of the data variance, this gives a Root Mean Squared Error of Prediction (RMSEP) of 0.235 and a R 2 of 0.896. As shown in figure 7, PSL regression model results in a good fit for our data set and could be used in future studies for a in situ fast approximation of Ra of jadeite samples.

* Corresponding author:

Email address: mavis.montero@ucr.ac.cr (Mavis L. Montero) All of these observations indicate that the roughness of the materials has an effect on the spectra, particularly in samples with higher arithmetic average height. The resulting spectral changes (such as shifts, decrease or increase of a band's intensity, slight broadening, etc.) might lead to an inappropriate identification of the main mineral components, additionally, they might induce an effect in the statistical analysis as well as. Specially when working with mixtures of minerals that have great similarities in their chemical composition or when identifying minerals present in lesser amounts; for example, jadeite/omphacite and jadeite/albite, respectively.

Therefore, sample roughness should be an important parameter to take into account when applying spectroscopic techniques for characterizing jadeite and greenstones. For * Corresponding author:

Email address: mavis.montero@ucr.ac.cr (Mavis L. Montero) upcoming research, it would be advisable to compare FT-IR spectra of samples with similar roughness and priority should be given to samples with smaller Ra values. For that reason, the subsequent functional data analysis was performed exclusively with the FT-IR spectra of the polished faces of the samples.

Spectroscopic analysis of archaeological artifacts

The Axe-god pendants are presented here as a case study because they serve as an example of how roughness can influence the spectral characterization of jade and greenstone archaeological artifacts. As previously mentioned, this distinct design of pendant has visible differences in roughness between their front and back sides, as a consequence of the crafting techniques employed in their making.

As detailed in table III, the 12 Axe-God pendants included in this study display greater irregularities on the surface of their back side, which is reflected in higher arithmetic average height values. The Ra values of the front face of the artifacts range from 0.77 to 2.41 μm, while the values calculated on the back side of the artifacts are in every case higher than 1 μm, going from 1.53 up to 3.84 μm.

Taking into account the issues previously discussed, as well as the profilometry results, the spectroscopic characterization of the archaeological samples was performed exclusively on the front face of the artifacts. These samples were subjected to the same characterization techniques as the MFZ samples, a summary of the results can be seen in table III. Compared to the MFZ samples, the axe-god pendants present a greater variety of major minerals; the FT-IR results show that in these samples tremolite-actinolite (also referred to as nephrite) and quartz were identified in addition to the previously mentioned jadeite, albite and omphacite. Furthermore, confocal Raman spectroscopy allowed for the identification those minerals as well as titanite as a minor mineral (table III).

As discussed earlier, both FT-IR and confocal Raman spectroscopy are useful techniques for identifying major minerals. Nonetheless, in the case of archaeological artifacts guarded at museums, FT-IR would be a more suitable technique for in situ studies due to its portability. Therefore, the subsequent statistical analysis was based on the FT-IR spectra.

More specifically, functional principal component analysis (FPCA) allowed to distinguish that, in the case of the 11 MFZ samples with polished and abraded areas, surface roughness * Corresponding author:

Email address: mavis.montero@ucr.ac.cr (Mavis L. Montero) is a relevant criterion that influences spectra similarity (figure 8A). The samples with higher Ra values (abraded samples) display greater similarities in their spectra, which can not only affect the interpretation of this type of statistical results but the mineral identification as well.

In contrast, the FPC scores of spectra obtained in spots with lower Ra reflect more clearly the differences in mineralogical composition and therefore favors an accurate identification.

Furthermore, FPCA artifacts (figure 8B). In this instance the FPCA was performed exclusively on the spectra obtained in regions with lower Ra: polished face in the case of MFZ samples and front face in the case of Axe-God pendants.

The representation of the scores of the first two functional principal components for the 45 MFZ samples, the 12 archaeological artifacts and reference spectra from databases are displayed in figure 8B. In every case, the samples that were identified as a certain mineral or group of minerals (shown in the same color in figure 8B) have similar scores in the first two functional principal components and are, in almost every case, assigned the same cluster when performing k-means clustering.

For example, the largest cluster of observations found in the bottom right corner of figure 8, includes spectra of jadeite and mixtures of jadeite and other minerals of similar chemical composition: omphacite and albite. Whereas other minerals, such as quartz, are grouped * Corresponding author:
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Additionally, it should be noted that the samples identified as a certain mineral have FPCA scores close to the ones from its corresponding reference spectra; which suggests that the mineral identification was accurate.

Moreover, the archaeological samples displayed scores similar to the ones from the MFZ samples and of the reference spectra; which indicates that this procedure is adequate for identifying and distinguishing the main mineral phases in jade and greenstone axe-god pendants.

Conclusions

Overall, the spectroscopic results indicated that XRF, Raman and FT-IR spectra of jadeitebearing rocks and greenstones is strongly influenced by the sample's surface roughness.

The effects varied among samples and included intensity reduction and spectral shifts. To further examine how the spectra intensity variation relates to Ra PLSR regression was presented; the results indicate that this methodology could be applied in future studies.

Altogether, the spectral variations become more noticeable as surface rough-ness increased and were observed in both MFZ samples and in archaeological artifacts.

Consequently, any spectroscopic characterization of this type of samples should be performed preferably in areas with smaller Ra values. In the case of Axe-god pendants, the profilometry results indicate that the surface topography of their front faces is more suitable for spectroscopic characterization.
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Regarding the physicochemical analytical techniques, both confocal Raman and FT-IR spectroscopy are useful for identifying major mineral phases. However, portable FT-IR spectroscopy will be the technique preferred in future studies due to its suitability for in situ studies.

Lastly, the FT-IR spectra were analyzed using an innovative statistical analysis that treats the spectra as functional data FPCA and k-means clustering confirm that FT-IR spectroscopy is an adequate technique to distinguish the differences in mineral composition of this type of geological and archaeological samples. 
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 2 Figure2. FT-IR spectra taken on the polished face of samples identified as omphacite: FYJ42, jadeite and omphacite: FYJ22, jadeite: FYJ14, jadeite and albite: FYJ44, together with reference spectra of omphacite, jadeite and albite[START_REF] Lafuente | The power of databases: The RRUFF project[END_REF][START_REF] Robles | Non-destructive in situ spectroscopic analysis of greenstone objects from royal burial offerings of the Mayan site of Palenque, Mexico[END_REF] 
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 3 Figure 3. Raman spectra acquired with the confocal Raman spectrometer, after baseline correction, taken on the polished face of samples identified as jadeite: FYJ04, jadeite and albite: FYJ11 and omphacite: FYJ36, and reference spectra from the RRUFF database (Lafuente et al., 2016) of omphacite (RRUFF ID R061129), jadeite (RRUFF ID R050220) and albite (RRUFF ID R040129).
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 4 Figure 4. Raman spectra acquired with the confocal Raman spectrometer, after baseline correction, taken on the polished face of samples identified as almandine: FYJ19, and titanite: FYJ33 and reference spectra from the RRUFF database (Lafuente et al., 2016) of almandine (RRUFF I ID R040076) and titanite (RRUFF ID R040033).

Figure 5 .

 5 Figure 5. Ternary plot of relative weight percentage of Si, Ca and Fe obtained by XRF analysis.The color of the symbols represents the major mineral phases previously identified by FT-IR.

Figure 6 .

 6 Figure 6. Normalized FT-IR spectra of polished and abraded samples identified as jadeite and omphacite: FYJ02 (A) and jadeite and albite: FYJ44 (B).

Figure 7 .

 7 Figure 7. Experimental Ra versus the predicted Ra values obtained from the PLSR model

Figure 8 .

 8 Figure 8. Scores of the first two functional principal components for the pre-treated FT-IR spectra of (A) 11 MFZ samples that received abrading treatment and (B) 45 MFZ samples,the 12 archaeological artifacts and as well as reference spectra from databases.

Figure S2 .

 S2 Figure S2. Photographs of the 45 cut and polished jade and greenstone rock samples extracted from the Motagua Fault Zone in Guatemala

  

  

Table II .

 II Arithmetic average height (Ra) on both polished and abraded faces of the 11 MFZ samples that were subjected to controlled abrasion.

	Sample	Ra polished face	Ra abraded face
		(µm)	(µm)
	FYJ02	0.48	1.55
	FYJ06	1.04	5.28
	FYJ07	0.47	1.81
	FYJ09	0.63	2.85
	FYJ10	0.60	2.37
	FYJ16	0.36	2.30
	FYJ20	0.37	1.59
	FYJ33	1.05	3.27
	FYJ34	0.84	4.28
	FYJ36	0.43	1.80
	FYJ44	0.85	1.92

Table III .

 III Summary of spectroscopic and profilometry results for the Axe-God pendants samples

	Artifact	Mineral identification	Jadeite percentage	Ra (μm)
		FT-IR	Raman	Confocal Portable Front	Back
	2079	Jd	Jd, Ttn	94.91	79.53	1.38	1.75
	2105	Qtz	Qtz	-	-	1.36	2.36
	2109	Qtz	Qtz	-	-	1.04	2.21
	2219	Jd, Ab, Omp	Jd, Ttn	85.84	80.9	0.77	1.49
	2250	Act, Tr	Act, Tr	-	-	2.41	3.61
	4451	Jd	Jd	95.91	80.61	0.88	1.53
	4455	Jd, Omp	Jd, Omp	81.49	64.25	0.91	2.57
	4494	Jd, Ab	Jd, Ab, Omp	88.13	75.95	2.08	3.84
	5921	Jd, Ab, Omp	Jd, Omp, Ab	83.89	72.63	2.24	4.17
	6483	Ab	Ab	-	-	2.37	2.43
	6496	Ab	Ab	-	-	1.33	3.47
	6808	Act, Tr	Act, Tr	-	-	0.98	1.86
	a Ab, albite; Act, Actinolite; Jd, jadeite; Omp, omphacite; Qtz, Quartz; Ttn, Titanite; Tr,
	tremolite.						
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The results indicate that, on its own, XRF does not provide enough information to differentiate between mineral species and it is not adequate for identifying major and/or minor mineral phases. However, it does complement the molecular characterization and could be used alongside color analysis. As discussed in introduction, the jade artifacts exhibit highly heterogeneous surface topography. Such differences in surface roughness strongly affect the spectroscopic results and sometimes the associated mineral identification. In order to study such effect, 11 of the 45 polished MFZ samples, including at least one sample of each of the minerals previously identified, were subjected to an abrading treatment and analyzed using XRF, FT-IR and Raman spectrocopies. To be able to compare the sample's roughness, profilometry was performed along with the calculation of the arithmetic average height (Ra). The Ra is a widely used parameter that describes surface topography and height variations, it is defined as the average absolute deviation of roughness height with respect to the mean line [START_REF] Gadelmawla | Roughness parameters[END_REF].
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