
Identification, mapping, and quantification of asbestos minerals in ACM 
and NOA using NIR-SWIR hyperspectral scan imaging: Preliminary study☆

Lorenzo Marzini a,* , Iacopo Osticioli a , Daniele Ciofini a , Juri Agresti a ,  
Sergio Bellagamba b , Federica Paglietti b, Andrea Azelio Mencaglia a , Salvatore Siano a

a Istituto di Fisica Applicata “N. Carrara” – Consiglio Nazionale delle Ricerche (IFAC-CNR), Florence, Italy
b Italian Workers Compensation Authority (INAIL), Department of Technological Innovations and Safety of Plants, Products and Anthropic Settlements, Rome, Italy
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• A novel portable NIR-SWIR hyper
spectral point scan imaging tool has 
been developed.

• NIR reflectance spectra allowed to map 
and quantify asbestos contents in 
cement.

• Supercontinuum laser vibrational exci
tation speeds up NIR-SWIR HSI imaging.
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A B S T R A C T

Here, we aimed at extending the Near Infrared-Short-wave infrared (NIR-SWIR) spectroscopy approach in 
characterizing Asbestos Containing Materials (ACM) and Natural Occurring Asbestos (NOA) through the 
development and testing of a novel portable asbestos mapping tool based on Hyperspectral Imaging (NIR-HSI) 
tool. This was built using high resolution spectroscopy over a range of about 170 nm around the OH overtone 
bands (about 1370–1420 nm), a supercontinuum laser for vibrational excitation, compact XYZ translation stages, 
and dedicated software. The vibrational reflection data measured using this system allowed discriminating 
different asbestos minerals and to define the methodological basis for their quantification in various matrices. 
Point scan NIR-SWIR reflectance images with a spatial resolution of about 50 µm allowed successfully mapping 
asbestos inclusion in proximity of the surface of a set of samples. The experimentation demonstrated the pos
sibility of characterizing asbestos in NOA or ACM directly in situ, through mineral mapping providing qualitative 
and semi-quantitative information on the asbestos fiber contents.
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1. Introduction

The term “asbestos” refers to a family of phyllosilicate minerals 
including chrysotile (the fibrous variety of serpentine) and five amphi
boles: grunerite (amosite), riebeckite (crocidolite), anthophyllite, 
tremolite and actinolite [1]. These have been widely used in the past 
century for thermal insulation, shielding, and sound absorption mate
rials [2,3], as well as in building materials [4], plastic and textile 
products [5], and other. Such an intensive exploitation of asbestos has 
been stimulated by its unique physical and chemical, properties. How
ever, Asbestos Containing Materials (ACM) and Naturally Occurring 
Asbestos (NOA) represent matter of health concerns due to their po
tential release of fibers because of manipulation and/or alteration. 
Indeed, biological, physical, and chemical weathering processes can 
mobilize asbestos fibers from the various matrices, which can hence be 
dispersed into the environment [6] and produce serious risks for the 
human health [7–12].

As well known, the inhalation of asbestos fibers represents a serious 
threat for human health (see for example Hillerdal and Henderson, 
[13]), thus the introduction of rapid and accurate in situ detection and 
quantification is of primary importance. Indeed, the recognition and 
quantification of the different fibers is crucial in order to evaluate the 
specific toxicities, disposal protocols, and possible preventive measures, 
although such analytical objectives still represent very challenging 
tasks.

Along the last decades, significant efforts have been dedicated to the 
characterization of NOA or ACM using laboratory analytical approaches, 
such as X-ray diffraction (XRD), Fourier transform infrared spectroscopy 
(FTIR), and scanning electron microscopy (SEM-EDX). Despite these 
techniques are currently mostly used in asbestos pollution studies, ac
cording to a long tradition of works carried out since 1970s [1] and the 
consequent legal protocols stated by the National governments, they 
present serious limitations. All the mentioned techniques require sample 
collection and preparation and their use in quantitative characteriza
tions involve complex and time-consuming analytical protocols. This 
encourages to spend more efforts in developing efficient portable in
struments and associated rapid identification and quantification 
methods. The potential of in situ characterization of ACM or NOA using 
portable Raman, XRF, and IR spectroscopies has been recently investi
gated in some works [14–16], which suggest the promising analytical 
perspectives of vibrational spectroscopy in terms of effectiveness and 
efficiency, real time detection, cost reduction, and portability. Indeed, 
the different types of asbestos fibers can be thoroughly discriminated by 
means of Raman, FTIR, and NIR-SWIR spectroscopies, on the basis of the 
lattice vibration bands between 1200–500 cm− 1 [1,17] and a set of 
spectral features associated with the OH stretching vibrations 
(3700–3500 cm− 1). However, in situ application of Raman spectroscopy 
on ACM is not straightly practicable, while Diffuse Reflectance FTIR has 
a low spatial resolution then it is not suited for in situ imaging applica
tions, which can be conveniently carried out using NIR-SWIR 
spectroscopy.

Miniaturized NIR-SWIR spectrometers equipped with InGaAs sensor 
array, which started to be widespread along the last two decades, 
significantly simplified the development of the corresponding hyper
spectral imaging (HSI) systems, which have been then extensively used 
in remote sensing and proximal imaging in various fields of application. 
In particular, such an approach has been exploited for mapping the 
distribution of asbestos over geological areas [18] or urban contexts 
(asbestos-cement and other ACM) [19]. Furthermore, it has also been 
extensively used for in situ diagnostic applications in biology (see for 
example Torres Gil et al., [20]) cultural heritage (see for example Picollo 
et al., [21]), and other by means of experimental setups, which can be 
adapted to map and evaluate asbestos in ACM and NOA. Recently, NIR- 
SWIR HSI based on multivariate analysis combined with XRF proved 
effective for developing a classification method capable of identifying 
the presence of asbestos fibers in small (~1 cm2) samples wastes [16].

Here, we aimed at producing a similar mapping of asbestos in 
different matrices, as that of the latter work, by developing a dedicated 
portable NIR-SWIR scan tool and a direct mapping of fiber bundles based 
on standalone spectral features. The system was based on high resolu
tion spectroscopy around the OH overtone bands (about 1370–1420 
nm), highly focusable excitation source, compact XYZ translation stages, 
and dedicated homemade software. The vibrational data measured 
using the novel system allowed to identify different asbestos minerals in 
a set of selected samples and to define the conceptual bases for their 
quantification, thus showing the possibility of characterizing NOA or 
ACM directly in situ, through direct NIR-SWIR mineral mapping.

2. Materials and methods

2.1. ACM and NOA samples

Standards, ACM, and NOA samples analysed in this work are re
ported in Table 1. ACM and Standard samples were provided by the 
Italian Workers Compensation Authority (INAIL) Department of Tech
nological Innovations and Safety of Plants, Products and Anthropic 
Settlements (Rome, Italy) while the NOA sample were provided by the 
Department of Physical Sciences, Earth and Environment (DSFTA) of 
University of Siena (Italy). The NOA sample was collected from a ser
pentinites outcrop located in the Murlo study area (province of Siena, 
Italy).

Chrysotile (Mg3Si2O5(OH)4) and crocidolite (Na2(Mg,Fe)6S
i8O22(OH)2) standard samples were selected (St1, St2) in order to ach
ieve the reference NIR-SWIR spectral datasets.

2.2. Instrumental development

A novel fiber coupled optical probe/head equipped with three 
confocal channels for intense NIR-SWIR excitation, Vis illumination, and 
NIR-SWIR reflection collection was designed and built using 3D resin 
printing, mirrors, and fiber connections, as shown in Fig. 1. The primary 
focusing and collecting mirror towards the target was a protected silver 
coating Ø2″ holed 90◦ off-axis parabolic mirror (Fig. 1a) with a focal 
length of 2″, and working distance of about 2.5 cm. while fiber couplings 
were achieved using a secondary Ø½” and 1″ focal length 90◦ off-axis 
parabolic mirror for each of the present three optical channels. The 
hole through the primary mirror was exploited to collect digital images 
of the area under analysis using a high-definition camera (pixel size of 
1.5 μm).

A fiber coupled supercontinuum laser with bandwidth 400–2400 nm 
and CW power of 100 mW (Samba, LEUKOS, FR) was selected as NIR- 
SWIR excitation source, while the corresponding reflection channel 
was fiber coupled to the spectrometer NIRQuest+ (Ocean Optics), which 
was suitably customized to cover the spectral range 1350–1517 nm with 
a resolution of about 0.8 nm and then to detect the OH overtone bands 
with a rather high resolution. Vis illumination by a halogen lamp was 
also added.

The supercontinuum laser guarantees high spectral power density in 

Table 1 
List of standards, ACM and NOA selected to perform the HSI based recognition/ 
classification procedures.

ID 
sample

Sample type Asbestos species

St1 Standard Pure chrysotile
St2 Standard Pure crocidolite
ACM1 Asbesto in organic matrix from a 

gasket
Chrysotile, crocidolite

ACM2 Asbesto-cement from roof panel Chrysotile, crocidolite
ACM3 Asbesto-cement from pipe Chrysotile, crocidolite
NOA Ranocchiaia (serpentinized 

peridotite)
Lizardite (serpentine 
polymorph)
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the region of interest and high focusability, which means intensity over 
the latter, which is order of magnitude larger than the one provided by a 
typical focused halogen lamp.

The described optical probe was mounted on a compact XYZ trans
lation group allowing to perform XY scans for collecting reflection maps 
and implementing the autofocus through the suitable control of the Z 
axis (see below). Finally, a dedicated software for the overall hardware 
and acquisition process control, data processing and visualization of the 
final mineral map was developed (own-built in LabView™ environ
ment). The diameter of the focused NIR-SWIR excitation beam provided 
by the supercontinuum laser was about 100 μm. However, the actual 
illumination spot was slightly broadened by scattering and the core 
diameter of the signal collection fiber was 25 μm, which determined the 
spatial resolution of the reflection maps, which were collected by 
scanning areas of ~ 1–100 mm2. Furthermore, in order to get suffi
ciently intense reflection signal, at the present stage, spectra were ac
quired by setting a sampling step of 10 µm and an integration time of 
about 24 ms. Thus, the overall scanning time and map visualization for a 
sample surface of about 1 cm2, corresponding to 1 million spectra, was 
about 1 h.

2.3. Data processing

To derive the distribution maps of chrysotile and crocidolite in the 
ACM and NOA samples listed in Tab. 1 the cosine similarity, which is 
equivalent to the spectral angle mapper (SAM) [22,23] was applied. As 
well known, the cosine similarity approach is often used to evaluate the 
similarity between two multidimensional quantities such as, in partic
ular, two spectra represented by the respective vectors corresponding to 
their respective cartesian ordinates. It is defined as the cosine of the 
plane angle between the actual spectrum vector and that of a known 
material assumed as reference, which range between − 1 (antiparallel =
not similar) and 1 (parallel = maximum similarity).

Here, the cosine metrics was applied to automatically discriminate 
chrysotile or crocidolite in ACM and NOA through the comparison with 
the respective standards. Thus, the XY mapping of such a parameteri
zation selectively reproduced the distribution of the mentioned asbestos 
minerals, which was achieved by means of a homemade LabVIEW™ 

code.
The NIR-SWIR scan images of NOA and ACM samples, achieved as 

described above, were processed through the application of unsuper
vised classification clustering algorithm based on the Iterative Self- 
Organizing Data Analysis (ISODATA) technique [24,25]. This data 
processing algorithm allows the automatic adjustment of the number of 
image clusters during the iteration by merging similar clusters and 
splitting clusters with large standard deviations. It uses a maximum- 
likelihood decision rule to calculate class averages that are uniformly 
distributed in the space and then iteratively clusters the remaining pixels 
using minimum-distance criterion so that a cluster represents groups of 
pixels within a multivariate space [26,27]. The performances of the 
selected classification method were evaluated and compared in terms of 
classified images. Statistical and classification analyses were performed 
using ArcMAP software (ESRI™).

3. Results

The novel NIR-SWIR point scan hyperspectral imaging system, its 
instrumental control software, and associated image processing to 
extract asbestos distribution maps, which were developed in the present 
work, were formerly thoroughly tested and underwent several 
improvement phases. In particular, the significant spectral fluctuation of 
the supercontinuum laser output required a suitable combined selection 
of the spectral interval parameterized by means of the cosine metrics, 
integration time (set at between 10–20 ms), and core diameter of the 
signal collection fiber (∅25 μm was selected). Furthermore, after testing 
several potential solutions for the autofocus mechanism the actual so
lution was achieved by exploiting the non-perfect orthogonality be
tween the optical axis and the sample surface, which produced a slight 
micro-shift of the Vis spot provided by the halogen lamp when moving 
the probe along the Z axis. Thus, the autofocus routine was built based 
on the continuous recovery of the XY position of the spot barycentre at 
the focal plane.

Fig. 2 shows the characteristic OH overtone bands of chrysotile and 
crocidolite at 1380 nm and 1415 nm [16,28,29]), respectively, as 
measured using the present setup (Fig. 1) with halogen lamp (Fig. 2a-c) 
or supercontinuum laser (Fig. 2b-d) excitation, respectively. As shown, 

Fig. 1. NIR-SWIR scanning probe: a) optical setup, b) hardware developed.
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the higher spectral power density of the latter allowed a significant 
reduction of the acquisition times (20 ms against 5 s), which made 
feasible the present mineral scan mapping approach.

The mentioned overtone bands, which allow discriminating chryso
tile and crocidolite thanks to the energy differences between the OH 
vibrational levels within the two corresponding crystal structures, were 
assumed as references for the cosine metrics used for processing 
hyperspectral scan images and transform them in mineral maps.

Examples of ACM mineral map layers of chrysotile and crocidolite, 
respectively, over an almost square area of about 3 mm2 are displayed in 
Fig. 3b–c, which refers to the sample ACM3 listed in Table 1. Fig. 3a 
displays the Vis image of the area analysed as captured by the video 
camera. The examination of the Vis image is obviously also important 
for assessing the petrographic coherence.

Fig. 4 shows the output maps after the application of the ISODATA 
algorithm (unsupervised classification) with the detection of crocidolite 
and chrysotile red spots are reported, which provide a simple way to 
calculate the areal fraction of the asbestos minerals. In general, such a 
datum will get meaningful when extracted from one or several 

measurements over a representative total area, which in principle must 
be much larger than the sizes of the asbestos inclusions.

Selective mineral map of ACM2 over about 3 × 3 mm2 area is re
ported in Fig. 5, while the corresponding processed maps following the 
application of the ISODATA algorithm (unsupervised classification), 
highlighting crocidolite and chrysotile micro domains (red spots) are 
displayed in Fig. 6.

Asbesto mineral maps over an area of 100 mm2 (1 million acquisi
tions) of ACM1 and the corresponding ISODATA output are shown in 
Fig. 7, where only chrysotile spots (red colour in Fig. 7c) are present.

Finally, the scan results of NOA1 sample over about 100 mm2 area 
are reported in Fig. 8. Vis examination of this sample showed the typical 
features of such a ultramafic rock, which is characterized by a dense 
distribution of locally oriented dark veins and veinlets within the 
serpentine that appears as an agglomerate of granular white-greenish 
patches. As known the former petrographic feature is attributable to 
magnetite distribution while the latter corresponds to lizardite, a 
serpentine polymorph with OH stretching spectral signature coincident 
with that of chrysotile. The measured maps reflect this petrographic 

Fig. 2. NIR-SWIR spectra (after Standard Normal Variates-SNV operation) of chrysotile (a-b) and crocidolite (c-d) as collected under halogen lamp (a, c) and laser (b, 
d) excitation using acquisition times of 5 s and 20 ms, respectively.

Fig. 3. Example of NIR-SWIR mineral mapping of chrysotile and crocidolite over about 3 mm2 area of the sample ACM3: a) Vis image (see the text), b) distribution 
map of crocidolite, c) distribution map of chrysotile (deep red colour corresponds to maximum similarity, violet colour to absence of similarity).
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interpretation, as shown in Fig. 8, where colours similar to the real ones 
were used for improving the comparison of the final mineral map with 
the Vis image.

4. Discussion

The danger of asbestos fibers for human health stimulated a large 

number of material characterization studies involving different spatial 
scales, which range from that of geological and urban survey to that of 
nano-structural analysis using a broad set of analytical techniques. In all 
the cases the characterization at the microscopic and mesoscopic scales, 
along with the quantification of the fibers within a given material are 
crucial for assessing the potential pathogenicity hazards. Compositional 
and crystallographic analyses at the microscopic and mesoscopic scales 

Fig. 4. Results of the unsupervised classification analysis related of the sample ACM3: a) Vis image of area under analysis, b) classification map of crocidolite (red 
spots), classification map related to chrysotile (red spots).

Fig. 5. NIR-SWIR selective mapping of asbestos components of the sample ACM2: a) Vis image, b) map of crocidolite, c) map of chrysotile.

Fig. 6. Unsupervised classification analysis of the sample ACM2 corresponding to the data sets of Fig. 5: a) Vis image, b) crocidolite, c) chrysotile.
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are relatively complex since they involve the so-called matrix effects and 
the need of high resolution, which can be approached through sample 
manipulations and laboratory instrumentations. To overcome the risks 
of fiber releases along with cost and time-consuming problems associ
ated to the latter we developed and successfully tested a portable NIR- 
SWIR HSI tool for identifying and evaluating the asbestos in a given 
sample in any context and without any preliminary preparation. The 
results presented above show its effectiveness in collecting hyper
spectral scan images, which were used to selectively extract chrysotile 
and crocidolite maps, respectively, reflecting mostly their distributions 
over the scanned surface.

It is important to point out that despite the presence of several 
minerals, the present analysis was very selective, and the heterogeneity 
of the ACM investigated did not affect the mapping. This was essentially 
determined by absence of spectral superpositions at the high spectral 
resolution of the system developed. This was obvious for ACM1 and 
NOA1, whereas asbestos cement of ACM2 and ACM3 could include OH 
overtone spectral components due to hydrate calcium silicates, typically 
formed in cement, and gypsum, which is usually added in small 
amounts. Fortunately, thanks to the present spectral resolution (about 
0.8 nm), in both cases the corresponding band peaks are sufficiently far 
from the ones of chrysotile and crocidolite, respectively, and then they 
were cut out from the elaboration spectral intervals selected. In partic
ular, the bands of hydrate calcium silicates are centered around 1410 nm 
(see for example Pineau et al., [30]), those of gypsum around 1445 nm 
(see for example Camaiti et al., [31]), and the elaboration ranges for 
chrysotile and crocidolite were set between 1378–1382 and 1414–1418 

nm, respectively.
A further important aspect to be discussed concerns the spatial res

olution, which is determined here by the core diameter of the collection 
fiber. According to the sensitivity of the present setup, ∅50 μm was 
selected with the perspective of reducing it at ∅25 μm or less after some 
further improvements to be carried out on the system.

The resolution of 50 μm can allowed resolving asbestos fragments 
and fiber bundles separated by a larger distance, which allow achieving 
reconstructing mineral mappings such as as those showed in Figs. 3, 5, 7, 
which correspond to a first level of accuracy. Nevertheless, these 
hyperspectral scanning results represent a good starting point for qual
itative and semi-quantitative evaluations of the asbestos fiber contents 
in ACM. For example, the presence of chrysotile fibers or bundles in 
ACM3 (Fig. 3b–c), which were not distinguishable in the Vis image 
(Fig. 3a), were promptly identified and mapped (Fig. 4b–c). Similarly, 
both evident and not evident bluish fibers of crocidolite were spectrally 
recognised, mapped (Fig. 5a–b, Fig. 6a–b), and eventually quantitatively 
evaluated. For example, the present approach applied to the sample 
ACM2 returned chrysotile and crocidolite contents of 13 % and 12 % 
average areal fractions, respectively, as calculated by averaging the re
sults of HSI over 8 different areas of the sample of about 50 mm2 each. 
This result is apparently congruent with the typical composition of the 
asbestos cement, although accurate quantifications certainly require 
further investigations.

The measurements carried out on the sample NOA1 (Fig. 8) provided 
a good demonstration of the reliability of the present compositional 
mapping but, at the same time, they also confirmed that standalone OH 

Fig. 7. ACM1 scan: a) Vis image, b) chrysotile mineral map, c) unsupervised classification.

Fig. 8. Sample NOA1 (Ranocchiaia): a) Vis. Image (study area highlighted by the white dashed square), b) lizardite map as derived using the cosine similarity, c) 
lizardite map after the unsupervised classification processing.
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overtone bands do not allow to discriminate the polymorphs of the 
serpentine group (antigorite, chrysotile, lizardite). The latter are phyl
losilicates with the same composition (Mg3Si2O5(OH)4 and basic struc
ture given by a repeated two-layer arrangement with one tetrahedral 
(SiO4) and one octahedral (Mg(OH)2) layer, respectively [32]. The 
crystallographic differences among the polymorphs are represented by 
deformation and disposition of the mentioned two-layer structure 
[32,33]. The measurement carried out on NOA1 showed such structural 
differences did not induce any significant difference of the OH overtone 
vibration bands of lizardite with respect to those of chrysotile, in 
agreement with the literature [33,34]. The investigation on the possible 
discrimination of the polymorphs should hence be extended over a 
larger spectral range, which will be subject of forthcoming studies.

Conversely, the results achieved in this study prove NIR-SWIR HSI is 
very effective in ACM characterization, which can safely be achieved 
without preliminary manipulation of the sample thus preventing risks of 
inhalation of asbestos fibers. Indeed, in the perspective of hazard eval
uation, it is fundamental to rapidly recognize and quantify the amount 
of fibrous minerals in a variety of ACM. To date, a few studies described 
a methodology able to distinguish the asbestos minerals directly in situ 
on the sample as it is [1,35], without removing the fibers from the 
matrix, and no one reported in situ quantification methodologies.

Here, chrysotile and crocidolite asbestos were considered for the 
NIR-SWIR HSI analysis since these asbestos minerals have been the most 
used in in ACM produced in Italy [36]. The extension of the data pro
cessing to amosite and the other amphiboles will further improve the 
present methodology, which offers a smart and affordable solution for 
the analytical support in asbestos remediation activities, while the 
possible solution of the discrimination problem of polymorphs could 
make standalone portable NIR-SWIR HSI a powerful analytical approach 
and allow its applicative extension to building yards and mining.

5. Conclusions

In the present work, a compact portable NIR-SWIR HSI system and a 
methodology to exploit it in recognition, mapping, and quantification of 
chrysotile and crocidolite in ACM were developed and successfully 
demonstrated trough a set of measurements carried out on samples of 
interest. Such a chemical sensor allowed performing rapid composi
tional mapping of ACM and NOA, although in the latter case a reliable 
solution for discriminating the polymorphs of serpentine is still under 
study. The novel system allowed collecting and processing 1 million 
spectra/hour and produced maps of the asbestos minerals without any 
preliminary treatment of the sample, with a resolution of 50 μm. Data 
were processed through an unsupervised classification analysis based on 
the comparison of the collected spectra with those of pure chrysotile and 
crocidolite., by means of a dedicated software protocol.

The methodology described is very promising for rapid assessments 
in several operative contexts. It could allow overcoming time, costs, and 
representativeness issues of the traditional characterization based on 
laboratory equipment such as SEM, FTIR, XRD and related sample 
preparation phases.

Further insights will be dedicated to the refinement of the technology 
and method presented in this work and the extension of the discrimi
nation and classification processing to the polymorphs of serpentine by 
investigating a spectral range broader than the present one and, besides 
crocidolite, to other amphibole asbestos minerals.
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