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Mineral mapping
applications
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Imaging spectrometry for mineral mapping
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Over view of HyMAP scenes
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Imaging spectrometry for mineral mapping
Alt erat ion map of t he Rodalqui lar area

(Source: Arribas Jr. et al., 1995)



Imaging spectrometry for mineral mapping
Alt erat ion map of t he Rodalqui lar area

(Source: Arribas Jr. et al., 1995)



Rodalqui lar cl i ckable map

This interact ive map
allows to browse some
images of the area,
look at  photographs,
videos, 360 degree
photos of the area to
get  acquainted with
Rodalquilar.

In the exercise on
HyMAP Rodalquilar we
use this map to
validate some of the
results of image
processing.
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Hydr ot her mal syst em

Eastern margin of the Lomilla caldera



Imaging spectrometry for mineral mapping

Hydr ot her mal syst em

Alunite



Imaging spectrometry for mineral mapping

Hydr ot her mal syst em



Imaging spectrometry for mineral mapping
Hydr ot her mal syst em

View looking east of t he Rodalquilar gold processing works and
associated tail ings, SE Spain



Imaging spectrometry for mineral mapping

Hydr ot her mal syst em



Imaging spectrometry for mineral mapping
ASTER
Color composite: RGB = bands 3, 2,1

What geological feature
can you ident ify in the
image (think of lithological
units, faults, etc)?

Dark oval units -> graphite
schists units; Linear range
of hills -> Carboneras fault ; 
Oval crater near hill top:

volcano crater; etc.

Graphite
schists

Carboneras 
fault

Volcanic crater
- Gabo de Gata volcanics 
-



Imaging spectrometry for mineral mapping

3D surface view of color composite: RGB = bands 4, 6, 8



Ratio band 4 / band 6 False color composite

Alteration centers

ASTERband rat io show al t erat ion cent er s

Imaging spectrometry for mineral mapping



Imaging spectrometry for mineral mapping

Band ratio
4/6

Field-based alteration map (Arribas, 1995)



Imaging spectrometry for mineral mapping

SAM rule images from HyMAP



Imaging spectrometry for mineral mapping

Pathfinder minerals from HyMAP



Geomorphological
applications



Geomorhological applications

The Huércal-Overa Basin (Eastern Betic cordilleras) 
is characterized by an alternating aggradational and 
dissectional geomorphologic pattern linked to the
ramblas in a Quaternary active tectonic context. 
From field-work, mapping, and spectroscopy several
stages of Quaternary landscape evolution can be 
distinguished.

Spectral response of Quaternary landforms
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Landscape characteristics
Several geomorphological elements define the
actual landscape configuration:

• The relatively broad Almanzora river valley which reaches partially follow
previous tectonic trends.

• The presence of several terrace levels, the older ones forming buttes.

• Several small mountain fronts, generally not exceeding 4 km in length, with
alluvial fans development at their footslopes.

• Highly dissected Neogene rocks and sediments originating badlands
in the marly lithologies.

• In the background, the higher reliefs from the substratum with metamorphic
rocks.
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METHOD

A) Field-work, conventional mapping and sampling of the
Quaternary morpho-sedimentary units.

B) Mineralogical analysis of samples through X-Ray
Diffraction. 

C) Analysis of the spectral response through Laboratory
Reflectance Spectroscopy.

D) Comparation between laboratory spectral response 
and satellite images.

Spectral response of Quaternary landforms



Location of Landsat-5 TM bands according to 
wavelength

Spectral response of Quaternary landforms



X-Ray Diffraction Analysis

General results:

 High quantities of quartz and phyllosilicates

 Lower quantities of feldspars and calcite

 Ocasionally dolomite and gypsum

Spectral response of Quaternary landforms



Spectral analysis

The obtained spectral curves present:

 High similarity

 Difficult interpretation due to the presence of mineral 
mixtures

Spectral response of Quaternary landforms



Spectral characteristics
according to overall
reflectance and carbonate 
content

Spectral response of Quaternary landforms
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Sample Carbonate
(%)

Overall
reflectance (%)

Relative
age

A1 0 39,5 6
A2 5 41,3 5
A3 3 42,6 5
A4 7 31,4 5
A5 4 40,4 5
A6 0 36,5 6
A7 1 31 7
B1 17 48,9 2
B2 23 42,3 4
B3 13 50 5
B4 17 43,8 5
C1 62 73,3 4
C2 40 64,5 4
C3 35 57,2 4
C4 36 52,6 4

Sample groups
according to the

carbonate content
(group A, < 10%; group
B, 10 –30%; group C, > 

30%)
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Spectral characteristics according to relative ages

Spectral response of Quaternary landforms



Composición en color (4,5,3)

Spectral response of Quaternary landforms



Supervised classification, from the TM multispectral dataset (6 bandas)

Spectral response of Quaternary landforms
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Density slices for band ratio 3/1. Fe-oxides content

Spectral response of Quaternary landforms



Precission results obteined for the supervised classifications by

means of the contingency matrix and index

FILES PRECISSION COEFICIENT (%) INDEX

almfinh 86’3691 0’8526
cc451 74’3702 0’7254
cc135 71’0843 0’6900
cc453 72’9463 0’7090
cc742 68’7842 0’6646
ratio 75’2464 0’7338
cp123 77’7656 0’7614

Spectral response of Quaternary landforms
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Number of pixels correctly classified in the multispectral dataset
compared to the conventional map

Spectral response of Quaternary landforms



From the spectral and compositional studies, the observed
differences between fan surfaces in the TM sensor images are 
related to the carbonate content.

These differences are associated with the overall reflectance: 
there is a direct relationship between the overall reflectance
and the carbonate content.

The spectral responses can be related to several stages in 
landscape evolution due to the fact that, generally, older
morpho-sedimentary levels show a greater calcium carbonate 
content, a higher topographical position and more dissected
fan surfaces.

CONCLUSIONS

Spectral response of Quaternary landforms
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Neotectonic and paleoseismological applications

Actual

Holocene

Late Pleistocene - Holocene
Late Pleistocene

Middle-late Pleistocene

Middle Pleistocene
Early-middle Pleistocene
Early Pleistocene

Pliocene - early Pleistocene

Neogene

Pre-Neogene (Betic Units)

Relative chronology

Sub stratu m 

García-Meléndez, E.; Goy, J.L.; Zazo, C. (2003): Neotectonics and 
Plio-Quaternary landscape development within the eastern Huércal-Overa Basin 
(Betic Cordilleras, Southeast Spain). Geomorphology, 50: 111-133.



Neotectonic and paleoseismological applications

Masana, E., Pallàs, R., Perea, H., Ortuño, M., Martínez-Díaz, J.J., García-Meléndez, E., and Santanach, P.(2005): 
Large Holocene morphogenic earthquakes along the Albox fault, Betic Cordillera, Spain: Journal
of Geodynamics, v. 40, p. 119–133



Neotectonic and paleoseismological applications

Source: García-Meléndez (2000)



Masana, E., Pallàs, R., Perea, H., Ortuño, M., Martínez-Díaz, J.J., García-Meléndez, E., and Santanach, P.(2005): 
Large Holocene morphogenic earthquakes along the Albox fault, Betic Cordillera, Spain: Journal
of Geodynamics, v. 40, p. 119–133
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Color composite (CP1, CP2, CP3) from Landsat 5 TM, Huércal-Overa (Almería)

Neotectonic and paleoseismological applications



Color composite (5/4,5,3/1) from Landsat 5 TM, Huércal-Overa (Almería)

Neotectonic and paleoseismological applications









Neotectonic and paleoseismological applications

Source: García-Meléndez (2000)
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Source: García-Meléndez (2000)



Field imaging spectroscopy

 Paleoseismology is the study of the timing and size of past (prehistory) 
earthquakes, commonly resolved through structural and stratigraphic 
analysis of deformed sediments at sites of recent sedimentation along a 
fault.

 Paleoseismological studies are important in understanding the long-
term production of large earthquakes along a fault or system of faults, 
critical elements in seismic hazard studies.

Neotectonic and paleoseismological applications



Field imaging spectroscopy

 The current methodology employed to study the earthquake history of a 
site typically involves excavating trenches across a fault and 
documenting the exposed stratigraphy and structure by careful logging, 
either on paper and/or on photographs.

 Stratigraphic units are usually defined by color, mineralogical 
composition, grain size, lateral continuity, and the presence or absence 
of pedogenic features.

 Imaging spectroscopy is a technique useful to enhance or resolve subtle 
stratigraphy, especially where fine bedding is obscure or 
indistinguishable with the human eye.

Neotectonic and paleoseismological applications



The first work:
Field imaging spectroscopy: A new methodology to assist the description, interpretation, 
and archiving of paleoseismological information from faulted exposures
Ragona, D.; Minster, B.; Rockwell, T.; Jussila, J. (2006)
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 111, B10309, doi:10.1029/2006JB004267

Field imaging spectroscopy
Neotectonic and paleoseismological applications

Employement of portable hyperspectral cameras to 
acquire field-based visible near-infrared (VNIR) and 
short-wave infrared (SWIR) high patial/spectral 
resolution images



 1- Acquisition of high-spatial resolution (submillimeter) spectral data of a 
large sample (60 x 60 cm) and four cores (7.5 x 60 cm) of faulted 
sediments from a paleoseismic excavation using portable push broom 
AISA hyperspectral scanner.

 2- Processing of data: 244 (VNIR) and 245 (SWIR) narrow contiguous 
spectral bands between 400 and 1000 and 960 to 2403 nm, respectively, 
to obtain the reflectance spectra at each pixel.

Field imaging spectroscopy
Neotectonic and paleoseismological applications

Source: Ragona et al. (2006)



Ortuno, M., Masana, E., Garcia-Melendez, E., Martinez-Diaz, J., Stepancikova, P., Cunha, P.P., Sohbati, R., Canora, C., 
Buylaert, J.P., Murray, A.S., 2012. An exceptionally long paleoseismic record of a slow-moving fault: the Alhama de Murcia fault 
(Eastern Betic shear zone, Spain). Geol. Soc. Am. Bull. 124, 1474 -1494.

Field imaging spectroscopy
Neotectonic and paleoseismological applications



Masana, E., Pallàs, R., Perea, H., Ortuño, M., Martínez-Díaz, J.J., García-Meléndez, E., and Santanach, P. 
(2005), Large Holocene morphogenic earthquakes along the Albox fault, Betic Cordillera, Spain: Journal of 
Geodynamics, v. 40, p. 119–133

Field imaging spectroscopy
Neotectonic and paleoseismological applications



Field imaging spectroscopy
Neotectonic and paleoseismological applications

From: Walker, B. (2014). Range, Moisture, and Spatial Resolution Comparison of Fault 
Stratigraphy Using Hyperspectral Imagery. MSc. Thesis, San Diego State University
http://sci.sdsu.edu/geology/thesis-defense-brendon-walker-range-moisture-and-spatial-resolution-comparison-of-
fault-stratigraphy-using-hyperspectral-imagery/



(c) A false color composite of SWIR bands 
(1169, 1775, and 2368 nm) of the large sample 
box (compare with Figure 2a)

Numbers 1 to 4 and color circles indicate the 
location of the spectra shown in Figure 3.

(e) Decorrelation stretch of the SWIR image 
shown in Figure 2c. The enhancement in 
colors helps to define the stratigraphic units 
and the correlation of layers across the fault 
zone. Letters a to e correspond to stratigraphic 
units at both sides of the fault. The diamond 
spectrum (representative of unit c) was used  
for classification SAM in the next slide

Paleoseismological site located at 
San Jacinto fault, California

The preprocessed hyperspectral image
has 1206 x1521 pixels (width and height, respectively) 
and 245 reflectance bands ranging from 996 to 2403 nm
(SWIR).

Source: Ragona et al. (2006)



 Application of the MNF algorithm that, in contrast to principal 
component analysis, always produces new components ordered by 
image quality. The MNF images enhanced many of the features 
already observable in the infrared color composite and decorrelation 
stretch image from the previous slide

 From the 245 bands, 10 MNF bands were selected containing
significant geological information and 99.8 percent of the variance of 
the data set

 Application of the  spectral angle mapper (SAM) algorithm for 
supervised classification to test the validity of spectral correlations 
across the fault zone. The diamond spectrum was selected to find
pixels with similar response

Field imaging spectroscopy
Neotectonic and paleoseismological applications

Source: Ragona et al. (2006)



Field imaging spectroscopy
Neotectonic and paleoseismological applications

Figure 4. (a) A SAM classification using the 245 bands of the SWIR data set for the large box sample (Figure 2c). The classification was based on a 
single pixel (x188, y774) as the reference. The tolerance angle chosen was 0.016 rad. White pixels show the areas of the image with spectral angle 
less or equal than 0.016 (from a total range expanding from 0 to 0.59 rad, where smaller numbers indicate higher spectral similarity). Black are 
pixels with spectral angle bigger than 0.016. The letter c indicates the correlated horizons across the fault zone which are equivalent to horizon c in 
Figure 2e. (b and c) Detail areas of the SAM image where we found the highest density of pixels that are similar to the reference spectrum.

Source: Ragona et al. (2006)



The comparation of the hyperspectral images to those 
recorded by a digital camera as well as directly to the 
field sample, show that the reflectance properties of the 
materials in the SWIR region cannot only enhance the 
visualization of the sedimentary layers and other 
features that are not obvious to the human eye but can 
also make visible many detailed features that were not 
visible in the digital photography

Field imaging spectroscopy
Neotectonic and paleoseismological applications



Acid mine 
drainage mapping



A  2008

B  2009

Hematite Fe2O3
Goethite FeO(OH)
Ferrihydrite Fe3+

2O3·0.5(H2O)
Jarosite (SO4)2KFe3(OH)6
Alunite KAl3(SO4)2(OH)6
Gypsum SO4Ca.2H2O
Fibroferrite Fe3+(SO4)(OH)·5(H2O)
Epsomite MgSO4·7(H2O) 
Schwertmannite Fe3+16O16(OH)12(SO4)2
Halotrichite Fe2+Al2(SO4)4·22(H2O)
Rhomboclase HFe3+(SO4)2·4(H2O)
Pickeringite MgAl2(SO4)4·22(H2O)
Paracoquimbite Fe3+

2(SO4)3·9(H2O)
Copiapite Fe2+Fe3+

4(SO4)6(OH)2·20(H2O)
Ferricopiapite Fe3+

0.6666
Fe3+

4(SO4)6(OH)2·20(H2O)
Szmolnokite Fe(SO4). H2O
Rozenite Fe2+(SO4)·4(H2O)
Melanterite Fe2+(SO4)·7(H2O)

The Odiel river at the first intense 
contamination input (Puente de los Cinco
Ojos). A: Map of river sediments compiled 
from Hymap data on 4th August 2008. B: 
Map of river sediments compiled from 
Hymap data on 24th August 2009. Legend 
including all minerals of the reference 
spectral library on minerals associated with 
iron sulphide mine waste products (Crowley 
et al, 2003).

Acid mine drainage mapping

Buzzi, J.; Riaza, A.; García-Meléndez, E.; Carrère, V.; Holzwarth, S. (2016): Monitoring of river contamination derived  from acid 
mine drainage using airborne imaging spectroscopy (Hymap data, South-West Spain. River Res. Applic., 32: 125-136



Acid mine drainage mapping 



Acid mine drainage mapping 
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Acid mine drainage mapping

2008

B

2008

E

2009

C
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Ferrihydrite Fe3+

2O3·0.5(H2O)
Jarosite (SO4)2KFe3(OH)6
Alunite KAl3(SO4)2(OH)6
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Pickeringite MgAl2(SO4)4·22(H2O)
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2(SO4)3·9(H2O)
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4(SO4)6(OH)2·20(H2O)
Szmolnokite Fe(SO4). H2O
Rozenite Fe2+(SO4)·4(H2O)
Melanterite Fe2+(SO4)·7(H2O)

The mill tailings dam: A, B and C: Maps 
compiled from Hymap data on the minerals 
product of oxidation and dehydration of sulphide 
sludge, on the three available flights on the 
southern mill tailings dam. Bluish and greenish 
colours concentrate on comparatively hydrated 
areas. Orange and dark red colour corresponds 
to oxidised end members. Dark blue is acid 
water stored behind the wall of the dam. Red 
arrows are locations of mud supply. D, E and F: 
Panoramic view of the mill tailings dam in the 
corresponding years 2005, 2008 and 2009.

2009

Buzzi , J.; Riaza , A.; García-Meléndez, E.; Weide, S.; Bachmann, M. (2014): Mapping Changes in a Recovering 
Mine Site with Hyperspectral Airborne HyMap Imagery (Sotiel, SW Spain). Minerals, 4: 313-329



Drill core
analysis



Drill – core analysis

Source: Ragona et al. (2006)
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applications



Droneborne hyperspectral images

Jakob,S.; Zimmermann, R; R. Gloaguen (2017): The Need for Accurate Geometric and Radiometric Corrections of 
Drone‐Borne Hyperspectral Data for Mineral Exploration: MEPHySTo—A Toolbox for Pre‐Processing Drone‐Borne 
Hyperspectral Data. Remote Sens., 9(1), 88; doi:10.3390/rs9010088



Imaging spectroscopy of geological samples and 
outcrops



Imaging spectroscopy of geological samples and 
outcrops
Greenberger, R.N.; Mustard, J.F.; Ehlmann, B.L.; Blaney, D.L.;  Cloutis, E.A.; Wilson, J.H.; Green, R.O.; Fraeman, 
A.A. (2015): Imaging spectroscopy of geological samples and outcrops: Novel insights from microns to meters. GSA 
Today, 25‐12: 4‐10

Figure 2. Hyperspectral image of a serpentinite sample with red and green coatings (Nor4-14, described in Greenberger et al., 2015b) from Norbestos, 
Quebec, Canada. (A) Photograph of the full rock. (B) Image showing spectral parameters that map calcite (red), serpentine (green), and a feature at 0.45 μm
(BD450; blue) due to tetrahedral Fe3+ within serpentine. The third dimension shows the reflectance as a function of wavelength for each pixel within the image, 
with black and purple being low and red high. (C) Plot with representative spectra of different units within the hyperspectral image. Colors correspond to colors 
in the spectral parameter image with locations numbered. Close-up views of the 0.45 μm feature are shown on the right. These images were acquired with 
Headwall Photonics Inc. High Efficiency Hyperspec® visible–near-infrared E-series (0.4–1.0 μm, 7 nm spectral resolution, 0.382 mrad instantaneous field of 
view) and High Efficiency Hyperspec® shortwave infrared X-series pushbroom systems (1.0–2.5 μm, 12 nm spectral resolution, 1.2 mrad instantaneous field of 
view) imaging spectrometers (see GSA Supplemental Data Repository [see footnote 1] for more information).



Figure 3. (A) Color composite image from a hyperspectral image acquired with the same imaging system used in Figure 2, approximating the true color 
of a pillow lava cross section. (B) Mineral indicator map showing calcite in red, a spectral slope indicative of the rind in green, and Fe/Mg-clay in blue. 
The cyan box shows the approximate location of the material on the adjacent cut face from which a thick section was prepared and imaged. (C) Mineral 
indicator and spectral parameter image of the thick section using the same parameters as (B). The dashed white outline shows the location of identified 
datolite. (D) Plot with spectral transect from the interior through the alteration rind (purple to green; location of transect shown in A). The spectrum of the 
innermost point (purple) reflects the oxidized, anhydrous nature of the interior matrix. Spectra of the rind (green) are consistent with an Fe/Mg-clay 
(chlorite and/or nontronite) and calcic clinopyroxenes. Guidelines show absorption features due to various molecular vibrations or other key spectral 
characteristics. A scaled, three-point moving average spectrum of datolite (black) acquired within the thick section is also shown. This figure is modified 
from data presented in Greenberger et al. (2015a).

Imaging spectroscopy of geological samples and 
outcrops



Figure 4. Image of the Murchison meteorite acquired with UCIS. (A) Near true color composite image of a cut face of the meteorite using hyperspectral data. (B) 
Mineral indicator map in which low-calcium pyroxene appears magenta, olivine is green, and water-bearing materials are blue. Close-up of two interesting 
regions of the meteorite with a (C) zone of altered olivine and (D) fragment of low-calcium pyroxene. Spectra from the USGS spectral library are shown in black 
and gold in (E)–(G) for comparison with meteorite spectra (Clark et al., 2007). (E) Spectra of olivinebearing spots with (dark green) and without (light green) 
spectral features indicative of hydration. (F) Spectrum of low-Ca pyroxene (shown in D), likely from a chondrule fragment. (G) Matrix materials within the 
chondritic sample are clearly water-bearing but are distinctive in composition from typical terrestrial chlorites and serpentines. The light blue spectrum is from 
(C).



Figure 5. (A) Color composite image approximating true color of an outcrop along Mills Creek imaged with UCIS. (B) Spectral parameter map.
Red is the band depth of a spectral feature at 2.21 μm (BD2210) due to Si-OH and/or Al-OH combination absorptions. Green is the band depth
of a feature at 2.31–2.32 μm (BD2310-20) likely due to Mg-OH combinations. Blue is the band depth of a feature at 2.34–2.35 μm (BD2340-50)
due to either a C-O combination in calcite or Fe-OH combinations in a mineral such as chlorite or epidote (Clark et al., 1990). (C) Schematic
lithostratigraphic section from area outlined in yellow boxes in (A) and (B) with colors corresponding to the colors in (B). Dark green layers have
weak Fe/Mg/Al clay features. Other colors correspond with minerals names under the stratigraphic section. (D) Example spectra of different
units with colors corresponding to (B) and (C). Locations of each spectrum are numbered on both images. Dashed lines are, from left to right, at
2.21, 2.31, and 2.34 μm, corresponding with the positions of spectral features mapped in (B). Spectral regions with terrestrial atmosphere are
removed and covered with light gray boxes.
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