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Abstract

:

Talc deposits of Jahazpur, Rajasthan, hosted by dolomite, are one of the largest high-quality talc deposits in India. In the present study, we use AVIRIS-NG datasets to study the link between the spatial pattern of talc mineralization, associated alteration minerals, and iron-oxide enrichment. It is noted that the majority of talc-bearing areas are characterized by the presence of clay minerals, such as an intimate mixture of kaolinite and muscovite, illite, dickite (indicative of phyllic and argillic alteration), and also enhanced iron enrichment. The talc-bearing zones are located adjacent to quartz-rich lithologies, and they are aligned along the Jahazpur thrust. Based on mineralogical and geological evidence, hydrothermal alteration of dolomites by silica and iron-rich fluid is proposed as major factorcontrolling talc mineralization. This study has implications for the identification of prospective zones of talc mineralization using imaging spectroscopy.
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1. Introduction


Talc (hydrated magnesium silicate) is a clay mineral generally associated with metamorphic rocks along convergent plate boundaries. It may also form due to hydrothermal alteration of ultramafic rocks or dolomites or as a result of low-grade greenschist facies metamorphism of volcanogenic massive sulphides [1]. The economically viable deposits of talc are often associated with hydrothermal alteration. It is widely used in the plastic, ceramic, paper, paint, and cosmetic industry, and has significant economic importance.



ASTER has been the workhorse of the geological community for mapping alteration zones [2,3]. It could detect the geological units and broad mineral groups based on their spectral characteristics [4,5,6,7,8,9,10] and has played an important role in mineral exploration [11,12,13,14,15,16]. However, it is difficult to detect talc using the multispectral dataset of ASTER because of the presence of a characteristic absorption feature at 2.31 µm, which overlaps with spectrally similar calcite and dolomite [6]. ASTER has a single band centered at 2.33 µm, with a 35 nm bandwidth, therefore preventing the observation of the diagnostic doublet of talc. Hyperspectral remote sensing, also known as imaging spectroscopy, acquires reflectance of materials caused by electronic transitions and vibrational processes in narrow spectral channels of Visible to Near InfraRed (VNIR, 0.3–1.0 µm) and Short Wave InfraRed (SWIR, 1.0–2.5 µm) region spectral range 0.35–2.5 µm, and it facilitates subtle mineralogical identification and mapping [17,18,19,20,21,22]. The wavelength region, 0.3–2.5 µm, is the general spectral range of imaging spectroscopy in earth observation as iron oxides such as hematite, goethite, limonite have absorption in the VNIR region, and carbonates, mica and sulphates have their diagnostic absorption features in the SWIR region [17,19,20,23,24].



Imaging spectroscopy has shown immense potential for mineral exploration [15,25,26,27,28,29,30,31], characterization of acid mine drainage [32], gold exploration [33], mapping of fibrous and carcinogenic minerals [22], kimberlite detection [34], exploration of lithium bearing pegmatities [35], and the detection of alteration mineral assemblages developed due to the interaction of seeped oil/gas with the surficial cover [36]. More recently, it has led to the detection of methane plumes associated with natural and anthropogenic sources [37,38]. It is important to note that most of the abovementioned studies were carried out using airborne surveys due to a lack of high quality imaging spectroscopic datasets from satellites. However, recent launches of PRISMA and EnMAP will provide datasets over entire world and may open opportunities for a plethora of geological applications [29,39,40,41,42]. The continuity of the datasets are also guaranteed through upcoming CHIIME and HySPIRI missions [43,44].



The Jahazpur, Rajasthan hosts one of the world-class carbonate-hosted talc deposits [19,45,46,47,48,49,50]. Earlier studies carried out in the area focused on identifying pure and mixed talc [51] and identifying alteration mineral assemblages based on selected reflectance spectra [52]. However, the spatial distribution of the alteration pattern and the geological control of talc mineralization in the Jahazpur region was not studied. The present research aims to investigate hydrothermal alteration and structural and lithological control of talc mineralization in the Jahazpur region. The AVIRIS-NG hyperspectral dataset is used in the mapping of the spatial distribution of talc, dolomite (host rock), and associated alteration mineral assemblage. The Integrated Band Depth (IBD) technique [53,54] is utilized to study iron-rich zones and their association with talc mineralization. Integrated mineralogical, geological, and structural analysis and interpretation are carried out to decipher their control on talc mineralization. The identified indicators of talc mineralization in Jahazpur may help in locating prospective zones for future talc exploration in the area.




2. Study Area


The study area is situated in the Jahazpur town of Bhilwara in the district of Rajasthan, India. The area encompasses surface exposure of the Jahazpur group of rocks, which is largely composed of low-grade metasediments of the greenschist facies. These rocks are separated from the high-grade terrain of Mangalwar Complex by crustal-scale transpressive shear zone/Jahazpur thrust [55] on the western side. The Great Boundary Fault (GBF) separates the Jahazpur group of rocks from the Vindhyan sediments on the eastern side [45,47,48,56,57,58,59,60]. The Jahazpur belt is divided into two sub-belts, namely, the Eastern and Western Jahazpur belts. The East Jahazpur belt is underlain by Jahazpur granite, indicating major unconformity, and it consists of oligomictic conglomerates, claystone, cherty quartzite, and dolomitic marble (Figure 1). The Western Jahazpur belt is dominated by polymictic conglomerate, dolomites, dolomites with banded iron formation, quartzites, carbonaceous phyllites, conglomerate and grit, and garnetiferous biotite schist [47,61,62].



Three deformational histories were recorded from the rocks of the Jahazpur Group while the associated basement rocks experienced four deformational events. The regional folding of the Jahazpur rocks was governed by the second generation of the fold, and it produced the interference pattern of Type-2 due to superposed folding with the first generation of the fold at a high angle [59]. The rocks of the Jahazpur region show a NE-SW to ENE-WSW trend. The lineaments are also related to the second generation of folding and are represented by axes of mesofolds, bedding intersections, and schistosity.



Based on rock type variety of phyllosilicates, carbonates and iron oxides are expected. These minerals have diagnostic absorption features in a spectral range of 2.0–2.5 µm, and they can be detected using imaging spectroscopic datasets. Quartz is also expected to present in conglomerates/cherts. However, quartz lacks a diagnostic absorption feature within a spectral range of 0.3–2.5 µm, and thus could not be mapped.




3. Materials and Methodology


3.1. Materials


In this study, we use hyperspectral datasets acquired by AVIRIS-NG in February, 2016 as a part of a joint collaboration between Indian Space Research Organization and National Aeronautics and Space Administration (NASA) in the 0.37–2.5 µm wavelength range, with 425 spectral channels at a spectral resolution of ~5 nm and a spatial resolution of 8.1 m [19,37]. The radiance received by sensor has contributions from target material and atmospheric constituents such as aerosols, trace gases, and water vapour. To obtain the surface reflectance of the target materials, the effect of atmospheric constituents is compensated using radiative transfer models. This study used level 2 geocoded surface reflectance product compensated for atmosphere and other artefacts [63,64].




3.2. Mineral Mapping


In the present study, the mineral mapping is carried out by comparing the image and library reflectance spectra containing the characteristic absorption features in the VNIR-SWIR wavelength region, using the least square based complete band shape matching algorithm [18,65]. The central wavelength and FWHM of absorption features are used to draw the candidate minerals from the spectral library. Image (AVIRIS-NG) and USGS library spectra [66] are available at different spectral resolutions and wavelength positions. Therefore, it is important to convolve the library spectra to image spectra prior to the matching of the spectral shapes. The convolution of image and library spectra is performed using Equation (1) [67], assuming a Gaussian response function of AVIRIS-NG sensor.


    R   i   =     ∫    λ   1       λ   2        R   l   ( λ )   ∗ S   i     λ   d λ       ∫    λ   1       λ   2        S   i     λ   d λ      



(1)




where     R   l   ( λ )   is reflectance at band i and wavelength   ( λ )  ,     S   i     λ     is spectral response function at band i, and   d λ   is the wavelength interval of the sample.



The absorption features of minerals are superimposed over the continuum, which is defined as envelop or global shape of the reflectance spectra. The effect of the continuum needs to be removed prior to spectra matching. The continuum reflectance is estimated in the wavelength range of the diagnostic absorption feature by fitting the straight line between the shoulders of the absorption feature. Subsequently, continuum removed spectra is calculated by dividing the continuum reflectance with observed reflectance values [68]. It should be noted that the continuum is removed only over the spectral range of the diagnostic absorption feature of the image and the library spectra, and not over the entire spectral range of image data.



The depth of the absorption feature is lower (relatively) in the image spectra than in the library, possibly due to the presence of mineral mixtures and surficial weathering. On the contrary, the library spectra are acquired on fresh and powdered samples of pure minerals. To perform the shape matching between the continuum removed image and the library spectra, the depth of the absorption feature of the image spectra is modified to determine the continuum removed depth (spectral contrast) that maximizes correlation between the image (I) and the library spectra (L). This can be represented by Equations (2)–(6).


  L = a + b I  



(2)







Here, a and b are constant and are determined using the standard linear least square as:


  a = ( ∑ L − b ∑ I ) / n  



(3)






  b =   ∑ I L − ( ∑ L ∑ I ) / n   ∑   L   2   −     ( ∑ L )   2     n      



(4)






    b   ′   =   ∑ I L − ( ∑ L ∑ I ) / n   ∑   I   2   −     ( ∑ I )   2     n      



(5)







The correlation coefficient (fit value) between the image and library spectra is computed using this equation:


  F =  b   b   ′     



(6)







The fit value is a metric of the degree of similarity between the image and the library spectra. The fit will be highest if the spectral shape of the image and the library spectra are in close agreement and will have low value otherwise. It should be noted that apart from fit, continuum slope, and wavelength position of the deepest absorption feature, the depth of the absorption feature and the asymmetry of bands are also computed and are used as a constraint to refine the mineral mapping. In the case of minerals having multiple diagnostic absorption features, such as muscovite, whose diagnostic absorption features are located near 2.20 and 2.35 µm, the fit value is computed for both of the absorption features. The final fit (F) is computed as a weighted average of both of the fits (f1 and f2). The weights are determined based on relative area of the absorption bands (Equation (7)):


  F = w 1 f 1 + w 2 f 2  



(7)







Here, w1 and w2 are area normalized weights, are computed from the library spectra, and their sum is one.



The process of the fitting of the image and the library spectra is illustrated by fitting the image spectra of talc with the library spectra of talc, dolomite, and calcite (Figure 2). First, the spectral range of the diagnostic absorption feature of talc is determined based on visual analysis of the spectra. In the case of talc, the diagnostic absorption feature is located within the spectral range of 2.20–2.42 µm. The continuum is removed from the image and the library spectra by fitting a straight line between the shoulders of the absorption feature, with spectral matching then performed, and fit values computed for each fit of the image and the library spectra. The fit value of 0.95, 0.64 and 0.42 are obtained when the image spectra of talc is compared with library spectra of talc (a), dolomite (b), and calcite(c), respectively. Since the fit value is highest for talc, the pixel is identified to contain talc.



In the present study, we use aa USGS library spectra [66] of 30 minerals and compute fit value for each one in the wavelength range of its diagnostic absorption feature at a particular pixel. The library spectra of 30 minerals were selected based on knowledge of the broad lithology of the area, previous hyperspectral based studies, and computational efficiency. The threshold for the fit value is selected as 0.85 [18]. The fit value of more than 0.85 leads to the classification of the pixel; otherwise, it is classified as “unclassified”. This constraint is implemented to enhance the reliability of the mineral map. Apart from this, the constraint on the continuum slope, wavelength position of the diagnostic absorption feature, and depth of the absorption feature are also applied. The slope of the continuum (trend) of the image and the library spectra is compared. If the slope shows large deviations (more than 30 degrees), no mineral is identified for that fit. Similarly, if the difference in the wavelength position of the deepest absorption feature between the image and the library spectra is more than 10 nm, no mineral identification/classification is conducted. The pixels showing depth of absorption band less than 0.03 are masked out, as they represent low reflectance materials. The spectra of such materials tends to be noisier and may lead to erroneous mineral identification.




3.3. Integrated Band Depth


The reflectance spectra of minerals show broad absorption features, which are useful for its identification. Integrated Band Depth (IBD) is an approach to compute the sum of the absorption band depth over a wavelength interval encompassing the selected absorption feature [69]. One of the objectives of the present study was to identify iron-rich zones and study its linkage with talc mineralization. The reflectance spectra of iron-rich minerals such as goethite, hematite, jarosite, and limonite show broad absorption features in the wavelength range of 0.75–1.25 µm, centered near 0.85 µm (Figure 3). To capture this absorption feature, IBD (Equation (8)) is computed by integrating the band depths within the wavelength range of 0.75–1.25 µm.


    ∑  d = 0   d = 100    1 −   R   0.750 + 5 n       R   c     0.750 + 5 n        



(8)







Here, R refers to reflectance at a given wavelength; Rc is continuum reflectance and is computed as a straight line joining the shoulders of the absorption feature. The spectral resolution of AVIRIS-NG is 5 nm. Therefore, the absorption bands located every 5 nm are integrated to cover the wavelength up to 1.25 µm. Here, d represents the total number of channels, which is a (or one) hundred in this case. The IBD map thereby generated shows the spatial variation of the depth of absorption feature in the spectral range of 0.75–1.25 µm, and is proportional to iron enrichment. High IBD values indicate significant enrichment of iron oxides, while low values indicate low abundance of iron oxides. It is important to note that IBD in the spectral range of 0.75–1.25 µm is a single value for one pixel, and that it is only to be used to detect the presence of iron enrichment. Unlike mineral mapping, it can not be used for the identification of iron-bearing minerals.




3.4. Masking


The presence of vegetation and water bodies in images obscure the rock surface. In order to avoid erroneous interpretation of mineral and IBD maps, vegetation and water bodies are masked using Normalized Difference Vegetation Index (NDVI) and Normalized Difference Water Index (NDWI), as shown in Equations (9) and (10).


  N D V I =   N I R − R E D   N I R + R E D    



(9)






  N D W I =   N I R − S W I R   N I R + S W I R    



(10)







For computing NDVI, the reflectance value at wavelength 0.66 µm (RED) and 0.84 µm (NIR) were chosen. NDWI is computed using reflectance value at 0.86 (NIR) and 2.10 (SWIR) µm. Pixels showing an NDVI value greater than 0.3 and NDWI value greater than 0.20 were masked as they contain vegetation and water bodies and, thus, interpretation was performed on rocky/bare soil pixels only.





4. Results


4.1. Mineral Map


Figure 4 shows the mineral map of the Jahazpur region derived using AVIRIS-NG datasets for minerals showing diagnostic absorption features in the 2.0–2.5 µm spectral range. The data gaps (transparent regions) within the extent of the mineral map represent pixels covered by water and vegetation, and also the pixels where minerals could not be identified reliably. Talc and clay minerals are identified as major minerals present in the region followed by calcite and dolomites. Small exposures of serpentines, particularly on the western side of the Jahazpur thrust, are also noted. The Banas River bed and regions located west of it are dominated by muscovite, while eastern areas of the river bed are dominated by intimate mixtures of kaolinite and muscovite, kaolinite, halloysite, and dickite. All these minerals have spectral signatures that are very similar (common diagnostic absorption at ~2.20 µm) and only differ by the strength of the secondary absorption at 2.16 µm (except for muscovite which has a secondary absorption at ~2.35 µm). The carbonate minerals (dolomite, calcite) and epidote along with chlorite occur in the form of linear patches near the Kachola, Ramgarh, and Beermata locations. The talc mineralization in the region trends NE-SW in accordance with the general strike. Major talc deposits are located in and around Amalda, Ramgarh, and Beermata, and they are hosted by dolomitic rocks. Very few talc mineralizations exist on the eastern part of the Jahazpur thrust. It is important to note that mineral mixtures such as dolomite, calcite talc, and intimate mixtures of kaolinite and muscovite are identified using the spectra of their mixtures, as provided in the USGS spectral library. The main objective of using the mineral mixture spectra is for confirmation of their presence, and not for quantification of their relative abundance. Furthermore, it is possible that many other minerals may be present in the area, and the present work attempts to identify only the spectrally active minerals. Therefore, the mineral map only indicates the presence of the minerals identified and not their abundance.




4.2. Validation of Mineral Map


In this section, we compare the spectral characteristics of the image and the USGS library spectra of the identified minerals (Figure 5) for locations marked in Figure 4. The image spectra were averaged over 3 × 3 window for comparison. The reflectance spectra between 2.0–2.5 µm are, considered for inter-comparison as diagnostic absorption features of identified minerals, are located within this spectral range.



The overall shape of the major absorption feature near 2.33 µm of the image and the library reflectance spectra of calcite (Figure 5a) is in accordance, although a minor absorption feature near 2.12 µm seen in the library spectra is absent in the image spectra. An additional absorption feature located near 2.20 µm in the image spectra may indicate the presence of some clay mineral along with calcite. The image spectra show a relatively higher continuum slope than the library spectra that may indicate differences in weathering [70], which generally mantles the uppermost surface of rocks, differences in geometry of data acquisition or may be related to presence of mineral mixtures.



The image and library reflectance spectra of dolomite are characterized by broad absorption near 2.31 µm due to Mg-OH stretching (Figure 5b). It is important to note that the reflectance spectra of dolomite and calcite show a high degree of similarity in the spectral shape of the absorption feature. However, dolomite can be distinguished from calcite based on a subtle shift in the absorption feature position near 2.31 µm for dolomite versus 2.33 µm for calcite [71].



The reflectance spectra of talc are characterized by a doublet near 2.31 µm and a minor but important diagnostic absorption feature near 2.38 µm [72] (Figure 5c). The shape of major absorption features near 2.31 and 2.38 µm of the image and the library spectra of talc are in close agreement (Figure 5c). The doublet near 2.31 µm is more prominent in the image spectra of talc than the library spectra. This indicates the presence of well-ordered Mg-rich talc compared to the library spectra, where the doublet is feeble [73,74]. The shape of the absorption feature near 2.31 µm is similar for both talc and dolomite. However, talc can be distinguished from spectrally similar dolomite by additional absorption features near 2.25 and 2.38 µm.



The library spectra of dolomite-calcite-talc (mixed in equal proportion) show close similarity with the image spectra (Figure 5d). Both spectra are characterized by major absorption features at 2.31 and 2.38 µm. However, subtle difference in the shape of the absorption feature between the image and the library spectra is observed. This may arise due to the mixing of constituent minerals (dolomite, calcite, and talc) in a different proportion in the image spectra than in the library spectra, or else the presence of minerals that do not have absorption features in the 2.0–2.5 µm spectral range. Nevertheless, based on the similarity of the image and the library spectra, the pixels showing such spectra are classified as an intimate mixture of dolomite-calcite-talc.



The mineral map also showed the presence of various clay minerals such as kaolinite, intimate mixture of kaolinite and muscovite, muscovite, halloysite, and dickite (Figure 4). It is hard to identify the presence of muscovite mixed with kaolinite as they both have an absorption feature at 2.20 µm, akin to montmorillonite/smectites. The main difference is the secondary absorption at 2.35 µm for muscovite or possibly the difference in depth between the 2.16 and 2.2 µm of the kaolinite doublet. The representative reflectance spectra of these minerals are extracted from locations marked in Figure 2 and are compared with the USGS library spectra. It should be noted that the reflectance spectra of clay minerals show absorptions near 1.4 and 1.9 µm related to the presence of OH/H2O. The contamination of the image spectra by atmospheric residuals at these wavelengths makes the inter-comparison ambiguous. Compensations for atmospheric water vapor absorptions are almost impossible as the amount of water vapor changes through space and time too quickly to be corrected properly. Therefore, the absorption feature near these wavelengths is not considered. The clay minerals lack diagnostic absorption features in 0.4–1.0 µm, and, therefore, this wavelength range is also not considered for inter-comparison.



The image and library spectra of kaolinite show major absorption feature near 2.20 µm and a doublet located at 2.16 µm (Figure 5e). The shape of the absorption feature near 2.20 µm of the image and library spectra are in good agreement, confirming the presence of kaolinite. The reflectance spectrum of halloysite (Figure 5f) is spectrally similar in shape to that of kaolinite. However, the doublet feature near 2.16 µm is more subdued in halloysite than kaolinite, enabling its discrimination from spectrally similar kaolinite. The strength of the doublet near 2.16 µm in kaolinite and halloysite is subtle and depends upon the crystallinity of kaolinite. Its shows higher strength (more depth) in the reflectance spectra with the well crystallized kaolinite than that of the poorly crystallized kaolinite [75]. Dickite also belongs to the kaolinite group of minerals and shows spectral resemblance to both kaolinite and halloysite (Figure 5g). However, the absorption feature near 2.16 µm is more prominent in dickite and leads to the development of a “w-shaped” feature, which is useful in discriminating it from spectrally similar kaolinite and halloysite. The reflectance spectrum of muscovite is characterised by a symmetrical absorption feature near 2.20 µm, and it has a less prominent but still important absorption feature near 2.35 µm (Figure 5h). Since the absorption feature near 2.20 µm is common in other clay minerals, the additional absorption features near 2.35 µm aid in the accurate identification of muscovite. The reflectance spectra of intimately mixed kaolinite and muscovite (Figure 5i) is very similar to that of kaolinite. However, the presence of a noticeable absorption feature near 2.35 µm in an intimate mixture of kaolinite and muscovite distinguishes it from kaolinite.



Overall, the inter-comparison of the library and image reflectance spectra indicates good agreement between the diagnostic absorption features. This indicates the derived mineral map is reliable and can be used for mineral detection and interpretation of alteration patterns.




4.3. Spectroscopic Characterization of Mineralized Area


The reflectance spectra of selected locations from the mineralized zone near Amalda are studied to understand the broad alteration pattern (Figure 6a,b). The reflectance spectra of talc (Talc1 and Talc2) show a clear absorption feature near 0.87 µm in addition to its characteristic doublet near 2.31 µm. The reflectance spectra of dolomite, illite, and the intimate mixture of kaolinite and muscovite also show feeble absorption near 0.85 µm in addition to their characteristic absorption feature near 2.33 and 2.20 µm. The absorption near 0.85 µm observed in the reflectance spectra of minerals indicates the presence of ferric oxides such as hematite, limonite, and goethite, while the presence of illite and the intimate mixture of kaolinite and muscovite indicates phyllic and argillic alteration.




4.4. Geological and Mineralogical Control of Talc Mineralization


To understand the mineralogical and geological control of talc mineralization, the Amalda and Ramgarh area (Figure 4) are studied as they contain economic mineralization of talc.



4.4.1. Amalda Area


In and around Amalda, the talc mineralization trends NE-SW, following the region’s general strike of lithological units. The primary talc mineralization follows the trend of the Jahazpur thrust, and its occurrence reduces significantly on either side of the thrust. In the eastern parts (west of Amalda), talc dominates spectrally; while near Kachola, spectral signatures of calcites and dolomites along with the talc are noted. The major alteration minerals associated with talc are clay minerals such as the intimate mixture of kaolinite and muscovite, illite, and dickite (Figure 7a) indicating argillic and phyllic alteration. It should be noted that the talc deposits of the Amalda and Kachola area are located adjacent to quartz-rich lithologies. The IBD map depicting the spatial distribution of iron oxides is shown in Figure 7b. High IBD values indicate iron enrichment and are seen in a reddish tone while zones appearing in greenish tone show the feeble presence of iron oxides. Zones with no data (masked area) of IBD represent vegetated/water-rich areas. It is observed that the major talc deposits in and around Amalda and Kachola show high IBD, indicating the association of iron-rich zones with talc mineralization.




4.4.2. Ramgarh Area


Similar to observations of the Amalda region, the talc mineralization in the Ramgarh area is also aligned along the Jahazpur thrust, located in the proximity of conglomerates/gritty quartzites, and is surrounded by clay minerals such as an intimate mixture of kaolinite and muscovite, illite, and dickite (Figure 8a), indicating phyllic and argillic alteration. It is to be noted that the intimate mixtures of calcite, dolomite, and talc are more dominant in Ramgarh as compared to Amalda. This may indicate a more complete conversion of dolomite to talc in Amalda as compared to the Ramgarh area. The IBD map shows significant iron enrichment associated with talc mineralization in the Ramgarh area (Figure 8b).



The talc mineralization in the Beermata region is associated with conglomerates/gritty quartzites, but the IBD map shows no major iron enrichment zones. However, the mineralized area shows the presence of clay minerals such as an intimate mixture of kaolinite and muscovite, illite, and dickite. In contrast, two iron-rich zones located south of Beermata (shown as rectangle in lower left part of Figure 8a,b) show iron enrichment and the presence of clay minerals (as intimate mixture of kaolinite and muscovite, illite, and dickite), and they are also located adjacent to conglomerates/gritty quartzites but do not show a spectral presence of talc, at least in the upper few microns,which constitutes the vertical depth of investigation in the present study. Since this area shows a phyllic and argillic alteration pattern, iron enrichment and is located in close proximity to quartz-rich lithologies, it may be considered as prospective zones for future talc exploration projects in the region. It should be noted that the zones of high IBDs along the Banas river bed may not be associated with mineralization, and that they may be indicative of the presence of iron-rich heavy minerals in river/placer deposits.



It is evident from the study that imaging spectroscopy has the potential to characterize the distribution of talc, associated hydrothermal alteration patterns, and iron enrichment. The joint use of the mineral and IBD map can act as an important guide for identifying the possible zone of talc mineralization. In the present study, we note one such zone located south of Beermata, which is located adjacent to silica-rich lithologies, shows iron enrichment, and has a characteristic alteration pattern similar to the known talc mineralization of the Amalda and Ramgarh areas. This may be taken up for a detailed ground-based investigation to prove its potential.






5. Discussion


5.1. Imagining Spectroscopy for Mapping Spectrally Similar Minerals


The high spatial (8 m) spectral resolution (5 nm) of AVIRIS-NG enables better characterization of the shape of absorption features, wavelength position corresponding to absorption minima, and doublets required for reliable and accurate identification of spectrally similar minerals. The focus of the present study is to map the spatial distribution of talc and associated alteration assemblages at high spatial resolution and decipher the process mechanism of talc formation. The talc group of minerals are often associated with serpentine and dolomite because the major mineralization of talc results from the serpentinization process, which involves hydrothermal alteration of ultramafic rocks [76] and the interaction of hydrothermal fluids with dolomites [77]. Though the spectra of talc and host rock (dolomite, serpentine) appear similar, there are subtle differences in the central wavelength of absorption features, the intensity of the doublet, and the spectral shape. In this study, an attempt was made to understand whether AVIRIS-NG with such high spectral resolution can help to discern talc from spectrally similar calcite, dolomite, and serpentines based on the shape of the absorption feature, the wavelength position of absorption minima near 2.31 µm, and the presence of a doublet near 2.27 µm. In addition, this work also explores the relevance of the high spatial resolution of AVIRIS-NG in resolving the alteration minerals, such as kaolinite, muscovite, halloysite, dickite, illite, and an intimate mixture of kaolinite and muscovites, based on subtle differences in the shape of the absorption feature near 2.20 µm and the presence/absence of an absorption feature near 2.35 µm. This is important for deciphering types of hydrothermal alterations (phyllic, argillic, and advanced argillic), which are characterized by the presence of key minerals such as muscovite, kaolinite, and dickite [78]. The spectral signatures of earth surface materials are complicated due to aerial and intimate mixing [79]. Intimate mixing is inherent to geological materials/rocks, since minerals are mixed at a microscopic scale [80]. The areal mixing arises due to the mixing of two or more materials at a macroscopic scale, such as rock and vegetation, and is less dominant at a finer spatial resolution. Intimate mixing is non-linear, and the abundance of mineral constituents can be obtained through complex unmixing models [81]. In the present study, intimate mixtures of kaolinite and muscovite, calcite and dolomite, and calcite-dolomite-talc are mapped based on matching the image spectra with the library spectra. As mentioned earlier, this study is more about identifying the closely resembling minerals than estimating the mineral abundance.



The absorption features of iron oxides such as hematite, goethite, and limonite located near 0.85 µm are broad, and they can be inferred from broadband multispectral remote sensing, too. However, the presence of large (~100 spectral channels) covering broad absorptions near 0.85 µm facilitates better and more reliable quantification of iron oxides. This study also demonstrates the potential of AVIRIS-NG for detailed characterization of alteration mineral assemblages and gossans in mineralized zones, which is not possible with broadband multispectral instruments. From these perspectives, this study attains significance in understanding the potentials of space-based hyperspectral imagers (e.g., PRISMA, EnMAP), and of airborne (AVIRIS-NG) and drone-based hyperspectral imaging in different scales of mineral mapping and characterization of hydrothermal alteration mineral assemblages, which are important for the discovery of new mineral deposits.




5.2. Mechanism of Talc Formation


The talc mineralization mapped by imaging spectroscopy datasets over the Jahazpur region is hosted by dolomites. The conversion of dolomite to talc is more complete in regions south of Amalda, while in the vicinity of Ramgarh, intimate mixtures of talc, calcite, and dolomite are noted. Major talc deposits are aligned parallel to the Jahazpur thrust, and they are located adjacent to conglomerates/gritty quartzites. Major clay minerals associated with talc mineralization in this region are an intimate mixture of kaolinite and muscovite, illite, and dickite. The iron-rich zones are aligned along the Jahazpur thrust, and they are associated with talc mineralization, especially in and around Amalda.



The majority of the talc mineralization occurs from the hydrothermal alteration of Mg-carbonate and serpentines [82], while some minor deposits can also result from Mg-rich sedimentary rocks [83]. The mineralogy of talc deposits depends on protolith, fluid composition, and pressure/temperature during mineralization. During the metamorphism of siliceous dolomites, talc is one of the first minerals to form [84]. The reaction between dolomite and silica-rich hydrothermal fluid involves the formation of talc and calcite along with release of carbon dioxide (Equation (11)).


3CaMg (CO3)2 + 4SiO2 + H2O → Mg3 (Si4O10)(OH)2 + 3CaCO3 + 3CO2



(11)







Talc mineralization in Jahazpur may have occurred due to the hydrothermal alteration of dolomites. It is plausible that hydrothermal fluid rich in Fe and silica may have reacted with dolomites. The possible fluid sources are granitic intrusion, metamorphic fluid generated by low-grade metamorphism, and fluid circulating in hydrothermal vents of the seafloor. The possibility of granitic intrusion as a fluid source is highly unlikely as the Neoarchean Jahazpur granite is part of the basement and is older than the Jahazpur supracrustal sequence [85]. The other possibility is metamorphic fluid. This may be a plausible source of fluid for talc mineralization as a Jahazpur group of rocks have undergone low-grade greenschist facies of metamorphism [47,61]. The silica, which is one of the prime requirements for talc mineralization within the dolomites, was possibly enriched in metamorphic/hydrothermal fluids by the dissolution of quartz from silica-rich lithologies such as quartzites and conglomerates. The alignment of talc deposits with the Jahazpur thrust suggests that it may have acted as a conduit for hydrothermal fluid.



There is also a strong possibility of talc mineralization by fluid circulating in hydrothermal vents of the seafloor. The dolomites of Jahazpur host low-grade iron deposits and contain iron-rich bands [61,62]. Such iron enrichment of dolomite is often associated with its interaction with iron and silica-rich fluids of hydrothermal vents. The source of iron and silica for the fluid is the leaching of basalts and komatiites, which are part of the ocean floor [86,87]. The presence of Fe3+ in tetrahedral and octahedral sites of talc has been reported from talc samples collected from submarine hydrothermal vents [74].



Talc can also form by retrograde reactions from tremolite or high-grade marbles [77,88,89]. However, the presence of tremolite has not been confirmed spectrally, hence the possibility that talc deposit is the result of prograde metamorphism.





6. Conclusions


The talc mineral mapping of Jahazpur shows the presence of talc, dolomite, and calcite along with clay minerals such as kaolinite, muscovite, an intimate mixture of kaolinite and muscovite, illite, dickite, and halloysite. The reflectance spectra of talc show a broad absorption feature near 0.85 µm and a doublet near 2.31 µm, indicating the presence of Fe in tetrahedral/octahedral sites and well-ordered Mg-rich talc in the region. Analysis of imaging spectroscopic data revealed that two major indicators of talc mineralization are (i) phyllic and argillic alteration characterized by the presence of clay minerals, such as an intimate mixture of kaolinite and muscovite, illite, dickite, and halloysite, and (ii) iron enrichment. The enrichment of dolomites by iron possibly indicates hydrothermal fluid circulation. The talc mineralization in the area is also controlled by the Jahazpur thrust and the presence of quartz-rich lithologies. Based on mineralogical evidence derived from imaging spectroscopy and ancillary geological information, the hydrothermal origin of talc mineralization is suggested. This demonstrates the potential of high spatial and spectral resolution imaging spectroscopic data for deciphering the process mechanism of mineralization.
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Figure 1. Location and geological map of the study area. The extent of AVIRIS-NG data is overlaid as magenta coloured rectangle. Source: Modified after Gupta et al. [47] and Pandit et al. [61]. 
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Figure 2. Illustration of complete band shape matching for image spectra of talc with library spectra of talc (a), dolomite (b), and calcite(c) in wavelength range of diagnostic absorption feature. 
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Figure 3. Reflectance spectra of iron-rich minerals goethite, hematite, jarosite, and limonite. The wavelength interval (0.75–1.25 µm) used for calculating the IBD is shaded in orange color. 
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Figure 4. Mineral map of the Jahazpur region. The area is dominated by talc and clay minerals. Two prominent regions of talc mineralization, marked in the rectangle, are investigated for mineralogical and geological control of talc mineralization. Locations (place names) are marked for reference. The image reflectance spectra are collected from locations (a–i) for comparison with library spectra. 
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Figure 5. Inter-comparison of reflectance spectra calcite (a), dolomite (b), talc (c), intimate mixture of dolomite, calcite and talc (d), kaolinite (e), halloysite (f), dickite (g), muscovite (h), and intimate mixture of kaolinite and muscovite (i) of image (red) and USGS spectral library (black) for locations marked in Figure 4. The vertical lines are placed at 2.31, 2.33, and 2.38 µm (a–d), and near 2.20 µm for (e–i). 
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Figure 6. Talc mineralization (seen in bright colour) west of Amalda (a). Reflectance spectra of minerals for locations marked in (a) are shown in (b). The dotted red coloured vertical lines are placed at 0.85, 2.20, and 2.31 µm. 
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Figure 7. Mineral (a) and IBD for iron oxide (b) map of Amalda area overlaid on Cartosat DEM. The extent of quartz-rich lithologies are overlaid as black (quartzites/orthoquartzites) and blue colored (conglomerates/gritty quartzites) polygons. The Jahazpur thrust (black colored line) is also shown. Blue arrows indicate the regions where talc mineralization is associated with iron enrichment. 
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Figure 8. Mineral (a) and IBD for iron oxides (b) map of the Ramgarh area overlaid on Cartosat DEM. The extent of quartz-rich lithologies are overlaid as black (quartzites/orthoquartzites) and blue colored (conglomerates/gritty quartzites) polygons. Jahazpur thrust (black colored line) is also shown. Blue arrows indicate the regions where talc mineralization is associated with iron enrichment. Black arrows indicate regions where talc mineralization is not accompanied by iron enrichment on IBD map. 
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