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ORIGINAL PAPER
 Ore mineral discrimination using hyperspectral remotesensing—a field-based spectral analysis
 U. A. B. Rajasimman Balasubramanian &
 J. Saravanavel & S. Gunasekaran
 Received: 1 March 2012 /Accepted: 16 October 2012# Saudi Society for Geosciences 2012
 Abstract Advanced Spaceborne Thermal Emission and Re-flection Radiometer data of Salem District and field-basedspectral observations using SVC HR 1024 spectral radiometeris used to make a clear discrimination of ore mineral depositsin parts of SalemDistrict of Tamil Nadu. Spectral analyses, oneof the most advanced techniques, are used to discriminate themagnesite deposits in the central northern part of Salem Dis-trict. Different spectral processes were used in ore discrimina-tion, which include the following: (1) atmospheric correction(FLAASH), (2) minimum noise fraction and (3) pixel purityindex preparation which helps in discrimination by matchingthese purest pixels with field spectral observations. Spectralangle mapper method is used to produce score between 0 and1, where the value of 1 makes a perfect match showing theexact ore deposit in the study area. Using these techniques, wewere able to find two ore deposits in the study area, i.e.magnesite and lateritic bauxite, recording different scores re-lated to their abundance.
 Keywords ASTER image . Spectral analysis . SAM .
 Ore deposit
 Introduction
 Hyperspectral imagery has been particularly very effective inmapping the lithological variations and the alterationminerals.
 Advanced Spaceborne Thermal Emission and Reflection Ra-diometer (ASTER) images can reveal successfully the miner-alogical variations and alterations induced by both physicaland chemical factors which represent the opening of mineralexplorations that could make a direct appeal of growth ineconomic conditions. Spectral mappingmethods such as spec-tral angle mapper technique were adopted by many research-ers for lithological discriminations, vegetation analysis, etc. inremote sensing studies. These algorithms are implementedbased on the comparative analysis of the spectral responsesof the purest materials that are observed in the field with thepixel spectrum of the purest pixels.
 Reflectance spectra of the samples are obtained using aportable spectral radiometer “SVC HR 1024” that covers thewide range of spectrum from 0.35 to 2.5 μm, i.e. covers thespectrum ranges of visible light, visible and near-infrared(VNIR) and short-wave infrared (SWIR). These ranges ofspectrum can be easily applied for analysis over ASTERimage, since the ranges covered in ASTER are merely closeto them as cited in Table 1. The obtained spectrum in the fieldshows absorption features in the visible to short-wave infraredwavelength region of the EM spectrum, caused primarily byelectronic transitions and vibrational transitions. The purposeof the study is to employ spectral angle mapper technique onthe ASTER data using field-observed spectral reflectance datato discriminate the mineral ore deposits in the study area.Analysis focuses on the spatial distribution of the main depos-its of mineral ore like magnesite, lateritic bauxite, etc.
 Geological review
 The study area of the Salem District is endowed with eco-nomically exploitable deposits magnesite, bauxite and min-erals such as quartz, etc. The area is made up of high-gradesupra-crustals of Archaean age, comprising khondalitegroup, charnockites group and satyamangalam group andyounger intrusive alkaline syenite–carbonatite complex, ul-tramafic, basic and acid rocks. The khondalite group occurs
 U. A. B. R. Balasubramanian (*) : J. Saravanavel :S. GunasekaranCentre for Remote Sensing, Bharathidasan University,Khajamalai Campus,Tiruchirappalli 620 023, Indiae-mail: [email protected]
 J. Saravanavele-mail: [email protected]
 S. Gunasekarane-mail: [email protected]
 Arab J GeosciDOI 10.1007/s12517-012-0721-4
 Author's personal copy
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as dismembered parallel lenses of varying width and lengthin the Attur valley. It comprises garnetiferous silimanitegneiss as interbands within charnockites. The charnockitesin the Shevaroy Hills are altered to bauxite and laterite.
 The most prominent deposit of magnesite is located inChalk Hills of Salem over an area of 17 km2 and estimatedto be 44 million tons. This is used by Burn & Co, TAN-MAG, TATA Refractories, Dalmia and Ramakrishna mag-nesite for the manufacture of dead burnt magnesite andcalcined magnesite. In Shevaroy Hills of Yercaud taluk,six bauxite occurrences are known in Semmaduvu, Manja-kuttai and Puliyur villages. The bauxite is being exploitedby MALCO for their aluminium plant at Mettur Dam.
 Materials and methods
 The ASTER data used in this study are level 1B data; it is pre-georeferenced to geographical latitude/longitude with WGS-1984 datum. The SWIR spectrum data of the ASTER are thenresampled to VNIR spectrum data so that all the 9band datawhich are taken for the analysis could have the same 15×15-m pixel size. Atmospheric correction (FLAASH) was appliedon the ASTER data and vegetation index (NDVI) was calcu-lated to mask the vegetation canopy in the study area.
 The study mainly carried out into two levels. Of which,the first category deals with the comparative study of spec-tral reflectance obtained using the spectral radiometer withthe USGS and JHU spectral library for various rocks andminerals. The second category is to validate the spectralsignatures over ASTER image analysis under various digitalimage processing techniques.
 SVC HR1024—a spectral radiometer—was used to ac-quire field sample reflectance in the study area. The ob-served sites of the field samples are tabulated in Table 2.
 Selection of minerals
 Out of 27 minerals present in Salem District, four samplesare selected for analysis according to the availability of areaof interest. The main aim of this study is to make a cleardiscrimination of ore minerals like magnesite along withminerals like quartz, orthoclase and anorthosite; this wasdone in such a way that the mineral has varied physicalproperties(Table 3) within the study area.
 Field spectral response curves
 The field spectral signatures of the minerals are shown inFig. 1. After collecting the spectral curves for every indi-vidual mineral, they are then correlated with the spectrallibrary of USGS for the same minerals. By this correlation,the following characters are studied:
 (a) Spectral character of QuartzFigure 2a shows the USGS spectral curve for quartz;
 the spectral signature shows the absorption at twowavelengths: the first one is at 1,440 nm and finalabsorption is at 2,180 nm. Even though the field spec-tral observation (b) shows a fluctuation of absorptionand reflection at 1,800 and 2,500 nm, they show sim-ilar absorption characteristics at both 1,480 and2,000 nm. Thus, the spectral signatures are similar inboth the USGS and field absorption.
 (b) Spectral character of OrthoclaseFigure 3a, b displays that the spectral signatures
 show absorption points at 1,440, 1,920 and 2,150 nmand flow in a similar pattern of curve. Thus, the spec-tral signatures are similar in both the USGS and SVCspectral signature curves.
 (c) Spectral character of AnorthiteFigure 4a, b displays that the spectral signature of
 anorthite shows absorption points at 1,415, 1,945 and2,337 nm. Though the spectral flow is not so similar toUSGS curve pattern, the field spectra consist of
 Table 1 Spectral ranges covered in ASTER multispectral images
 Subsystem Band Spectral range Spatialresolution
 Quantizationlevels
 VNIR 1 0.52–0.60 15 m 8 bits2 0.63–0.69
 3 N 0.78–0.86
 3B 0.78–0.86
 SWIR 4 1.60–1.70 30 m 8 bits5 2.145–2.185
 6 2.185–2.225
 7 2.235–2.285
 8 2.295–2.365
 9 2.360–2.430
 TIR 10 8.125–8.475 90 m 12 bits11 8.475–8.825
 12 8.925–9.275
 13 10.25–10.95
 14 10.95–11.65
 Table 2 Observed sites of field sample
 Sl. no. Sample Location Latitude Longitude
 1 Magnesite Magnesite mine 11.72267 78.16755
 2 Magnesite Kanjamalai 11.62315 78.03911
 3 Quartz Kanjamalai West 11.61882 78.02157
 4 Orthoclase Sankagiri 11.495452 77.87821
 5 Anorthite Sithampundi 11.3333 78.02
 Arab J Geosci
 Author's personal copy
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absorption and reflection points same as those of theUSGS. Hence, it can be concluded from the spectralsignatures that they are similar.
 (d) Spectral character of MagnesiteSimilarly, Fig. 5a, b displays that the spectral
 signatures of magnesite show absorptions at 1,480,1,990 and 2,300 nm. Here, the magnesite was collectedfrom the magnesite mine. Plot b shows a clear portraitpattern of spectral response curve as that of the USGSspectral library. Although the spectral response curve
 Table 3 Minerals and their physical properties
 Mineral Color Cleavage Fracture Transparency Hardness Sp. gravity Occurrence Chemicalcomposition
 Quartz Colorless Absent Concoidal Transparent 7 2.65 Acid igneous rock SiO2
 Orthoclase Pink Two set Concoidal Sub transparent totranslucent
 6.0–6.5 2.56 Alkali and acidigneous rocks
 KAlSi3O8
 Magnesite White Perfectrhombohedral
 Concoidal Transparent toOpaque
 3.5–4.5 3–4.8 Irregular veins andfracture zones
 MgCo3
 Anorthite Grey Two set Concoidal toUneven
 Sub transparent totranslucent
 6.0–6.5 2.56 Alkali and acidigneous rocks
 CaAl2Si2O8
 Fig. 1 Field spectralobservation map
 Arab J Geosci
 Author's personal copy
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of the magnesite observed in Kanjamalai Hills, whichshows undefined hikes and drops in-between the ab-sorption and reflection wavelengths, may be caused bythe weathering properties present in the field sample, itmay also be due to manual interruptions or to theinfluence of shadow effect while making the observa-tion. Thus, the spectral signatures collected from themagnesite mine are considered as the true grade ofmagnesite and it is taken for the analysis.
 Observations
 From the comparative analysis of the spectral responsecurves of the selected minerals (Clark 1999), it is observedthat the spectral pattern is followed in their response flow byacquiring the reflection and absorption pattern and it gets
 varied in their mode only at the presence of weatheringcharacter or the presence of soil particles over it.
 Spectral analysis with ASTER image
 The ASTER data L1B are used for this process. It is atmo-spherically corrected using the FLAASH module by enter-ing the parameters like scene and sensor information, sensoraltitude, ground elevation, scene centre location (latitudeand longitude), flight time GMT, flight date, atmosphericmodel, aerosol model, etc.; these corresponding details arecollected from the metadata of the ASTER.HDF file.
 After the data are atmospherically corrected, the DNvalue of the data now shows the original reflectance valueof the terrain features. Then, the atmospherically correcteddata (Fig. 6a) are to be made vegetation-free data so thatfurther analysis will not be interrupted by the vegetationvalue of the study area. For this process, the image is
 Fig. 2 Spectral properties of quartz observed in both USGS library and field spectra collection
 Fig. 3 Spectral properties of orthoclase observed in both USGS library and field spectra collection
 Arab J Geosci
 Author's personal copy
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calibrated with NDVI module to identify the vegetationindices of the study area, and by studying the vegetationstatistics of the terrain, the minimum and maximum valuesare noted (minimum, −4.0149344; maximum 0.891533).Here, the maximum value indicates very thick vegetationpresent in the area. Particularly in the study area, ShevaroyHills is covered by thick forest vegetation. And some of thearea is covered by agricultural plantation. The conversionand change in the spectral characteristics are clearly ob-served in Fig. 6.
 To remove the vegetation canopy in the study area,masking technique is used were a mask is created with thelow abundance value which is calculated using the formula
 NDVI ¼ NIRþ REDð Þ= NIR� REDð Þ:From the resultant output, the minimum (−4.014493) and
 maximum (0.591533) values are noted and saved as mask-ing layer which is then applied over the atmospherically
 corrected image that makes the thick canopy of vegetationcover present in the study area get masked and a new imageis created with minimum vegetation influence for everyindividual VNIR and SWIR bands’ data. This masked im-age (Fig. 6b) is more prompt for analysing the lithology byspectral analyses’ techniques.
 The newly saved masked image is processed withminimum noise fraction–forward rotation statistics toidentify the spectral anomalies in the image which actsas the indicative of alterations. MNF rotation transformsto determine the inherent dimensionality of image data,to segregate noise in the data and to reduce the computationalrequirements for subsequent processing (Boardman and Kruse1994).
 The MNF transform as modified from Green et al. andimplemented in ENVI is a linear transformation that consistsof the following separate principal components analysisrotations:
 Fig. 4 Spectral properties of anorthite observed in both USGS library and field spectra collection
 Fig. 5 Spectral properties of magnesite observed in both USGS library and field spectra collection
 Arab J Geosci
 Author's personal copy
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Fig. 6 a The atmospherically corrected image and b the vegetation DNs’ masked output
 Fig. 7 Minimum noise fraction forward rotation output of ASTER bands
 Arab J Geosci
 Author's personal copy
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& The first rotation uses the principal components of thenoise covariance matrix to decorrelate and rescale thenoise in the data (a process known as noise whitening),resulting in transformed data in which the noise has unitvariance and no band-to-band correlations.
 & The second rotation uses the principal components de-rived from the original image data after they have beennoise-whitened by the first rotation and rescaled by thenoise standard deviation. Since further spectral process-ing will occur, the inherent dimensionality of the data isdetermined by examining the final eigenvalues and theassociated images.
 The output band ofMNF rotation (Fig. 7) is processed to getpure pixels since the dimensionality is calculated from thevariance level acquitted from bands 1, 2, 3, 4, 5, 7 and 8, andtheir noise is reduced to further process for the identification oftheir standard deviation reflectance value, i.e. 2.800, which wasdone to delineate the purer pixels from more mixed pixels.
 From the delineated end members, it is further categorisedas region of interest that is prepared for the minerals identifiedby the maximum score values. For this categorisation ofregion of interest, these end members are subjected to n-dimension visualisations where it can be correlated, throughspectral analysis, with the spectral library that is preparedusing the calibrated spectral signatures of minerals collectedfrom the field using spectral radiometer. By correlating theend members with the spectral data acquired in field observa-tion, the pure pixels show maximum of 1.023 for the spectralsignature of magnesite but the other minerals did not maketheir scores up to their level in the pure pixel ranges of thestudy area; hence, there is no categorisation of the mineralslike quartz, orthoclase and anorthite. So the end members arecorrelated with the USGS inbuilt spectral library for anysuspects of categorisation. Here, the end members had shownmaximum scores for lateritic bauxite and charnockite, so theyare also categorised in to region of interest based on theirmaximum scores for the corresponding mineral spectra in
 Fig. 8 Spectral angle mapperclass image for the selectedROIs
 Arab J Geosci
 Author's personal copy
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the library. For these categorised end members, region ofinterest is applied over the VNIR and SWIR bands of ASTERdata in spectral angle mapping technique. The angle of spec-tral identification is set to a default value of 0.2°. On applyingthe spectral angle mapper (SAM) process over the ASTER 9band data (Crosta et al. 2003; Crósta and De Souza Filho2000; Kruse and Perry 2006; Gersman et al. 2007; Das 2002),the SAM rule images for the identified minerals and rocks(region of interest (ROI)) (Lênio Soares et al. 2005). Afterdefining the default threshold values for the correspondingROIs, it prepares the SAM class image that shows the actualposition of occurrence of the targeted minerals as shown inFig. 8; the resultant image shows a clear distinction for everyROI (Tangestani 2006).
 Since the canopy was thick over the mountain region,there are no pure pixels selected in those areas, so theresultant output of SAM does not show much variation inits processing for the area and it remains the same as thatwhich appeared after vegetation was masked. Hence, thoseareas are lithologically marked as unknown.
 Result and conclusion
 From the analysis of ASTER using the field observationdata, it is concluded that the instrument used for fieldanalysis is more similar as the ASTER sensor. Since theSAM analysis was attempted with nine-band data of ASTERusing the field observation which consists of the same wave-length signature, it is proved that the field observation usingthe device can be directly applied for ASTER analysis withoutresampling them as what is done for USGS spectra. TheUSGS spectra cover a wide range of wavelength from 0.35to 14.00 μm, so in the case of spectral analysis with ASTER, itis required to resample them to ASTER wavelengths toacquire the best result.
 Moreover, with the spectral analysis over thick canopy, itwas impossible to discriminate the lithology beneath it butthe overall influence of vegetation mask can be reduced tomake a perfect result. The calibration of the instrument datawith USGS had been made up to an acceptance level only;
 the change of values of the minerals between USGS spectraand device spectra may be the alteration representation/influence of sediments or foreign matters over it/the grada-tion change of weathering processes. The lab analysis ofevery mineral under lab condition may give the evidences ofcause of the change in values of the spectra.
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