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A B S T R A C T   

Delineating hydrothermal alteration and supergene caps is fundamental for mineral exploration of sulfide ores. 
The aim of this study is to apply a multi-scale workflow based on hyperspectral remote and proximal sensing data 
in order to delineate hydrothermal dolomitization and supergene alteration associated with the Mississippi 
Valley-Type Zn-Pb(-Ag) deposit of Jabali (Western Yemen). The area was investigated through hyperspectral 
images derived from the new launched Italian Space Agency’s PRISMA satellite, which has a higher spectral 
resolution compared to multispectral sensors and covers the mineral-diagnostic wavelength regions (such as the 
2100 nm to 2300 nm range) with a Signal to Noise Ratio (SNR) ≥ 100. Spectral mineral maps were produced 
through the band ratios method using specific feature extraction indices applied to the hyperspectral satellite 
data. The results were validated by using Visible Near InfraRed (VNIR) to Short Wave InfraRed (SWIR) reflec-
tance spectra, mineralogical (XRPD) and geochemical (ICP-ES/MS) analyses on rock samples collected in the 
Jabali area. The dolomites footprint was mapped using a PRISMA Level 2C image, by enhancing the spectral 
differences between limestones and dolomites in the SWIR-2 region (major features centered at 2340 nm and 
2320 nm, respectively). Gossans were detected due to the Fe3+ absorption band in the VNIR region at 900 nm. 
The Zn-Pb mineralized area, extended for approximately 25 km2, was thus identified by recognizing gossan 
occurrences in dolomites. The study demonstrates that the PRISMA satellite is effective in identifying Zn-Pb 
mineralized outcrops in sedimentary basins.   

1. Introduction 

Spectral remote sensing technology represents a tool that has been 
well-established in applied geology for over four decades (Bedini, 2017; 
Peyghambari and Zhang, 2021; and reference therein). The main aim of 
spectral remote sensing is to detect and quantitatively measure the 
earth’s surface materials, by using calibrated reflectance spectra 

acquired as images in hundreds of narrow and contiguous spectral 
bands, generally ranging from the Visible Near InfraRed (VNIR; 400 to 
1300 nm) to Short Wave InfraRed (SWIR; 1300 to 2600 nm) regions of 
the electromagnetic spectrum (Van der Meer et al., 2012). Several rock- 
forming and alteration minerals show diagnostic spectral absorptions in 
the VNIR, SWIR 1 (1300–1850 nm), and SWIR 2 (1850–2600 nm) 
wavelength ranges. These wavelength ranges are suitable for geological 
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spectral sensing applications as they provide mineralogical and 
geochemical information due to electronic transitions and vibrational 
processes in minerals (Clark et al., 1990). Characteristic spectral fea-
tures can be used for defining the occurrence and relative abundance of 
mineral species and their physicochemical variations (Laukamp et al., 
2021). Since its advent, geological remote sensing has been used as a 
tool for the exploration of mineral deposits. Even though spectral 
sensing has been applied to the study and exploration of several ore 
deposit types through different scales of observation (e.g., Lampinen 
et al., 2017; Bedini 2017; Laukamp et al., 2022, and references therein), 
its potential still remains underexplored for the investigation of several 
ore minerals of notable economic importance. At the same time, more 
advanced satellites are launched ever more frequently, making the 
available spectral data increasingly detailed in both the spatial and the 
spectral resolution (i.e. hyperspectral systems are characterized by a 
higher number of channels compared to multispectral sensors; Pey-
ghambari and Zhang, 2021). The present study aims to test the effec-
tiveness of the newly launched Italian Space Agency’s (ASI) PRISMA 
(Precursore IperSpettrale della Missione Applicativa) hyperspectral 
satellite for the exploration of carbonate-hosted base metal deposits. The 
application of hyperspectral remote sensing technology in the explora-
tion of carbonate-hosted base-metal and Mississippi Valley-type (MVT) 
deposits is challenging for two main reasons: (1) the limited wavelength 
range needed for distinguishing the carbonate minerals and, (2) the 
limited availability of hyperspectral imagery covering longer wave-
length regions where the carbonate minerals are active (Bedini 2017). 
Large scale features potentially allow the application of spectral remote 
sensing techniques to the exploration of carbonate-hosted ore deposits. 
They include, firstly, the hydrothermally derived dolomites, which in 
most cases are spatially and temporally associated with base-metal 
mineralization (Leach et al., 2005). Secondly, gossans, which are 
mostly composed of high amounts of Fe-oxides and hydroxides and 
associated with the supergene weathering of the buried sulfide ore-
bodies (Taylor 2011). In this study, we propose a methodology based on 
remote and proximal spectral sensing to infer the relative abundances 
and spatial distribution of specific minerals associated with the surface- 
exposed alteration products typically found together with the Zn-Pb 
mineralization in carbonate-hosted and MVT systems. Several methods 
are proposed in order to determine the respective absorption feature 
characteristics from hyperspectral reflectance spectra (see the review by 
Laukamp et al., 2021). Nevertheless, the classification of hyperspectral 

images can be very challenging for several reasons, including data noise, 
high data dimensionality, and redundancy, as well as the presence of 
mixed pixels and limited availability of training samples (Kale et al., 
2017). The feature-based band ratio approach (Laukamp 2022), instead, 
has several advantages. Firstly, it involves a small number of spectral 
bands, with the result that it is not computationally intensive. Secondly, 
it can be implemented following a transferable workflow for mapping 
lithology in almost all geological settings, and can be applied to all types 
of hyperspectral reflectance spectra that are collected by most of the 
imaging systems and sensors at different scales of observation, such as 
field spectrometers, drill core sensors, airborne sensors (e.g., HyMap, 
HyVista Corporation; AVIRIS, NASA/JPL) available on the market, and 
even some non-commercial spaceborne instruments (e.g., PRISMA, ASI; 
Hyperion), as in the present study.Table 1. 

Alongside several papers focusing on the ASI’s PRISMA hyper-
spectral sensor mission development, capabilities, performance analysis 
and potential uses and application fields (Amato et al., 2013; Pignatti 
et al., 2013; De Bonis et al., 2015; Loizzo et al., 2018; Cogliati et al., 
2021; and references therein), recent works using PRISMA images 
mainly focused on first assessment of the potential of PRISMA for 
detecting and classifying vegetation, forest types, agricultural applica-
tion, as well as land-use monitoring and hazard management (Pepe 
et al., 2020; Casa et al., 2020; Vangi et al., 2021). Other successful recent 
applications include water monitoring, as well as water quality assess-
ment (Giardino et al., 2020; Niroumand-Jadidi et al., 2020). Only 
limited studies focus on lithological mapping (e.g., (Bedini and Chen 
2020; Heller Pearlshtien et al., 2021, Laukamp, 2022). Geological ap-
plications of PRISMA images include till now: (1) the mapping of hy-
drothermal alteration assemblages; (2) delineating the spatial 
distribution of alteration minerals, for example, white micas associated 
with hydrothermal systems in the Cuprite area in Nevada, USA (Bedini 
and Chen 2020); (3) detecting CO2 emissions (Romaniello et al., 2021; 
Romaniello et al., 2022); as well as (4) mapping methane emission 
points at upstream facilities of the oil and gas industry (Guanter et al., 
2021). Heller Pearlshtien et al. (2021), instead, proposed a very detailed 
study based on the spectral performances of both Level 1 (L1 - radiance) 
and Level 2 (L2 - reflectance) PRISMA products over well-known 
geological features in the Makhtesh Ramon national park area in 
Israel. Specifically, the latter authors proceed by comparing hyper-
spectral PRISMA data to both AisaFENIX airborne hyperspectral and 
USGS spectral libraries data, demonstrating that PRISMA L1 products 

Table 1 
Reference spectral reflectance features of the main host-rock and supergene alteration minerals observed in the Jabali samples.  

Mineral Formula Characteristic spectral features in VNIR Characteristic spectral features in SWIR References 

Dolomite CaMg(CO3)2 Fe2+ broad double absorption band 
centered at 1200 nm (only for ferroan 
dolomites) 

CO3 at 2320 nm (major). Shifted to longer wavelengths 
for ferroan dolomites. 

Gaffey (1986) 

Calcite CaCO3 Fe2+ broad double absorption band 
centered at 1300 nm (only for ferroan 
calcites) 

CO3 at 1750 nm and 2160 nm (min); 2335 nm (major). 
Shifted to longer wavelengths for ferroan calcite. 

Gaffey (1986) 

Smithsonite ZnCO3 Red peak; broad depression at 
800–1200 nm 

CO3 at 2320 nm (min) and 2360 nm (major) McConachy et al. (2007) 

Hydrozincite Zn5(CO3)2(OH)6 Peak at 600 nm OH at 1430 nm and 1500 nm; CO3 at 2300 nm and 2390 
nm (major); min unknown at 1800 nm, 1850 nm, 1970 
nm and 2025 nm 

McConachy et al. (2007) 

Goethite α-FeO(OH) Peak at 764 nm; CTF at 480 nm and 670 
nm (min), and CFA at 940 nm (major) 

OH and H2O at 1451 nm and 1935 nm Crowley et al. (2003); 
Cudahy and Ramanaidou 
(1997) 

Hematite α-Fe2O3 Peak at 749 nm; CFA at 880 nm  Crowley et al. (2003); 
Cudahy and Ramanaidou 
(1997) 

Hemimorphite Zn4Si2O7(OH)2H2O  OH and H2O at 975 nm, 1160 nm, 1400 nm and 1940 nm; 
weak Zn–OH (?) at 2210 nm 

McConachy et al. (2007) 

Sauconite Na0,3Zn3(Si, 
Al)4O10(OH)2(H2O)  

H2O at 1910 nm and OH at 1420 nm; possible Zn–OH at 
2305 nm 

McConachy et al. (2007) 

Jarosite KFe3(SO4)2(OH)6 Peak at 717 nm; CFT at 437 nm and CFA 
at 911 nm (major) 

OH (and adsorbed H2O) at 1467 nm, 1849 nm and 1936 
nm; Fe-OH at 2264 

Crowley et al. (2003); 
Cudahy and Ramanaidou 
(1997)  
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provide an accurate spectral-based mapping of minerals over the 
Makhtesh Ramon area. Heller Pearlshtien et al. (2021) produced good 
results especially for Fe oxy-hydroxides (goethite and hematite), gypsum 
and clay minerals, while L2D products showed inaccuracies due to noise 
and reflectance interference across the SWIR-2 long-wavelengths region. 
However, on the latest specific point, by using the mineral absorption 
feature-based band ratios method, Laukamp (2022) could successfully 
use the L2D PRISMA products, being able to map bedrock geology and 
regolith in Rocklea Dome, Western Australia, considering SWIR-2-active 
minerals, like: chlorite, epidote and other minerals. 

The main aims of this study are to test the effectiveness of PRISMA as 
a tool for mineral exploration and to develop new workflows for iden-
tifying Zn-Pb mineralized areas. Specifically, we provide a new method 
for the extraction of mineralogical-chemical features related to 
carbonate-hosted and MVT ore deposits and related supergene alteration 
using PRISMA-derived data, in part interpreted by referencing field- 
based hyperspectral data. The method is focused on the depth of spe-
cific features, for the identification of ferric oxides- and carbonate- 
bearing rocks, which can be spectrally separated due to the main 
Fe3+- and CO3 ion-related absorption features in the VNIR and SWIR-2, 
respectively. Despite previous studies (e.g. Heller Pearlshtien et al., 

2021) encountering problems in mapping carbonate phases using L2 
PRISMA scenes, the method proposed in this study shows satisfactory 
results in mapping both limestones and dolomites. 

The test area selected for this study is the Jabali district in Yemen. 
The district is situated about 110 km to the north-east of the capital city 
Sana’a, on the northwestern margin of the Sab’atayn sedimentary basin 
which hosts the main hydrocarbon resources in Yemen (Christmann 
et al., 1989; Al Ganad et al., 1994) (Fig. 1a). The district also includes the 
Jabali Zn-Pb deposit, which is one of the most important Zn-Pb-(Ag) 
deposit of the Arabian shield (Mondillo et al., 2014). The entire dis-
trict was already field mapped by the Yemen Geological Survey 
(Christmann et al., 1989 and references therein). In addition, local 
spectral maps were produced using Landsat (MSS, TM, ETM + ), 
QuickBird, and ALOS AVNIR-2 multispectral satellite data (Deroin et al., 
2011, 2012), with satisfactory results in characterizing gossans and less 
accuracy with carbonate rocks. This information makes possible the 
validation of the PRISMA-derived maps at the district scale. For this 
study, a PRISMA level 2C (Bottom-Of-Atmosphere reflectance) datum 
was used for the detailed discrimination between distinct geological 
targets, since it covers at hyperspectral resolution at a sufficiently high 
signal-to-noise (SNR) ratio (Loizzo et al., 2018) for the wavelength 

Fig. 1. (a) Location of the Jabali mine site; (b) Simplified geological map of the western portion of the Sab’atayn basin. The known Zn-Pb occurrences are high-
lighted. M: Majnah Ba, Pb, Zn mineralized zone; H: Jabal Haylan gossans. Modified from (Christmann et al. 1989). (c) Schematic NNE cross-section showing the 
mineralization and the Jurassic sequence in the study area (section trace is shown in Fig. 1B). Modified from (Christmann et al. 1989). 
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Fig. 2. Geological map of the Jabali mining site with the location of the analyzed samples (modified from Mondillo et al. 2014; Santoro et al. 2015; SRK 
Consulting, 2005). 
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regions diagnostic of the target minerals. Several ground samples from 
the Jabali deposit were characterized through the use of field reflectance 
spectroscopy, X-ray powder diffraction (XRPD) with Quantitative phase 
analysis (QPA), and whole-rock geochemical analyses (ICP-MS/ES), for 
better interpretation of the satellite hyperspectral data. 

2. Geological setting 

2.1. Regional geology 

The Jabali ore deposit is located on the eastern flank of a local 
uplifted block, known as the Jabali-Majnah paleohorst, situated on the 
northwestern edge of the Late Jurassic-Early Cretaceous Marib-Al-Jawf/ 
Sab’atayn basin (Fig. 1b). The Sab’atayn basin has a NW-SE orientation 
resulting from the development of extensional faults along the pre- 
existing Precambrian basement wrench-faults. It is mainly character-
ized by Mesozoic pre-, syn- and post-rift sedimentary sequences, repre-
sented by fluviatile red beds of the Kuhlan Formation and shallow 
marine carbonate sequences of the Amran Group, transgressive over the 
Precambrian metavolcanic and metasedimentary basement rocks, con-
sisting of schists and quartzites intruded by granite and pegmatite (Al 
Ganad et al., 1994) (Fig. 1b, c). Tertiary alkaline granite bodies are 
present at Jabal as Saad, 15 km to the west of the Jabali mine site 
(Mondillo et al., 2014) (Fig. 1b). The Zn-Pb(-Ag) ores are mainly hosted 
by strongly dolomitized platform carbonates of the pre- to syn-rift 
Shuqra Formation (Amran Group, Jurassic) (As-Saruri et al., 2010; 
Mondillo et al., 2014; Santoro et al., 2015) (Fig. 1b, c; Fig. 2). Locally, 
the Shuqra Formation is subdivided into seven units (members), based 
on different sedimentological features (Al Ganad et al., 1994; Mondillo 
et al., 2014). Units from 1 to 6 are neiher mineralized nor dolomitized. 
Unit 7 appears almost completely dolomitized and is the main host for 
the Zn ores. The overlying Madbi Formation (0–30 m), locally called 
Unit 8, consists of organic-rich mudstones with gypsum and dolomite 
intercalations. The topmost Sab’atayn Formation, locally known as Unit 
9, is characterized by biomicrites with oncolites and bio-oocalcarenites, 
as well as intercalations of gypsum lenses (Christmann et al., 1989) 
(Fig. 2). The sedimentary succession at Jabali is sub-horizontal, with just 
a few areas showing W-dipping strata. It is characterized mainly by 
brittle deformation related to extensional rift tectonics. The main 
normal fault system shows a NW-SE-strike (120◦ to 140◦), dipping to the 
northeast, and can be observed bordering the plateau’s southern side, 
below the Jabal Salab peak. Further sets of normal faults have 65◦ to 80◦

and 0◦ to 5◦ trends, while a minor fracture trend varies between 25◦ and 
40◦ (Mondillo et al., 2014; SRK Consulting, 2005) (Fig. 2). Faults dip 
angles generally range between 60◦ and 80◦. 

2.2. Zn-Pb mineralization 

The Jabali deposit represents the most prominent example of 
carbonate-hosted hydrothermal Ag-rich Zn-Pb mineralization of the 
Sab’atayn Basin (Christmann et al., 1989; McCombe et al., 1994; 
Ostendorf et al., 2015). The estimated resources of 12.6 Mt at 8.9 % Zn, 
1.2 % Pb, and 68 mg/kg Ag (SRK Consulting, 2005) are characterized by 
Zn-oxidized minerals (also called “nonsulfides”), derived from the 
alteration of preexisting Zn sulfides (Mondillo et al., 2014, 2011; 
Ostendorf et al., 2015). The orebodies in part outcrop at the surface in 
the form of Fe-oxy-hydroxides-rich gossans and nonsulfides derived 
from supergene alteration (Figs. 1c and Fig. 2), with many more present 
in the subsurface below Jabal Barrik (Mondillo et al., 2014; Santoro 
et al., 2015). The orebodies are either stratabound following the dolo-
stone layering or structurally controlled along vertical fractures, faults, 
and fault intersections (Al Ganad et al., 1994; Mondillo et al., 2014). 
Primary sulfide mineralization, consisting of sphalerite, galena and py-
rite, has been preserved locally in intervals underlying the Madbi For-
mation (Unit 8; Fig. 1c) and corresponds to a Late Jurassic extensional 
MVT (Al Ganad et al., 1994; Mondillo et al., 2014; Ostendorf et al., 

2015). Two distinct dolomite generations have been observed within the 
study area (Al Ganad et al., 1994; Mondillo et al., 2014): (1) an early 
district-scale diagenetic dolomite and, (2) a hydrothermal dolomite, 
genetically associated with Zn-Pb sulfide deposition. The latest consists 
of Fe-Mn-bearing saddle crystals (FeO up to 6 wt% and MnO up to 2 wt 
%) (Mondillo et al., 2014) occurring as geodes, veins, and replacing the 
former diagenetic generation. The ore-related hydrothermal dolomite 
bodies are mainly controlled by porosity and fractures, following the 
main N120◦ to N140◦ structural trend observed in the area (Christmann 
et al., 1989) (Fig. 1c and 2). Both the dolomite generations are affected 
by two different alteration/replacement processes: (1) de- 
dolomitization, occurring as calcite formation by replacement of the 
former dolomite crystals, as well as Fe2+ altered to Fe3+ reprecipitating 
in form of Fe3+-hydroxides in the interstices of the crystals and pores; (2) 
dolomite replacement by Zn-bearing dolomite (17–22 wt% ZnO) 
(Mondillo et al., 2011, 2014; Santoro et al., 2015), where Zn2+ replaces 
Mg2+ in the dolomite as a consequence of interaction with Zn-enriched 
groundwaters after sulfides alteration processes, and formation of Fe- 
hydroxides due to the release of Mn2+ and Fe2+ after oxidation. The 
oxidized mineralization at Jabali consists of massive to semi-massive 
and disseminated orebodies of nonsulfide mineral aggregates (Mon-
dillo et al., 2011, 2014; Santoro et al., 2015). Smithsonite represents the 
main economic mineral and is associated with minor hemimorphite and 
hydrozincite, with disseminated Ag-sulfides. Smithsonite replaces both 
sphalerite and all the dolomite phases described above (Mondillo et al., 
2014). It is suggested that the oxidized mineralization formed since the 
early Miocene (~17 Ma) after the alteration of preexisting sulfides due 
to the action of supergene waters mixed with low-temperature hydro-
thermal fluids (Mondillo et al., 2014). 

3. VNIR and SWIR absorption features of minerals investigated 
in carbonate-hosted Zn-Pb deposits 

The spectral range between 400 nm and 2500 nm (VNIR to SWIR) 
characterizes many hydrothermal and supergene minerals in terms of 
spectral responses, allowing their identification when they are consid-
ered as target minerals. Displacements of the absorption feature to either 
longer or shorter wavelengths can highlight either mineral composi-
tional variations or mineral mixing, whereas absorption band depth 
(relative to the background continuum) can be assumed to be propor-
tional to the mineral relative abundance (Clark et al., 1990). Reference 
spectral reflectance features of the main host-rock and supergene 
alteration minerals observed in the Jabali samples are shown in Table 1. 
Two main processes cause the mineral-related absorption features in the 
SWIR 2 range (Laukamp et al., 2021): (1) combinations (ν + δOH) of 
hydroxyl-related fundamental stretching (νOH) and bending vibrations 
(δOH), and (2) combinations (e.g., 2ν3 + ν1 CO3) or overtones (e.g., 
3ν3CO3) of carbonate-related fundamental stretching vibrations. Several 
authors have comprehensively studied the spectral properties of car-
bonates (Hunt and Salisbury 1971; Gaffey 1985, 1986; Crowley 1986; 
Clark et al., 1990; Van der Meer 1995; Kurz et al., 2012; Zaini et al., 
2012; Green and Schodlok 2016; Laukamp et al., 2021). As a general 
rule, carbonate minerals can be distinguished in the SWIR by the pres-
ence of two main spectral absorption features in the wavelength regions 
around 2300–2350 nm and 2500–2550 nm (Hunt and Salisbury 1971; 
Gaffey 1986; Clark et al., 1990; Zaini et al., 2012), the latter of which is 
generally placed at the boundary of the wavelength ranges acquired by 
the most common hyperspectral instruments. In this context, the main 
absorption feature considered (3ν3CO3) for calcite occurs in the 
2335–2340 nm wavelength region. Several factors control the position 
of carbonate absorption bands at the atomic level (e.g., cation mass, 
cation radius, cation and anion valences, cation coordinate number, the 
gap between cation and anion, and site symmetry), as well as physical 
and chemical properties (i.e., grain size, texture, packing or porosity, 
carbonate mineral content, chemical composition). The grain size has 
effects on the absolute reflectance values (band absolute depth), but 
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absorption feature position, width and asymmetry are not significantly 
affected either by grain size or packing in the SWIR wavelength region 
(Gaffey 1986; Zaini et al., 2012). The quantity of metal cation (Mg, Fe, 
and Mn replacing Ca) bonded to the CO3

2– in the crystal lattice and the 
relative amounts of carbonate phases composing the samples, instead, 
can control the wavelength position and the geometry of such absorp-
tion features (Hunt and Ashley 1979; Gaffey 1986; Laukamp et al., 
2021), therefore positions of the main carbonate absorption features can 
shift with changes in chemical composition, proportionally with the 
amount of metal cation replacing Ca (Gaffey 1985, 1986). Thus, the 
main CO3

2– absorption appears shifted to shorter wavelengths for dolo-
mites, with the main feature occurring at 2320 nm. The latter property is 
generally used as a diagnostic feature to make a distinction between 
limestone and dolomite (Clark et al., 1990; Kurz et al., 2012; Van der 
Meer, 1995; Windeler and Lyon, 1991). Moreover, the main absorptions 
appear asymmetric with a shoulder on the short-wavelength side (Gaffey 
1985, 1986), pointing to a secondary weaker absorption probably 
centered in the 2230–2275 nm range (Laukamp et al., 2021). Increasing 
Fe content can cause carbonate bands in dolomite and calcite spectra to 
shift to longer wavelengths, associated with broad double bands 
centered near 1200 nm and 1300 nm, respectively, attributed to elec-
tronic transitions of the Fe2+ ion (Crystal Field Absorption band - CFA). 
Furthermore, an increase in the intensity of this feature was observed in 
association with increasing iron content in dolomites and calcites 
(Gaffey 1986). However, the strength of the Fe2+ CFA feature was found 
to be very variable, especially when comparing it across mineral species 
(Hunt and Salisbury 1971; Gaffey 1986; Green and Schodlok 2016; 
Lampinen et al., 2019). Two less intense diagnostic absorption features 
in calcite occur at around 1990 nm (medium intensity) and 1870 nm 
(weak intensity), respectively. The intensity of these absorption features 
decreases with increasing Mg or Fe content. However, because they 
overlap with the main OH/H2O absorption at around 1900 nm, these 
features can be obliterated, becoming not useful for satellite-based 
hyperspectral analyses. According to Laukamp et al. (2021), they can 
help when the true nature of a left-hand asymmetric absorption feature 
in the 2340-nm region is dubious. 

The Zn carbonates smithsonite (ZnCO3) and hydrozincite 
(Zn5(CO3)2(OH)6) show the carbonate absorption features in the range 
between 2300 nm and 2400 nm (McConachy et al., 2007). The main 
CO3

2– absorption band for smithsonite is present at 2365 nm, whereas 
hydrozincite absorptions occur as only minor absorptions at 2300 nm 
and 2400 nm. Smithsonite can change in color from white to brown–red 
varieties. The brown–red variety shows deep and broad crystal field 
effects, due to Zn2+ between 800 nm and 1200 nm, centered around 960 
nm (McConachy et al., 2007). 

H2O and/or OH-bearing Zn silicates, such as hemimorphite 
(Zn4Si2O7(OH)2H2O) and sauconite (Na0,3Zn3(Si, Al)4O10(OH)2(H2O)), 
are characterized by significant absorption features close to 1400 nm 
and 1900 nm, caused by the first overtone of O–H stretching vibration 
and the combination of O–H stretching and H–O–H bending vibra-
tions, respectively (Hunt 1971; Hunt and Salisbury 1971; Crowley 1991; 
McConachy et al., 2007). Nevertheless, these features are not useful for 
satellite-based hyperspectral analyses, because of atmospheric in-
terferences. Weaker absorption bands in the SWIR region, instead, are 
related to Zn–OH, occurring at 2210 nm for hemimorphite and 2305 nm 
for sauconite. Si–O bonding appears very weak in the SWIR (McConachy 
et al., 2007). 

Iron-bearing oxides/hydroxides (i. e. hematite and goethite; Crowley 
et al., 2003; Cudahy and Ramanaidou, 1997; Curtiss, 1985) are defined 
by diagnostic absorption features in the range between 450 nm and 
1200 nm, corresponding to the VNIR region of the electromagnetic 
spectrum. The significant absorption bands of these phases are caused by 
electronic processes involving Fe3+ octahedrally bonded to ligands of 
oxygen (hematite α-Fe2O3) or oxygen and hydroxyl (goethite – α-FeO 
(OH)) (Cudahy and Ramanaidou 1997). In detail, hematite exhibits its 
diagnostic absorption feature typically at ~ 880 nm, which is related to 

energy level changes in the valence electrons (CFA). The major CFA 
feature of goethite appears, instead, shifted to longer wavelengths 
compared to hematite, occurring generally at ~ 940 nm (Cudahy and 
Ramanaidou 1997; Crowley et al., 2003). Other weaker absorption 
bands are at 480 nm and 670 nm (Charge Transfer Feature – CTF; 
Cudahy and Ramanaidou 1997), and the water-related features are close 
to 1400 nm and 1900 nm. Absorption position shifting to longer 
wavelengths of the main Fe-bearing oxides/hydroxides feature (of about 
14 nm; Scheinost et al., 1999) is due to compositional modifications 
related to Al3+ substitution for Fe3+ iron (Cudahy and Ramanaidou 
1997). As a common product of supergene alteration of sulfides ores, 
jarosite (KFe3(SO4)2(OH)6) can show the CFA absorption features at ~ 
910 nm and ~ 437 nm, together with the weaker 650 nm band (Crowley 
et al., 2003). Moreover, jarosite (as well as plumbojarosite) shows OH- 
related features at around 2212 nm and 2263 nm, which it shares 
with di-octahedral and tri-octahedral sheet silicates, respectively 
(Bishop and Murad 2005; Laukamp et al., 2021). 

Di-octahedral sheet silicates (white micas, Al-smectites, and 
kaolinite) are SWIR 2-active mineral phases, producing a characteristic 
Al-OH spectral absorption feature between 2195 and 2225 nm. The 
absorption is related to the presence of hydroxyl bound to Al (Al-OH) in 
the octahedral layer, and it is given by the combination of the Al-OH 
bending and the O–H stretching vibration (ν + δAl2OH; (Vedder and 
McDonald 1963; Vedder 1964; Hunt 1977; Clark et al., 1990; Van der 
Meer 2004; Laukamp et al., 2021). 

The O–H–related absorption feature in white micas is centered at 
around 2350 nm, overlapping the carbonate spectral feature in the same 
range from 2300 to 2550 nm (Clark et al., 1990; Van der Meer 2004). As 
noted earlier, the left-hand symmetry shown by the spectral absorption 
feature at 2300 to 2335 nm, can be used to distinguish them from white 
micas (Gaffey 1986; Lampinen et al., 2017). 

4. Materials and methods 

4.1. Analysis of ground samples 

For this study, 17 ground samples (carbonate host-rock and Fe- and 
Zn-bearing mineralized products) from 10 sampling areas in the Jabali 
mine site were analyzed (Fig. 2). VNIR-to-SWIR reflectance spectra were 
measured in the laboratory at CSIRO Mineral Resources (Perth, Western 
Australia), focusing on both fresh and altered portions, using a FieldSpec 
Pro 3 spectrometer, which records spectra via contact probe, with a data 
acquisition spot size of 10 mm, and a spectral resolution of 10 nm with a 
sampling interval of 1 nm in the 350- to 2500-nm wavelength range 
(https://www.malvernpanalytical.com/). Acquired hyperspectral data 
were downsampled using ENVI 5.6.1 software (L3Harris Technologies, 
USA) to the PRISMA resolution (see Cogliati et al., 2021 for specifica-
tions), to test the effect of spectral resolution on the measuring and 
mapping of the abundance and composition of specific minerals. The 
Spectral Library Resampling tool in ENVI was used for downsampling 
the field-based spectral library by applying a Gaussian model proving 
wavelengths (band centers) and full-width-half-maximum (FWHM) in-
formation obtained from the PRISMA input data file. 

Spectra display, analysis and interpretation were carried out using 
The Spectral Geologist software (TSGTM version 8.0.7.4, CSIRO, Perth, 
WA, Australia, https://research.csiro.au/thespectralgeologist, accessed 
on 25 November 2021). Since the characteristics of the absorption fea-
tures of the mineral phases of interest (summarized in Table 1) can be 
extracted from reflectance spectra through band ratios or polynomial 
fitting, the spectra analysis was performed by plotting the relative in-
tensities of each diagnostic absorption feature obtained by feature 
extraction scripts, then shown in binary discrimination diagrams. We 
used the feature extraction scripts derived from previous work by 
(Cudahy et al., 2008) and (Laukamp et al., 2011, 2021; Lampinen et al., 
2019), that were adapted to the PRISMA bands setting and applied to 
reflectance spectra downsampled to the PRISMA spectral resolution, 
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after continuum removal by division of the reflectance spectrum by the 
continuum. For extraction of the relative abundance of a given mineral, 
the sum of two spectral bands located at the shoulders of a given ab-
sorption feature is divided by one or more bands located at the center of 
the absorption minimum. The binary diagrams are useful to identify 
clusters of mineral species or groups characterizing the analyzed sam-
ples, to evaluate their spectral behavior, and, amongst other applica-
tions, to estimate relative mineral abundances and compositional 
changes. The feature extraction indices description is shown in Table 2. 
We firstly focused on the SWIR 2 wavelength region (between 2000 and 
2500 nm) by using the 2320D and 2350D feature extraction scripts, 
plotted against the Carbonate Composition script (Sonntag et al., 2012). 
The VNIR region, instead, was considered for evaluating the Ferric 
Oxide Abundance, applying the same-named feature extraction script 
(hereinafter referred to as 900D), plotted against the Hematite-Goethite 
ratio (Cudahy and Ramanaidou 1997; Cudahy et al., 2008). The authors 
decided to keep the same nomenclature adopted in previous studies, 
labeling the latter scripts by the center wavelength position followed by 
D (for “depth”) (Laukamp et al., 2021). 

To validate the laboratory reflectance hyperspectral measurements, 
X-ray powder diffraction (XRPD) and Quantitative phase analysis (QPA) 
were conducted on the 17 milled samples (Table 3), corresponding to 
the half counterparts of the samples used for spectral analysis. An 
aliquot of 20 wt% corundum was added to the powders to quantify 
mineral and amorphous contents. The XRPD analyses were conducted at 
the Osservatorio Vesuviano-INGV (Napoli, Italia) with a Panalytical 
X’pert PRO PW 3040/60 Malvern- Panalytical diffractometer in Bragg- 
Brentano geometry with unfiltered CuKα radiation (40 kV, 40 mA) in 
the 3◦-70◦ 2θ range, in steps of 0.02◦ 2θ, counting time in 30 s/step. 
Diffraction patterns were interpreted using the HighScore software 
version 4.9 (Malvern Panalytical B.V.) and JCPDS PDF-2 database. QPA 
followed the combined Rietveld and Reference Intensity Ratio (RIR) 
methods (Chung 1974a, b; Bish and Post 1993; Gualtieri et al., 1996; 
Gualtieri 2000). The profile was refined using the High Score plus 4.9 
software exporting the structure models for each phase from ICSD data 
library. Rietveld refinement has been performed by correcting major 
parameters like scale factor, flat background, zero shift, lattice param-
eters, half-width, orientation parameters, U V W, peak shape parame-
ters, etc., to obtain high Goodness of Fitment (GOF) and reliable Rwp 
and Rp agreement indices. Bulk-rock geochemical analyses (Table 4) 
were used to better evaluate compositional variations characterizing the 
samples, to calibrate the XRPD analyses (see for example Santoro et al., 
2021), and for comparison with the reflectance spectroscopic data. Ten 
grams of identical split powders to those used for the XRPD analyses 
were used for determining major, minor, and trace element concentra-
tions by Bureau Veritas Commodities Canada ltd. (Vancouver, Canada). 

Major oxides were analyzed by Inductively Coupled Plasma Emission 
Spectroscopy (ICP-ES) and Trace Elements by Inductively Coupled 
Plasma-Mass Spectroscopy (ICP-MS), following a lithium borate fusion 
on the LF202 package, in which the samples are fused with Li2B4O7/ 
LiBO2 fluxes before being analyzed by ICP-ES/MS. Fe2+ was analyzed 
using the GC806 package (FeO Titration). Zn and Pb over limits were 
analyzed by GC816 (Zn Titration) and GC817 (Pb Titration), 
respectively. 

4.2. Satellite hyperspectral data collection and processing 

The mineral maps presented in this article are based on a Bottom-Of- 
Atmosphere (BOA) reflectance hyperspectral satellite image using the 
PRISMA hyperspectral satellite sensor, which is currently acquiring data 
all over the World, releasing free images to scientific community and the 
public. The hyperspectral datum (PRS_L2C_STD) was acquired at 
07:41:46 a.m. on 21 November 2021 (UTC) and downloaded from the 
mission website (www.prisma.asi.it; accessed on 21 November 2021) 
(Fig. 3). The L2 PRISMA products are atmospherically corrected images 
following the standard data processing chain developed by ASI for 
PRISMA (see PRISMA product specifications, www.prisma.asi.it). 
PRISMA consists of a 5 m resolution co-registered panchromatic camera 
and a push-broom hyperspectral imaging spectrometer. The hyper-
spectral camera acquires a continuum of 234 spectral bands at a spatial 
resolution of 30 m on a swath of 30 km, and spectral resolution ranging 
from 11 to 15 nm from the VNIR to the SWIR wavelength regions 
(Agenzia Spaziale Italiana (ASI), 2020; Cogliati et al., 2021; Loizzo et al., 
2018). The PRISMA data are filed in HDF-EOS5 format (Hierarchical 
Data Format - Earth Observing System) and comprehend the panchro-
matic (PAN), VNIR, and SWIR datasets (Fig. 4). 

The workflow proposed for this study (Fig. 4) was performed using a 
range of tools in ENVI 5.6.1. At first sight, PRISMA hyperspectral bands 
strongly affected by atmospheric absorption were excluded from further 
processing. Atmospheric absorption bands occur in the wavelength 
ranges between 1317 and 1533 nm and 1784 to 2035 nm, corresponding 
to the band ranges from B39 to B59 and from B84 to B112, where B is 
used to indicate spectral bands of the PRISMA SWIR cube. Due to their 
low SNR, SWIR bands from B158 (2392 nm) to B173 (2495 nm) were not 
considered. Errors in the absolute geolocation of ~ 100 m of the L2D 
PRISMA images introduced issues in the comparison with field hyper-
spectral data. However, the geolocation was improved using the Refine 
RPCs (HDF-EOS5) task, contained within the PRISMA Toolkit, a recently 
developed extension for ENVI. The task relies on a Sentinel-2 reference 
image with the same acquisition date, which has geometric localization 
errors not >5 to 10 m (European Space Agency, 2015). Cross-track 
illumination correction (using a sample-based approach) was applied 

Table 2 
Indices (in italic) used for identification of the various mineral groups and mineral phases based on their absorption features in the VNIR and SWIR regions, and their 
applicability. The stretch values give the lower and upper limits applied to the respective index for the PRISMA mineral maps.  

Index name Index 
Identifier 

Applicability Algorithm PRISMA algorithm Stretch 
lower 
limit* 

Stretch 
upper 
limit* 

References 

Mg-OH feature 
depth 

2350D Abundances of both carbonates (e.g., calcite, 
dolomite) and trioctahedral silicates (e.g., 
chlorite, epidote, amphibole, talc, FeMg- 
clays). 

(R2327 +
R2364)/ 
R2349 

(B149 + B154)/B152  1.97  2.12 Laukamp et al. (2011) 

Al-sheetsilicate 
feature depth 
(ASA) 

2200D Abundance of white micas (e.g. illite, 
muscovite, paragonite, brammalite, phengite, 
lepidolite, margarite) and smectites 
(montmorillonite, beidellite) 

(R2143 +
R2229)/ 
R2206 

(B125 + B136)/ 
B133; masked with 
2350D < 2.0  

2.15  2.32 Laukamp (2022); 
Sonntag et al. (2012) 

Dolomites feature 
depth 

2320D Abundance of dolomites (R2298 +
R2342)/ 
R2320 

(B145 + B151)/B148  2.08  2.15 Gaffey (1986); 
Laukamp et al. (2012) 

Fe (oxyhydr-) 
oxides 
abundance 
(FOA) 

900D Abundance of mixture of hematite, goethite, 
“limonite”, ferrihydrite, jarosite, Fe3+- 
carbonate 

(R770 +
R962)/R908 

(B44 + B62)/B57, 
masked with 2350D 
< 2.0 and 2200D >
2.15  

2.3  2.4 Cudahy et al. (2008); 
Haest et al. (2012a, 
2012b); Laukamp 
(2022)  
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to both VNIR and SWIR scenes, before stacking them to investigate the 
full wavelength range as determined by target minerals’ significant 
absorption features. The latter correction was applied to reduce the “see- 
saw” pattern in the VNIR wavelength range that is caused by the applied 
spectral resampling during the smile correction processing within the L1 
processor (Cogliati et al., 2021). The product’s stacking was performed 
using the Build HSI Cube task, included in the PRISMA Toolkit in ENVI, 
which allows the combination of the VNIR and SWIR datasets and the 
removal of the redundant overlapping wavelengths. The final processed 
product includes only 168 bands out of 234 original bands. The stacked 
product was smoothed before further processing, using the Savitzky- 
Golay smoothing filter in ENVI (Savitzky and Golay 1964). The best 
results were obtained by using a combination of filter parameters 
including Filter Width = 3, Order of the Derivative = 0, and Degree of 
Smoothing Polynomial = 2. Pixel affected by shadows or belonging to 
non-geological materials, mainly vegetation and man-made features, 
were masked and excluded as well. The vegetation and agriculture areas 
masking carried out using the Normalized Difference Vegetation Index 
(NDVI), that for the PRISMA specific case is (B53-B35)/(B53 + B35), 
where band 35 (RED) is centered at 679.48 nm, while band 53 (NIR) 
corresponds to 865.95 nm (“NDVIcsiro”; Laukamp et al., 2022) with 
NDVIcsiro > 0.13 masked out. Other interference factors (e.g., roads, the 
nearby exploration camp, bare areas under cultivation) were recognized 
visually, supported by higher spatial resolution satellite images and 
local large-scales maps, then masked using specifically designed Regions 
of Interest (ROIs), and excluded from further processing. Finally, a spatial 
subset was obtained before the mineral mapping. 

4.3. Hyperspectral mineral mapping 

The feature extraction indices technique adopted in this study as-
sumes that the combination of a relatively small number of bands 
(wavelength) can outline the interaction between light and surface- 
exposed materials, extracting the wavelength position of specific ab-
sorption features exhibited by rock-forming and alteration minerals, 
regardless of the number of bands collected (Laukamp et al., 2021). 
Therefore, feature extraction indices were applied to the PRISMA L2C 
subset scene for obtaining surface compositional information, while at 
the same time minimizing reflectance variations associated with 
topography and albedo effects (Crowley et al., 1989; Clark et al., 1990). 
The band ratios used were adapted to the PRISMA hyperspectral data, 
avoiding bands dominated by strong instrument noise, to minimize 
along-track striping and improve contrast of the remaining pixel values. 
The considered feature extraction indices can be easily applied by using 
the Band Algebra Tool in ENVI. 

We focused on interpreting/discriminating the dolomitization dis-
tribution in the Jabali area, mainly using the following band ratios 
(Table 2): 

2320D =
R2298 + R2342

R2320
=

B145 + B151
B148

(1)  

2350D =
R2327 + R2364

R2349
=

B149 + B154
B152

(2)  

where R is the reflectance value and B is the corresponding PRISMA 
spectral band (Gaffey 1986; Laukamp et al., 2012; Haest et al., 2012a, 
b). The 2320D index was obtained by dividing spectral bands indicating 
the specific dolomites and limestones absorption minima. The algorithm 
is referred to the depth of the dolomites’ diagnostic absorption at 2320 
nm. The index 2350D was introduced because the (1) output appears 
noisier. The index (2) is based on the 2349 nm feature. In the latter case, 
problems in delineating the dolomite distribution may arise when Mg- 
OH and Al-OH minerals-bearing rocks are also present because they 
are characterized by the 2350 nm absorption feature, which overlaps the 
absorption caused by carbonates. Since distinction from these other 
minerals can be achieved by other features, e.g., the Al- di-octahedral Ta
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Table 4 
Major (wt.%) and minor (mg/kg) element concentrations of outcrop reference samples from ICP-ES/MS analysis.   

Sample ID MDL JSMAR4 JSMAR5 JSMAR7 JSMAR8 JSMON H9 JSMON13 JSMON16 JSMON18 JSMON2 JSMON20 JSMON23 JSMON25 JSMON29 JSMON31 JSMON33 JSMON39 JSMON3b 

Wt%                    
SiO2 LF200 0.01 1.15 1.96 0.82 7.6 0.64 1.14 2.76 8.08 0.54 4.43 1.35 2.1 2.64 2.03 1.94 2.58 0.62 
Al2O3 LF200 0.01 0.17 0.2 0.22 0.48 0.07 0.25 0.52 4.59 0.05 0.23 0.4 0.41 0.3 0.58 0.83 0.5 0.22 
Fe2O3 LF200 0.04 2.3 6.3 28.25 4.51 0.34 6.55 43.31 49.89 3.65 50.88 6 55.88 5.83 78.95 3.94 52.86 2.58 
MgO LF200 0.01 14.97 4.98 0.09 0.14 0.25 7.31 0.27 0.27 15.14 0.09 18.23 0.32 0.14 0.04 15.48 0.24 18.59 
CaO LF200 0.01 23.86 37.33 36.04 3.31 54.73 10.83 23.95 10.59 26.14 0.13 27.55 14.72 0.36 0.56 30.44 19.19 30.04 
Na2O LF200 0.01 0.05 <0.01 <0.01 0.02 <0.01 <0.01 0.03 0.04 0.01 0.04 <0.01 0.02 0.07 0.18 <0.01 0.01 0.02 
K2O LF200 0.01 0.02 <0.01 <0.01 <0.01 0.01 <0.01 0.04 0.09 <0.01 0.02 0.03 0.02 0.03 0.13 0.02 0.02 0.03 
TiO2 LF200 0.01 <0.01 <0.01 0.02 0.02 <0.01 0.01 0.1 0.05 <0.01 0.02 0.03 0.04 0.02 0.26 0.06 0.02 0.02 
P2O5 LF200 0.01 <0.01 0.04 <0.01 0.02 0.01 0.03 0.02 0.11 <0.01 0.03 0.01 0.02 <0.01 0.11 0.03 0.03 0.02 
MnO LF200 0.01 0.89 0.86 0.04 2.22 0.14 1.11 0.05 0.73 0.91 0.06 0.66 0.04 0.99 0.07 0.79 0.04 0.79 
FeO GC806 0.2 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 0.35 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 0.31 1.89 
ZnO GC816* 1 17.54 10 <1.00 59.3 – 37.48 1.97 3.72 10 29.23 3 3.51 65.7 3.01 3.5 1.33 – 
PbO GC817* 2 – – <2.00 – – – 3.23 6.03 – – – <2.00 – <2.00 – <2.00 – 
Cr2O3 LF200 0 <0.002 <0.002 <0.002 <0.002 <0.002 0 0 0.01 <0.002 0 <0.002 0 <0.002 0.01 <0.002 0.01 <0.002 
LOI LF200 – 41.1 38.9 33 20.7 43.7 36.3 24.1 15.4 43 16.1 43.5 21.2 24 13.9 42.9 23.1 46 
TOT/C TC000 0.02 10.87 10.37 8.26 3.46 12.03 9.95 5.55 2.36 11.93 1.54 11.71 3.55 4.07 0.29 11.55 4.25 12.75 
TOT/S TC000 0.02 <0.02 <0.02 0.06 <0.02 <0.02 <0.02 0.19 1.08 <0.02 0.16 <0.02 0.14 0.03 0.18 0.14 0.14 0.02 
mg/kg                    
Ba LF200 1 30 12 4 27 215 14 46 51 29 3 315 12 144 13 71 29 4 
Ni LF200 20 33 <20 <20 <20 <20 125 <20 78 <20 37 <20 21 <20 <20 <20 <20 <20 
Sc LF200 1 <1 1 <1 <1 <1 <1 1 7 <1 <1 <1 <1 <1 2 1 <1 <1 
Be LF200 1 <1 <1 <1 <1 <1 2 <1 4 <1 1 <1 <1 1 <1 <1 <1 <1 
Co LF200 0.2 1.2 2.8 0.4 33.3 0.3 9.5 1.5 26.7 0.9 1.5 0.8 1.1 21.8 0.8 2.6 2.5 1 
Cs LF200 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Ga LF200 0.5 <0.5 5.2 0.7 1.2 <0.5 <0.5 14.5 21.7 1 <0.5 0.7 11.1 <0.5 5.2 1 3 <0.5 
Hf LF200 0.1 <0.1 0.1 0.2 0.1 <0.1 <0.1 0.9 0.6 <0.1 0.2 0.3 0.4 0.2 1.7 0.3 0.2 0.4 
Nb LF200 0.1 0.3 0.3 0.4 0.4 0.1 0.2 2.1 1.3 0.2 0.5 0.7 0.7 0.3 6.1 1.2 0.5 0.4 
Rb LF200 0.1 <0.1 0.2 0.1 <0.1 0.4 0.1 1.1 0.7 0.1 <0.1 1.2 0.1 <0.1 0.5 0.8 0.5 1 
Sn LF200 1 <1 1 <1 <1 <1 <1 5 6 <1 <1 <1 5 <1 <1 <1 <1 <1 
Sr LF200 0.5 34.2 106 24.1 13.8 78.7 32.3 397 175.4 19.8 6.8 53.7 21.6 15.5 22.9 86.3 178 48.3 
Ta LF200 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.3 <0.1 <0.1 <0.1 
Th LF200 0.2 <0.2 <0.2 0.3 <0.2 <0.2 <0.2 0.7 1.8 <0.2 <0.2 0.5 0.6 0.2 1.1 0.7 0.5 0.2 
U LF200 0.1 1.7 3.2 2.8 11.8 1 1.3 4 10.9 0.8 2.4 1.6 3 2.8 5.3 2.7 3.8 1.3 
V LF200 8 10 8 <8 13 <8 9 <8 35 <8 <8 17 <8 <8 13 16 <8 8 
W LF200 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.6 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.9 0.8 <0.5 <0.5 
Zr LF200 0.1 2.1 9.3 6.9 7.6 3.9 3.3 35.5 21.4 3.3 6.6 11.4 15.4 6.5 65.9 12 10.3 25 
Y LF200 0.1 13 23 3.2 10.8 3.3 9.2 3.1 16.8 4.4 4.7 10.3 1.5 5.8 3.3 13.9 4.3 5.2 
La LF200 0.1 8.3 9.3 5 6.3 3 6.8 2.5 17.4 4.2 3 12.2 1.7 5.5 5.1 21.9 4.4 7.9 
Ce LF200 0.1 6.1 9.1 6.5 19 2.9 8.7 4.6 69.4 4.6 3.4 15 2 14.2 8.5 24.5 7 8.2 
Pr LF200 0.02 1.7 1.9 1.1 1.5 0.5 1.2 0.5 3.5 0.6 0.6 1.9 0.2 1.6 0.7 2.9 0.8 1 
Nd LF200 0.3 7.7 8.7 4.4 6.6 1.9 4.5 2.2 16.3 2.5 3.1 7.3 0.9 7.5 2 11.1 3.4 4.2 
Sm LF200 0.1 1.4 2.2 0.9 1.5 0.3 0.8 0.6 5.6 0.5 0.5 1.4 0.2 1.6 0.3 2.2 0.6 0.7 
Eu LF200 0.02 0.5 1.5 0.3 0.9 0.1 0.4 0.2 1.8 0.4 0.3 0.9 0.1 0.7 0.1 1.8 0.2 0.5 
Gd LF200 0.1 2 3.3 0.8 2.2 0.4 1.2 0.6 6.5 0.7 0.7 1.8 0.3 1.5 0.3 3.1 0.8 0.9 
Tb LF200 0.01 0.2 0.5 0.1 0.3 0.1 0.2 0.1 1 0.1 0.1 0.2 0 0.2 0.1 0.3 0.1 0.1 
Dy LF200 0.1 1.4 3.3 0.4 1.6 0.4 0.8 0.5 5.6 0.4 0.6 1.1 0.2 1.1 0.4 1.5 0.6 0.6 
Ho LF200 0.02 0.3 0.7 0.1 0.3 0.1 0.2 0.1 0.9 0.1 0.1 0.2 0 0.2 0.1 0.3 0.1 0.1 
Er LF200 0.03 0.9 2.1 0.2 0.7 0.2 0.6 0.3 2.2 0.3 0.4 0.6 0.1 0.5 0.3 0.7 0.3 0.3 
Tm LF200 0.01 0.1 0.3 <0.01 0.1 0 0 0 0.3 0 0 0.1 <0.01 0.1 0 0.1 0 0 
Yb LF200 0.1 0.6 1.5 0.1 0.4 0.1 0.3 0.3 1.7 0.2 0.3 0.4 0.1 0.4 0.3 0.4 0.3 0.2 
Lu LF200 0.01 0.1 0.2 <0.01 0.1 0 0 0 0.2 0 0 0.1 <0.01 0 0 0.1 0 0 
Mo AQ200 0.1 4 5.5 2.6 9.8 1.4 3.4 5.7 9.2 1.1 5 1.1 2.3 3.1 9.6 3.8 2.5 0.8 
Cu AQ200 0.1 1.8 67.6 3.6 35.3 4.4 37.3 7.6 44.7 24.7 7.1 6.4 20.9 2.7 9.9 11.8 10.2 1.9 

(continued on next page) 
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sheet silicates (white micas and smectites) feature around 2200 nm, 
pixels with (2) values>2.0 were masked out from further processing, 
then the 2200D index (Al-sheetsilicate abundance “ASA”; Laukamp 
2022; further developed based on Sonntag et al., 2012) was applied to 
the remaining pixels: 

2200D =
R2143 + R2229

R2206
=

B125 + B136
B133

(3) 

Pixels with (3) resulting values>2.15 were masked out to better 
delineate the areas effectively characterized by the presence of dolo-
mites using the ratio 2320D/2350D and evaluating compositional vari-
ation within dolomites. 

The identification of the outcropping rocks dominated by Fe-oxy- 
hydroxides (i.e., gossans) and nonsulfides, instead, was obtained 
through the 900D relative depth index (Fe-(oxyhydr-) oxides abundance 
“FOA”; Laukamp 2022): 

900D =
R770 + R962

R908
=

B44 + B62
B57

(4) 

A rainbow color scale was applied to all the mineral maps, where red 
indicates higher abundances and blue indicates lower abundances 
referring to the upper and lower stretching limits reported in Table 2. 
This also allows a quick comparison with the binary discrimination di-
agrams. To obtain the hyperspectral mineral mapping performance 
assessment, ROIs were created on the L2C PRISMA VNIR-SWIR image 
over the areas where the target lithology (i.e., dolomite, limestone, 
gossan) was recognized by the PRISMA-derived mineral mapping. Sta-
tistics were extracted from each ROI and then directly compared to the 
field-based spectra representative of each target phase resampled to the 
PRISMA hyperspectral resolution (as explained in sub-section 4.1), after 
continuum removal to normalize the spectra. 

5. Results 

5.1. Quantitative mineralogy (XRPD-QPA), geochemistry, and absorption 
properties at PRISMA spectral resolution of ground samples 

The three main groups of analyzed samples: host rock, gossans, and 
Zn- ore samples, were characterized by distinct features when 
comparing their mineralogy (Table 3), geochemistry (Table 4) and 
reflectance spectra properties (Figs. 5–7; Table 5). 

Host rock samples. The group comprises five samples characterized by 
dolomite and calcite as main phases, and minor alteration minerals and 
impurities, such as smithsonite, goethite, smectite and kaolinite (Fig. 5 
and Tab 3). The chemical composition of host rock limestones is defined 
by CaO contents of 54.73 wt% and very low MgO (0.25 wt%) (Table 4). 
SiO2, Al2O3, Na2O, K2O, and MnO contents are always lower than 0.6 wt 
%. Dolomite-dominated samples are characterized by CaO values 
ranging between 30.04 wt% and 26.14 wt%, while MgO contents vary 
between 18.59 wt% and 15.14 wt% (Table 4). Fe2O3 values range be-
tween 0.5 wt% and 3.64 wt%. JSMON3b is the only sample character-
ized by significant content of bivalent iron (FeO of 1.89 wt%; Table 4). 
Except for Cd, which is higher for sample and JSMON2 compared to the 
other samples, and Ba, which reaches hundreds of mg/kg only in sam-
ples JSMON23 and JSMON H9, trace elements do not vary considerably 
for all the host rock samples and are generally negligible (Table 4). 

Spectral signatures of limestones outcropping within the study area 
show a very pronounced CO3-related absorption feature in the SWIR 
region at 2338 (limestone sample JSMON H9), with weaker features 
occurring at 2160 and 1755 nm (Fig. 5). The main CO3 absorption 
feature, instead, appears shifted to shorter wavelengths in the dolomite 
spectra, with the main features occurring as variably deep absorptions 
around 2320 nm (Fig. 5). However, the same feature frequently appears 
shifted to longer wavelengths (between 2322 nm and 2324 nm) in 
almost all the samples, except for sample JSMAR4 (2320 nm). The left- 
hand asymmetry of the main CO3 absorption feature, showing a Ta
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Fig. 4. Schematic multi-scale workflow used in this study.  

JABALI

Fig. 3. The Jabali study area. PRISMA True colors image (product identifier: PRS_L2C_STD_20211121074142_20211121074146_0001) and its location. The red box 
highlights the processed Area of Interest subset. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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shoulder on the short-wavelength side, is ubiquitously present in all the 
carbonate-bearing samples. Sample JSMON33 and the more weathered 
side of sample JSMON23 show the Al-OH feature at around 2210 nm, in 
the latter sample accompanied by a deepening in the water and 
hydroxyl-related feature (1416 nm and 1914 nm) (Fig. 5). The broad Fe- 
related absorption feature in the VNIR region for the dolomite- 
dominated samples, centered in the range from 900 nm to 950 nm, 
may be associated with goethite (when present) and/or Zn-Fe-bearing 
altered dolomites (CFA). An exception is the unaltered portion of sam-
ple JSMON3b, characterized by a shallower, but broader, absorption 
centered around 1000 nm to 1200 nm (a broad absorption doublet is 
more visible in continuum removed spectrum) due to Fe2+ contribution. 
Smectite (Zn-bearing smectite sauconite) occurring in sample JSMON33 

(5.5 wt% from XRPD-QPA analysis) is visible at 2210 nm (Zn-OH and/or 
Al-OH feature) (Fig. 5). The contribution of water and hydroxyl-bearing 
material is ubiquitously represented by two variably deep absorption 
features close to 1900 nm and 1400 nm, which may, in some cases, 
appear shifted due to the occurrence of specific hydrous phases 
(Table 5). 

Gossan samples. In these heterogeneous samples goethite ubiqui-
tously predominates, followed by calcite with lesser amounts of hema-
tite (Fig. 6). Quartz, K-Fe-Pb-bearing sulfates (jarosite and 
plumbojarosite) and kaolinite, gypsum, and Zn-bearing smectite were 
also observed in lower amounts (Fig. 6 and Table 3), except for sample 
JSMON18, where plumbojarosite occurs up to 16.5 wt% and Zn-bearing 
smectite shows amounts of 8 wt%. The specimens from the gossan are 

Fig. 5. Laboratory reflectance spectra downsampled to the PRISMA resolution in the VNIR-SWIR region, showing the spectral signatures for limestones and do-
lomites. For sample JSMON23 in red is shown the spectra acquired on the sample’s weathered side. Pie charts showing the modal mineralogy of bulk samples 
obtained by XRPD-QPA are also shown for direct comparison. PRISMA spectral bands strongly affected by atmospheric absorption are marked at the top of the 
diagram and were excluded from mineral mapping processing. Abbreviations explanation in Table 3. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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marked by very high bulk Fe2O3 contents ranging from 78.9 wt% to 
28.2 wt% (Table 4). SiO2 values are generally between 2 and 3 wt%, 
except for sample JSMON18 (8.08 wt%), which is also characterized by 
significant Al2O3 values of about 4.5 wt% (Table 4). Calcite-bearing 
gossan samples are characterized by CaO values varying between 
10.59 wt% and 36.04 wt% (Fig. 6; Table 3 and 4), with mean values of 
about 20 wt%. MgO contents are ubiquitously very low, showing mean 
values of 0.28 wt%, and always below 0.3 wt%. Variable ZnO contents 
were observed between 0.6 wt% and 3.7 wt%. PbO is generally low; 
contents of 6 wt% are shown by sample JSMON18, followed by sample 
JSMON16, which is characterized by PbO values of 3.23 wt% (mean 
values of about 2 wt%). The other gossan samples have very low PbO 
values (Table 4). Most variable trace elements observed in the samples 
from gossan zones are Cd, Cu, Ag, Ni, Cu, V, Ga, Co (Table 4). However, 
bulk concentrations reaching hundreds of mg/kg were only observed for 
Cd (mean 482 mg/kg Cd) in samples JSMAR7 and JSMON25, while it is 

always lower than about 70 mg/kg for all the other samples belonging to 
this group (Table 4). 

The gossan samples dominated by goethite show the main absorption 
features at 660 nm (CFT) and 908 nm − 920 nm (CFA), except for 
sample JSMON18, where the CFA is slightly shifted to shorter wave-
lengths (878 nm) due to greater hematite content (Fig. 6). The CO3 main 
feature occurs generally at around 2338 nm, but it is ubiquitously very 
weak due to the low calcite content, except for sample JSMAR7 and 
sample JSMON16, where calcite concentration is higher (Cal 64.5 wt%, 
and 43 wt%). Sample JSMON18, instead, is characterized by the pres-
ence of the Al-OH feature at 2210 nm (Fig. 6) due to the higher presence 
either of plumbojarosite (16.5 wt%) and smectites (Sme 8 wt%). 

Zn ore samples. In these samples, hydrozincite is the most abundant 
mineral, followed by hemimorphite, with lesser smithsonite (Fig. 7 and 
Table 3). Goethite occurs in higher quantities in sample JSMON20 (40.4 
wt%). The sample JSMON13, instead, is characterized predominantly by 

Fig. 6. Laboratory reflectance spectra downsampled to the PRISMA resolution in the VNIR-SWIR region, showing the spectral signatures for gossan samples. For 
sample JSMAR7 in red is shown the spectra acquired on the sample’s weathered side. Pie charts showing the modal mineralogy of bulk samples obtained by XRPD- 
QPA are also shown for direct comparison. PRISMA spectral bands strongly affected by atmospheric absorption are marked at the top of the diagram and were 
excluded from mineral mapping processing. Abbreviations explanation in Table 3. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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smithsonite (55.7 wt%) and dolomite (34.5 wt%), with goethite (1.5 wt 
%) as a minor phase, and smectite in traces (1 wt%) (Fig. 7 and Table 3). 
Zn ore samples are characterized by bulk MgO and CaO concentrations 
up to 14.9 wt% and 37.3 wt%, respectively. SiO2 is generally equal or 
slightly lower than 2 wt%, except for sample JSMON20, defined by bulk 
SiO2 contents of 4.4 wt%. ZnO concentrations are always higher than 20 
wt%, reaching bulk contents of 65.7 wt% (Table 4). PbO contents are 
generally very low and never higher than 0.81 wt%. Fe2O3 bulk contents 
observed are between 2.3 wt% and 6.54 wt% (mean values of 5.2 wt%), 
aside from sample JSMON20 (Fe2O3 of 50.9 wt%) (Table 4). Bulk Cd 
concentrations are high for all the samples belonging to this group 
(Table 4), showing values above the detection limit (2000 mg/kg) for 
the smithsonite and hydrozincite-bearing samples. 

The smithsonite-hydrozincite bearing samples are characterized by a 
broad absorption doublet at 2304 and 2400 nm (Table 3; Fig. 7), 
resulting from the overlapping of the CO3 features of the two Zn-bearing 

carbonates, not allowing their clear distinction in any of the investigated 
samples. A very weak band at 2210 nm characterizes the altered portion 
(red spectrum in Figure 7) of sample JSMAR5, which may be associated 
with the Zn-OH bond in hemimorphite (Figure 7). A deep and broad 
absorption centered around 920 nm, instead, may be related to the 
presence of either Fe-hydroxides or Fe impurities. However, the sample 
JSMON20, characterized by goethite as the main phase (40.4 wt%), 
clearly shows the typical CFT and CFA features at 670 nm and 912 nm, 
respectively. The sample JSMON13, instead, is characterized by a 
smithsonite-dolomite ratio close to 1:1, it is only defined by a “rather” 
symmetric absorption band centered at 2323 nm (Fig. 7). 

5.2. Relationships between spectral properties and ICP-MS/ES 
geochemical data of ground samples 

The same feature extraction indices applied to the PRISMA L2C scene 

Fig. 7. Laboratory reflectance spectra downsampled to the PRISMA resolution in the VNIR-SWIR region, showing the spectral signatures for Zn ore samples. For 
sample JSMAR5 in red is shown the spectra acquired on the sample’s weathered side. Pie charts showing the modal mineralogy of bulk samples obtained by XRPD- 
QPA are also shown for direct comparison. PRISMA spectral bands strongly affected by atmospheric absorption are marked at the top of the diagram and were 
excluded from mineral mapping processing. Abbreviations explanation in Table 3. 
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were also used for describing the spectral behavior of the ground sam-
ples and colored using the variable in y-axes, to improve the comparison 
with the mineral maps (Fig. 8 a-f). The same indices were plotted against 
MgO, CaO, and Fe2O3 bulk concentrations and shown in Fig. 9 a-d. The 
2350D was plotted against the Carbonate Composition script to char-
acterize the occurrence and the compositional variations between the 
carbonate phases (Fig. 8a). The deeper relative depth of the spectral 
feature at around 2340 nm in calcite-bearing samples resulted in higher 
2350D values (orange to red samples dots), while the dolomites form a 
cluster defined by lower values compared to limestones (blue samples 
dots). A threshold value of 2.0 is observed. The 2320D feature extraction 
script was used to better define the dolomites samples (diagnostic 
feature centered between 2322 nm and 2324 nm) and correctly evaluate 
their abundances. The dolomite-bearing samples place above the 2320D 
threshold value of 2.02, directly proportional to the dolomite content in 
the studied samples (green to red samples points in Fig. 8b). 

Lower 2320D values (2.04) are observed for sample JSMON13, 
characterized by 34.5 wt% dolomite, while higher 2320D values are 
shown by sample JSMON3b (Dol 88.5 wt%). A positive correlation (y =
186.85x – 374.62, R2 = 0.84) is noticed for the bulk MgO (wt%) con-
centration. Dolomite samples show both higher 2320D and MgO (wt%) 
values (Fig. 9a). The 2350D and 2320D feature extraction scripts were 
plotted against each other (Fig. 8C) as they are negatively correlated. 
The binary discrimination diagram is colored by the ratio 2320D/ 
2350D, which highlights the two resulting trends. The latter trends are 
indicated by arrows in Fig. 8c, discriminating both dolomites (green to 
red samples points in Fig. 8c, indicating higher 2320D and lower 2350D) 
and limestones (blues samples points in Fig. 8c; defined by lower 2320D 
and higher 2350D) and their increasing abundance. A very good corre-
lation is shown by plotting the 2320D/2350D ratio values and the MgO 
(wt%) bulk concentrations in host rock samples (y = 138.25x – 133.59, 
R2 = 0.86) (Fig. 9c). Two defined trends, instead, can be noticed by 
plotting the ratio against the CaO (wt%), where calcite-bearing samples 
place at high CaO (wt%) values and low 2320D/2350D (Fig. 9c). The 
gossan samples, instead, were analyzed through the 900D feature 
extraction script, plotted against the Hematite-Goethite ratio, to define 
their abundance in the analyzed samples and composition (predomi-
nance of either goethite or hematite in the samples), respectively 
(Fig. 8d). Gossan samples are defined by higher 900D values, shown by 
the green to red dots in Fig. 8d, placing above the threshold value of 
around 2.3. Goethite-dominated samples (diagnostic CFA absorption 
feature occurring between 905 nm and 909 nm) show an increase of the 
900D values directly correlated with the goethite abundances obtained 
through XRPD-QPA analyses. Sample JSMON 31 (61.3 wt% Gth) is 
characterized by 900D values at around 2.8, while 900D close to 2.44 
defines sample JSMAR7 (31 wt% Gth) (Fig. 8d). A shift to shorter 

Table 5 
Mineral assemblage (in abundance order from XRPD-QPA analysis) and VNIR- 
to-SWIR continuum-removed spectral feature positions in nm. When differ-
ences occurred in a sample, both fresh and weathered sides were acquired. 
Abbreviations are explained in  Table 3.  

Sample ID Mineral 
Assemblage 

Acquired 
portion 

Characteristic 
spectral 
features in 
VNIR (nm) 

Characteristic 
spectral features 
in SWIR (nm) 

JSMON2 Dol + Cal +
Sm + Gth +
Cph + A- 
FeHyOX 

fresh side 950 1438 (weak), 
1935, 2322   

weathered 
side 

918 1430 (very 
weak), 1941, 
2322 

JSMON3b Dol + Cal +
Sm (tr.) + A- 
FeHyOX 

fresh side  1050, 1270, 1414 
(very weak), 
1938, 2320   

weathered 
side 

940 1298 (very 
weak), 1414 
(weak), 1940, 
2320 

JSMAR4 Dol + Hz +
Hm + A- 
FeHyOX 

fresh side 945 1425, 1934, 2315   

weathered 
side 

950 1429, 1931, 
2296, 2392 

JSMAR5 Cal + Dol +
A-FeHyOX 

fresh side 673 (weak), 
970 

1425, 1916, 2334   

weathered 
side 

673 (weak), 
970 

1425, 1916, 2210 
(very weak), 
2350 

JSMAR7 Cal + Gth +
Jrs + A- 
FeHyOX 

fresh side 676, 940 1440, 1940, 
2303, 2334   

weathered 
side 

670 (weak), 
970 

1442, 1939, 
1670, 1770, 
1937, 2337 

JSMAR8 Hyd + Hm +
Cal + A- 
FeHyOX  

970 1405, 1967, 
2300, 2375 

JSMON 
H9 

Cal + A- 
FeHyOX   

1415, 
1876–1995, 
1755, 2158, 2338 

JSMON13 Sm + Dol +
Gth + A- 
FeHyOX  

942 1434 (very 
weak), 1937, 
2320 

JSMON16 Cal + Gth +
Hem + A- 
FeHyOX  

667 (weak), 
925 

1443, 1762 (very 
weak), 1938, 
2216 (extremely 
weak), 2339 

JSMON18 Cal + Hem +
Pb-Jrs + A- 
FeHyOX  

670, 908 1416, 1924, 1672 
(very weak), 
1780 (weak), 
1925, 2208, 2325 

JSMON20 Gth + A- 
FeHyOX  

670, 980 1437, 1680, 
1778, 1941, 
2300, 2401 

JSMON23 Dol + A- 
FeHyOX 

fresh side 916 1416 (very 
weak), 1938, 
2320   

weathered 
side 

680 (very 
weak), 916 

1416, 1916, 
2208, 2255, 2319 

JSMON25 Gth + Cal +
A-FeHyOX  

668, 970 1437, 1940, 1675 
(very weak), 
1776, 1931, 2333 
(very weak), 
2405 (very weak) 

JSMON29 Hyd + A- 
FeHyOX  

962 1490, 1940, 
2299, 2371 

JSMON31 Gth + Hem 
+ A-FeHyOX 

fresh side 672, 963 1442, 1937, 
1670, 1775 
(weak), 2268 
(extremely 
weak), 2410 
(weak)  

Table 5 (continued ) 

Sample ID Mineral 
Assemblage 

Acquired 
portion 

Characteristic 
spectral 
features in 
VNIR (nm) 

Characteristic 
spectral features 
in SWIR (nm)   

weathered 
side 

672, 963 1442, 1937, 
1670, 1775 
(weak), 2268 
(extremely 
weak), 2410 
(weak) 

JSMON33 Dol + Cal +
A-FeHyOX 

fresh side 965 1414 (extremely 
weak), 1938, 
2209, 2320   

weathered 
side 

966 1438 (weak), 
1937, 2322 

JSMON39 Gth + Cal +
A-FeHyOX  

678, 1010 1443, 1941, 
1680, 1777, 
1936, 2335 
(extremely 
weak), 2404  
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wavelengths is observed for hematite-bearing samples, proportional to 
increasing hematite abundances (23.2 wt% and 13.2 wt%, respectively). 
As shown before for host rock samples, also the Fe2O3 (wt%) bulk 
content for the analyzed samples is highly correlated with the 900D 
index (y = 96.756x – 196.58, R2 = 0.93) (Fig. 9d). In particular, the 
highest Fe2O3 (wt%) values were measured for goethite-dominated 
samples, which are also characterized by high 900D values. 

5.3. Mineral maps obtained through hyperspectral satellite remote sensing 

In Fig. 10a-c, and 11a, the band depth indices proposed in this study, 
2350D, 2320D, 2200D, and 900D are shown. In the 2350D mineral map 
(Fig. 10a), the distribution of dolomites and volcanic rocks outcropping 
in the study area is shown in blue, indicated by pixels values below the 
observed 2.0 threshold. Limestones are highlighted in red colors. In 
Fig. 10b, the 2320D/2350D ratio map shows in red the pixels that are 
defined by a strong 2320 nm feature depth, allowing a clear definition of 
the dolostones distribution within the study area, while limestones are 
characterized by lower values (shown in blue Fig. 10b). The 2200 nm 
feature depth map 2200D is shown in Fig. 10c. The areas characterized 
by higher and lower relative abundances of Al-sheet silicates (micas) are 
highlighted in red (higher) and blue (lower). The 900D mineral map 
(Fig. 11a and b) shows in red the Fe3+-bearing rocks, characterized by 
higher 900D values (Fig. 11a). The group includes the gossans outcrops, 
but also red beds and granite complexes. As the latter lithologies were 
identified also in the 2200D map, they could be excluded from further 
interpretation. The known gossan distribution was highlighted, together 

with possibly new identified gossans a few kilometers E-NE from the 
Jabali prospect area (Fig. 11b). 

5.4. Comparison between PRISMA L2C results and field-based 
hyperspectral data 

The spectra derived from the selected ROIs created on the PRISMA 
L2C VNIR-SWIR scene over the areas recognized as (a) dolomites 
(Fig. 10b), (b) limestones (Fig. 10a) and (c) gossans (Fig. 11a) are re-
ported in Fig. 12a–c. In detail, Fig. 12a–c shows the comparison between 
some representative field-based spectra downsampled to the PRISMA 
spectral resolution, and the spectra derived from the defined ROIs over 
the PRISMA image (black dotted lines). The intervals chosen are SWIR-2 
(2200–2400 nm) and VNIR (400–1000 nm). The spectral signatures 
generally appear consistent with those obtained from laboratory 
hyperspectral measurements. The differences visible may be due to 
PRISMA 30 m-spatial resolution and mineral phases mixing compared to 
the spectra collected under laboratory conditions. However, a slight 
shift towards longer wavelengths (of about 7 nm) can be noted between 
the limestone spectrum (JSMON H9) and the PRISMA selected ROIs 
spectrum. The dolomite absorption feature, instead, is visible at 2320 
nm in both the PRISMA spectra and the dolomite samples spectra. 
Regarding the gossan samples, Fe-hydroxides spectral features (CTF and 
CFA) are quite well visible, despite some distortions, due perhaps to non- 
absorption and absorption bands applied in the L2 processing for water 
columnar content assessment. Fig. 12d, instead, shows the same spectra 
in Fig. 12a–c after applying the 2350D and the 2320D band ratios, then 

dolomite

calcite

dolomite

calcite dolomite

calcite

goethite

hematite

Fig. 8. Binary discrimination plots for the ground samples reflectance spectra dataset. (a) 2350D versus Carbonate Composition colored following the 2350D. 
Dolomite samples in blue are characterized by 2350D values lower than 2.0, while values above 2.20 are shown by limestones samples (orange-to-red). In green 
colors are shown the rusty and partially dedolomitized dolomite samples and the calcite-bearing gossan sample. (b) 2320D versus Carbonate Composition colored 
following the 2320D. The dolomite-bearing samples are shown as green to red samples points and placed above the 2320D threshold value of 2.02. Calcite-bearing 
samples plotted as light blue dots are characterized by 2320D lower than 2.02. (c) 2350D versus 2320D diagram, colored following the 2320D/2350D ratio. Dolomites 
samples (green to red dots) and limestones (blue dots) are negatively correlated, the distribution trends are indicated by the arrows. (d) 900D plotted against 
Hematite-Goethite ratio. Gossan samples are characterized by values higher than 2.3. (e) spectra of representative host rock samples, (1) and (2) indicate decreasing 
dolomite content; (3) refers to limestone sample. (f) spectra of representative gossan samples order as decreasing goethite content (4, 5, 6) and hematite (7). The 
numbers refer to their position in the binary diagrams. Arrows indicate increasing mineral abundances. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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plotted against each other and colored following the 2320D/2350D ratio 
in order to facilitate the comparison with the binary discrimination plots 
(see sub-section 4.2) and the mineral maps (see sub-section 4.3). As 
shown by the binary plot, the spectra derived from the PRISMA selected 
ROIs fall into the respective group (either dolomites or limestones), in 
agreement with the field-based hyperspectral data chosen for validation. 

6. Discussion 

6.1. Dolomite identification and mapping 

Due to their spectral contrast, the distribution of the main rock types 
outcropping in the Sab’atain basin, such as limestone, dolomite, Pre-
cambrian basement granites, and Tertiary volcanism products can be 
mapped using the workflow proposed in this study (Fig. 13a, b; see the 
simplified geological map for comparison Fig. 1b). In addition, by 
comparing the obtained PRISMA-derived spectral maps with the 
geological field data shown in previous studies (e.g., Christmann et al., 
1989; Al Ganad et al., 1994 and references therein), it is shown that 
PRISMA data also allows delineation of the alteration at regional scale, 
providing information about prospective zones for mineral exploration. 

Distinction between dolomites and limestones was possible based on 
the main CO3

2– absorption feature, which appears shifted to shorter 
wavelengths for dolomites, with the main feature occurring at 2320 nm 
(Gaffey 1986; Lampinen et al., 2019), compared to the main calcite 
absorption feature located at 2335 to 2340 nm (Clark et al., 1990; Van 
der Meer 1995; Kurz et al., 2012). Dolomite-dominated samples used for 
validation of the Jabali deposit area are characterized by dolomite 
abundances ranging from ~ 73 to 88 wt% (Fig. 5, samples JSMON3b, 
JSMON2, JSMON33, and JSMON23). Reflectance spectra from Field-
Spec data show that most of them cluster between 2322 nm and 2324 
nm (Fig. 5, 8a–c), shifted to longer wavelengths compared to the diag-
nostic wavelength position of stoichiometric dolomite at around 2320 
nm, except for sample JSMAR4. When comparing both 2320D and 

2350D feature extraction indices with XRPD-QPA analyses, it appears 
that dolomite-dominated samples are characterized by an increase of the 
2320D values, directly correlated with the dolomite abundances gained 
through XRPD-QPA analyses, while they are inversely correlated with 
2350D values, which decrease with increasing dolomite abundances. On 
the contrary, calcite-bearing samples (both limestones and alteration 
samples) show an increase of the 2350D proportional to the XRPD-QPA 
calcite abundances (Fig. 5, 8a–c). When comparing the 2320D and 
2350D feature extraction indices with the whole-rock geochemical an-
alyses, a positive correlation (y = 186.85x – 374.62, R2 = 0.84) is shown 
between the bulk MgO (wt%) concentration and the 2320D index, which 
is higher for samples with high MgO (wt%) values (Fig. 9a). A very high 
correlation (y = 138.25x – 133.59, R2 = 0.86) was also obtained by 
comparing the 2320D/2350D ratio with the MgO (wt%) bulk concen-
trations in host rock samples. Moreover, two defined trends can be 
noticed by correlating the 2320D/2350D ratio against the CaO (wt%), 
where calcite-bearing samples (JSMON H9 and, secondly, JSMAR7 and 
JSMAR5) show high CaO (wt%) values and low 2320D/2350D (Fig. 9c). 
These relationships demonstrate the value of the 2320D and 2350D 
feature extraction indices for the discrimination of limestone from 
dolomite. 

As in several carbonate-hosted Zn-Pb deposits (e.g., Poland, USA, 
Ireland; Leach et al., 2005; Davies and Smith 2006), the hydrothermal 
dolomite at Jabali is Fe- and Mn-bearing (containing up to 2 wt% MnO 
and between 0.1 and 6 wt% FeO). As outlined in previous studies (Gaffey 
1985, 1986; Kurz et al., 2012; Green and Schodlok 2016; Lampinen 
et al., 2019), higher Mn and Fe contents can cause the shift to longer 
wavelengths of the main carbonate bands in dolomite spectra, however, 
a discriminator between Fe-carbonate species is the Fe2+ CFA feature, a 
broad double band in the NIR region centered at around 1200 nm. From 
hyperspectral analysis from hand specimens, the latter aspect is visible 
only in the slightly Fe-enriched dolomite in sample JSMON3b for which, 
together with the presence of a broad but weak absorption doublet 
around 1200 nm (Figs. 5, 8e and Table 5), the bulk FeO contents 

calcite

dolomite

dolomite

calcite

dolomite

calcite

Fig. 9. Validation Binary plots reporting the integration with whole-rock geochemical data; (a) 2320D plotted versus MgO (wt%), colored following 2320D; (b) 
2320D/2350D ratio plotted versus MgO (wt%), colored following 2320D/2350D; (c) 2320D/2350D ratio plotted versus CaO (wt%), colored following 2320D/2350D; 
(d) 900D plotted versus Fe2O3 (wt%), colored following 900D. 
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Fig. 10. Relative absorption depth indices applied to the 
PRISMA L2C scene of the Jabali area: (a) 2350 nm feature 
depth (2350D) map masked for vegetation and man-made 
features; (b) 2320D/2350D ratio masked for 2200D > 2.15. 
(C) 2200 nm feature depth (2200D) masked for 2350D > 2.0, 
vegetation, and man-made features; Topographic shaded relief 
from SRTM NASA Version 3 data (Farr et al. 2007; NASA JPL, 
2013) is used as background. The borders of Fig. 2 are reported 
as white dotted squares for localizing the Jabali area.   
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obtained from whole-rock geochemical analysis show values up to ~ 1.9 
wt% (Table 4). Samples JSMON2, JSMON33, and JSMON23, instead, 
show FeO concentration always lower than the detection limits (i.e., 
FeO < 0.20 wt%; Table 4) and are less pure, characterized by typical 
alteration products such as smithsonite and chalcophanite (JSMON2), 
goethite (JSMON2 and JSMON23) and smectites (i.e., sauconite; 
JSON33 and JSMON23; Fig. 5 and Table 5). At the same time, the latter 
samples show a broad absorption feature in the VNIR region at shorter 
wavelengths compared to ferroan hydrothermal dolomites (sample 
JSMON3b), centered from around 910 nm up to 940 nm (Fig. 5 and 
Table 5). The presence of this feature could be mostly related to the 
presence of goethite and/or amorphous Fe-hydroxides, which are 
characterized by the CFA feature occurring at around 908 nm (Crowley 
et al., 2003). However, the hydrothermal dolomite at Jabali also expe-
rienced later supergene alteration and formation of Zn-bearing dolomite 
(Mondillo et al., 2014), associated with the oxidation of Zn-Pb sulfide 
ores (Boni et al., 2011). Thus, the goethite-related absorption (Fe3+ CFA) 
in the dolomite samples could have been affected by a shift to longer 
wavelengths, potentially related to the presence of Zn2+, similarly to 
smithsonite which displays deep and broad crystal field effects between 
800 nm and 1200 nm and centered around 960 nm (McConachy et al., 
2007). 

Regarding the satellite spectral mapping, dolomite feature-based 
distribution maps of the Jabali deposit area could be obtained from 
the successive application of the latter tested indices targeting the 
relative depths and wavelength positions of the carbonate phases ab-
sorptions. The 2320D index and its relationship with the 2350D index 
applied to the PRISMA L2C scene allow the discrimination of dolomites 
from calcite-bearing outcrops/samples (Fig. 8a–c, Fig. 9a–c, Fig. 10a, b). 
In the 2320D/2350D mineral map (Fig. 10b), limestones were high-
lighted in blue, and different dolomite types are characterized by shades 
of red (high relative abundances) to green (lower relative abundances). 
The spectra derived from selected ROIs (Fig. 12a, b, and d) confirm and 
validate the accuracy of the mineral mapping. 

The application of the 2200D index (Table 2 and Fig. 10c) and its 
combination with the 2320D and the 2350D indices helped to discrim-
inate silicatic lithologies related to magmatic activity (i.e., Tertiary 
volcanics and the Precambrian Basement), enabling their masking 
before mapping the dolomite distribution (Figs. 10b and Figure 13a). In 
addition to these rocks, shown in red in Fig. 10c, it was noticed that the 
areas known from previous studies and fieldwork for the occurrence of 
hydrothermal dolomites are characterized by slightly lower 2200D 
index values (shown in blue in Fig. 10c), if compared to other areas 
mapped as dolomite from the 2350D/2320D ratio (Fig. 10b; green zones 
in Fig. 13a, b). Since higher 2200D values are related to a higher relative 
abundance of Al-sheetsilicates, this feature could be due to the presence 

of micas and/or clays within the early diagenetic dolomite country rock 
(as also observed by Youssef (1998). Thus, the areas with dolomites 
(high 2320D/2350D) and low 2200D were interpreted as hydrothermal 
dolomites sensu stricto. 

The main challenge in distinguishing between different dolomite 
types (i.e., hydrothermal and early diagenetic) is related to the relatively 
low spatial resolution of the space-borne hyperspectral instruments (i.e., 
~30 m, as in the PRISMA specific case), as well as to the lack of char-
acteristic spectral features achievable from SWIR spectra able to 
differentiate the dolomite facies in the studied wavelength region. For 
the Jabali case, the spatial resolution issue also affects the ability to 
differentiate the different carbonate units (Units 1 to 4), which are 
characterized by very small thicknesses (from 10 m to 40 m). Never-
theless, Kurz et al. (2012), who proposed a workflow combining ground- 
based hyperspectral imaging and lidar data for differentiating lime-
stones from dolomites and characterizing also diagenetic and composi-
tional features, achieved the results by using much higher spatial 
resolved hyperspectral data collected from a tripod-mounted sensor 
(HySpex SWIR-320 m imager). Lampinen et al. (2019), instead, evalu-
ated the use of the Fe2+ CFA feature for discriminating between dolo-
mite, siderite, and Fe-dolomite (+ankerite) from TIR trained SWIR drill 
core hyperspectral data. Good results were gained by applying the Fe2+

intensity scalar based on the measure of the depth of the Fe2+ reflectance 
absorption feature at ~ 1200 nm. A band ratio for Fe2+-bearing minerals 
identification, including carbonates, and always based on the Fe2+ CFA 
feature, was proposed and successfully applied in previous studies to 
airborne hyperspectral data (Cudahy et al., 2008), e.g., the commercial 
HyMap system, equipped with a VNIR-SWIR spectrometer collecting 
126 spectral bands at 3 to 10 m spatial resolution (depending on flying 
acquisition height). Potentially, a higher Fe2+ content in ore-related 
hydrothermal dolomites, compared to the one observed for the Jabali 
dolomites, could enable to use of the same bands for discriminating Fe- 
rich dolomites from Fe-poor dolomites even from satellite hyperspectral 
data, assisting the mineral identification and mapping even at the 
PRISMA spatial resolution, allowing the delineation of the ore-related 
alteration haloes from the barren diagenetic dolomite rocks. 

6.2. Delineation of gossans and mineralized outcrops 

The gossan samples analyzed in this study (Table 3, sampling areas 2, 
3, 4, 5, 7 and Jabal Salab in Fig. 2) are dominated by goethite and he-
matite, displaying the main absorption features at 660 nm (CFT) and 
908 nm to 910 nm (CFA) when goethite dominates, and the CFA shifted 
to shorter wavelengths (878 nm) when hematite occurs in higher 
amounts (e.g., sample JSMON18; Fig. 6). Moreover, the OH-related 
feature characteristic of a sufficient presence of jarosite, 

Fig. 11. (a) Ferric Oxides Abundance (900D) map and (b) a focus on the Main Area Of Interest. Topographic shaded relief from SRTM NASA Version 3 data (Farr 
et al. 2007; NASA JPL, 2013) is used as background. The borders of Fig. 2 are reported as white dotted squares for localizing the Jabali area. 
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plumbojarosite, and smectites is also visible in some samples (e.g., 
JSMON18; Fig. 6). The feature used for mineral mapping was the one at 
around 900 nm. As shown in Fig. 8d and 9d, it can discriminate all the 
gossan samples analyzed. The 900D was applied to the whole samples 
hyperspectral dataset and plotted against the Hematite-Goethite ratio 
(Cudahy and Ramanaidou 1997) and the bulk Fe2O3 concentrations. It 
indicates that gossan samples are defined by higher 900D values 
(Fig. 8d), and both goethite- and hematite-dominated samples display 
an increase of the 900D values directly correlated with the goethite/ 
hematite abundances obtained through XRPD-QPA analyses. A highly 
positive correlation is also shown in Fig. 9d, where higher Fe2O3 (wt%) 
bulk contents correspond to high 900D values (y = 96.756x – 196.58, R2 

= 0.93). Fig. 11 a and b illustrate the application of the 900D to the 
PRISMA L2C scene, after masking pixels with 2350D < 2.0. In the 
resulting mineral distribution map (Fig. 11 a, and b), the known gossan 
outcrops are highlighted, but new gossans (i.e., new potential mineral-
ized areas) were also identified (in yellow in Figure 13a and b), a few 
kilometers E-NE from the Jabali prospect area (Fig. 11b, Figure 13a and 
b). 

With regards to the Zn-nonsulfides samples hyperspectral charac-
terization, the smithsonite-hydrozincite bearing samples (JSMON29 and 
JSMAR8, Hyd > 20 wt%) are defined generally by broad absorption 
doublets at 2304 and 2400 nm (Fig. 7). Hemimorphite occurrence is, 
instead, commonly characterized by the Zn-OH bound displaying a very 
weak absorption at 2210 nm (JSMAR5, red spectrum in Fig. 7), however 
it occurs only in minor amounts in the studied samples. When either Fe- 
hydroxides (both goethite and amorphous phases) or Fe impurities are 
present, deep, and broad absorptions centered around 920 nm occur, 
summed to the contribution of Zn2+ in the same range. The overlapping 
of the CO3

2– features of calcite, dolomite and Zn-bearing carbonate 
phases (i.e., smithsonite and hydrozincite) limits their clear distinction 
in the SWIR 2 region in any of the investigated samples (Fig. 7) due to 
mineral phases mixing. However, the ubiquitous presence of the broad 
absorption doublet when hydrozincite occurs in significant amounts in 
the mineral assemblage could be very useful for discriminating Zn- 
bearing nonsulfide phases from secondary calcite by employing 
portable hyperspectral instruments in the field. 

An additional factor that can assist during the geo-mineralogical 
interpretation of hyperspectral maps is the possible association of 
hydrothermal-mineralized facies with tectonic structures (e.g., fractures 
and faults). In the Jabali case, for example, the hydrothermal alteration 
and the related mineralization at Jabali are preferentially located along 
faults and at their intersection following three main structural trends 
recognized in the field, associated with boundary faults at the flanks of 
basement highs (Figs. 1 and 2; Mondillo et al., 2014). Looking at 
Figure 13a and b, it is possible to see that the main targets in the Jabali 
area are defined by gossan occurrences in dolomites (identified through 
hyperspectral satellite imagery processing), and the position of main 
structural lineaments. 

6.3. PRISMA capabilities in mineral mapping 

The PRISMA surface reflectance data collected in the area appear to 
be suitable for mapping the target mineral phases in both the VNIR 
(around 900 nm) and SWIR 2 (between 2000 nm and 2400 nm) wave-
length regions. In particular, the SWIR detector provides 171 spectral 
bands between 920 and 2500 nm, at an SNR ≥ 100 at wave-
lengths>2000 nm (Cogliati et al., 2021). Compared with previous 
studies based on remote sensing applications in the Jabali region (Der-
oin et al., 2011, 2012), where the use of Landsat (MSS, TM, ETM + ), 
QuickBird, and ALOS AVNIR-2 multispectral satellite data led to a quite 
detailed mapping of the area, the narrower bands of the PRISMA SWIR 2 
represent a more effective tool for discriminating SWIR-active spectrally 
similar minerals, like dolomite and calcite. Deroin et al. (2012, 2011) 
obtained a good identification of gossans possibly related to archeo-
logical remains, but carbonate species discrimination was only based on 

gossan

limestone

dolostone

dolomite
calcite

Fig. 12. Comparison between field-based representative spectra and PRISMA 
L2C. a) dolostones; b) limestones; c) gossans; d) 2350D versus 2320D validation 
binary plot, colored following the 2320D/2350D ratio. Only for field-based 
spectra, a label indicates the sample number. Dolomites (green to red dots) 
and limestones (light blue to dark blue dots) spectra are negatively correlated. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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the broad 30 m-SWIR 2 band 7 of Landsat (2.08–2.35 µm) and, therefore, 
it was less accurate due to poor coverage of the SWIR region. As shown 
in Fig. 12 a, b, and d, except for a slightly shift of the 2340–2342 nm 
calcite main feature (of ~ 7 nm), both dolomite and limestone are 
defined by the PRISMA spectra and are in agreement with the field- 
based hyperspectral data collected for validation and the geological 
features described in the area (Fig. 1b, 2). A shift of the calcite absorp-
tion feature was already encountered by (Heller Pearlshtien et al., 
2021). However, (Heller Pearlshtien et al., 2021) observed a significant 
shift (29 nm versus ~ 7 nm observed in this study), resulting in inac-
curacy in mapping. The authors explained the issue to be related to 
artefacts introduced for SWIR-2 long-wavelengths higher than 2340 nm 

by the L2D atmospheric correction process developed by ASI, and it was 
minimized by the same authors correcting radiance data instead of using 
L2D At-surface reflectance products. Therefore, even if the shift 
observed in this study is not so significant, and the limestone mapping, 
as well as its distinction from dolomites, could be performed by using the 
2349 nm PRISMA band (B152 of the SWIR cube), the results can possibly 
even improve by using L1 data instead of applying the feature-based 
band ratios on already processed L2 images. 

Due to the careful user-guided evaluation of the PRISMA bands 
before proceeding with the mineral mapping, the PRISMA-derived 
spectral maps appeared only slightly influenced by the striping effect, 
which represented the main issue for some specific and diagnostic 

Fig. 13. (a) Geological interpretation resulting from the band depth indices and band ratio applied to the PRISMA L2C scene of the Jabali area and (b) a focus on the 
main area of interest. A subset of the PRISMA Panchromatic scene is used as background (pixel resolution 5 m). 
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absorption bands and regions in mineral mapping. Generally, they are 
noticeable in the form of noisy bands with along-track lines with no 
spectral information, and other noise distortions that, for the PRISMA 
scene from the Jabali area, are characterized by some of the bands used 
for the 2320D and the 900D indices. The accuracy in the detection of the 
geological features of the area was only negligibly impacted, since it is 
covered with hardly any green and dry vegetation which may contribute 
to mixing effects (Cudahy et al., 2008). 

7. Conclusions 

The results of this study illustrate the advantages of using feature 
extraction indices applied to hyperspectral data for recognition of 
outcropping geology, that can be used as a powerful tool for mineral 
exploration in sedimentary environments at regional scale. Since the 
understanding of the mineralogical and geochemical features in both 
country rocks and weathering profiles is crucial for enabling successful 
exploration, we adopted a combined use of remote and proximal sources 
of hyperspectral data for defining features possibly able to target 
carbonate-hosted Zn-Pb ore deposits. The VNIR-SWIR reflectance spec-
troscopic data derived from the PRISMA satellite, that were interpreted 
with the support of analyses on ground samples, allowed us to (1) 
delineate the distribution of the dolomitization in the Jabali area, 
enabling its discrimination from limestones, and (2) identify the gossan 
outcrops overlying the mineralized areas. The detailed evaluation of the 
reflectance spectra from mineralized samples, even if their distribution 
mapping is not achievable at the satellite spatial resolution, helped the 
definition of the spectral responses of Zn(-Pb)-bearing oxidation-related 
minerals. Since they are commonly associated with nonsulfide ores 
related to supergene alteration of sulfide ore bodies, they represent a 
useful tool for exploration surveys based on field spectroscopy. 

In conclusion, this study demonstrates that PRISMA can be a valu-
able tool for mineral exploration. The proposed method could be 
potentially applied to other hydrothermal ore deposits in sedimentary 
environments, including sedimentary-exhalative (SEDEX) Pb-Zn ores, 
hypogene willemite nonsulfide deposits (e.g., Vazante district, Beltana, 
and Berg Aukas deposits; Hitzman et al., 2003), as well as many hy-
drocarbon reservoirs (Davies and Smith 2006). Each of the latter systems 
displays a strong structural control by extensional and/or strike-slip 
(wrench) faults, typically acting as preferential paths for fluid flow 
and controlling the hydrothermal alteration of country rocks. An 
extension to other spectral ranges (e.g., Thermal InfraRed – TIR) can also 
be considered, applying the method proposed to other case studies and 
systems defined by VNIR-SWIR non-active alteration minerals and li-
thologies. Distinguishing diverse dolomite types (i.e., hydrothermal vs 
early diagenetic) has not been solved in the current study using PRISMA, 
mostly due to limitations in the satellite spatial resolution. More 
investigation is necessary to develop and improve methods for noise 
suppression (e.g., de-striping) for some wavelength regions of the 
PRISMA data. 

8. Data access 

Project carried out using PRISMA Products, © of the Italian Space 
Agency (ASI), delivered under an ASI License to use by visiting prisma.as 
i.it. 
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Deroin, J.-P., Téreygeol, F., Heckes, J., 2011. Evaluation of very high to medium 
resolution multispectral satellite imagery for geoarchaeology in arid regions – Case 
study from Jabali, Yemen. J. Archaeol. Sci. 38, 101–114. https://doi.org/10.1016/j. 
jas.2010.08.015. 
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