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S pectroscopy plays a crucial role in the 
field of cultural heritage. It can assist with 
diagnostics, analysis and characterization 
of a cultural object’s material composition, 
guide the development and monitoring of 

new conservation techniques, or identify the optimal 
environmental conditions for preventive conservation. 
Unsurprisingly, several studies have been published 
in recent years exploring the application of diverse 
spectroscopic methods in this field.

However, analyzing rare historical or archaeo-
logical samples requires special considerations and 
can pose great challenges to spectroscopists. The 
objects are fragile and irreplaceable, ideally requir-
ing noninvasive and nondestructive techniques. 
Furthermore, many have undergone aging, degra-
dation or interactions with environmental factors 
that can alter their original chemical composition 
and might complicate their identification. In addi-
tion, archeological or historical samples typically 
have complex chemical compositions that challenge 
standard analysis approaches. 

In addition to sensitivities that come with how pre-
cious the samples are, there are also various demands 

with regard to the measuring instruments and system 
engineering. For a broad and successful application 
outside of laboratories, measurement instruments 
need to be fast, robust, affordable, reliable and easy 
to operate. Moreover, the techniques need to be user 
friendly and provide results that are clear and easy 
to understand by non-technically- trained people. It 
should also allow for mobile analysis so that it can 
be utilized to examine objects in fixed locations.

Spectroscopic methods: Strengths  
and limitations
All spectroscopic methods offer advantages and disad-
vantages. When selecting the most suitable technique(s) 
for thorough material classification, several application- 
dependent aspects should be considered.

Raman spectroscopy
Raman spectroscopy is one of the most appreciated 
analytical techniques in the field of cultural heritage 
science due to several factors, such as the relatively 
quick time of analysis as well as its ability to identify 
both inorganic and organic molecules. Using this tech-
nique, the sample is illuminated with monochromatic 
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light, typically from a laser, and inelastically scattered 
light is detected. The energy shift between the inci-
dent and emitted light is called the Raman shift and 
is based on the excitation of, for instance, molecular 
vibrations or phonons. It provides a unique spectral 
fingerprint of the sample, yielding information about 
molecular bonding, crystallinity, phase transitions 
and chemical composition. Portable or handheld 
systems are available, and several in-situ mobile 
Raman applications on cultural heritage objects have 
been reported, such as the identification of rock art 
painting materials or the investigation of medieval 
manuscripts and paintings. However, local heating 
or photodegradation of the sample may occur, and 
the most serious problem with Raman spectroscopy 
is the possible occurrence of fluorescence, which can 
interfere with the measurement. Fluorescence involves 
the absorption of incident light and the subsequent 
excitation of a molecule to a higher electronic energy 
level. From this excited state, the molecule relaxes to 
the ground state via vibrational and radiative tran-
sitions—the latter being much more intense than 
those observed in Raman scattering. Therefore, the 
spectral window in which fluorescence excitation 
occurs should be avoided when selecting the laser 
excitation wavelength.

Laser-induced breakdown spectroscopy 
Laser-induced breakdown spectroscopy (LIBS) is a 
specific type of atomic emission spectroscopy. During 
LIBS, a high-power pulsed laser beam is focused onto 
the surface of the material of interest. Consequently, 
a small portion of the material is ablated and a hot 
plasma containing free electrons and ionized atoms is 
created. Upon relaxation of the plasma, distinct emis-
sion lines characteristic of the elements present in the 
ablated matter can be detected. For instance, LIBS has 
been used for analytical assessment and chemical map-
ping of the façade of the Malaga cathedral in Spain. A 
major advantage of this method is that it is very fast 
and does not require sample preparation. However, it 
is a minimally invasive method and can lead to partial 
destruction of the sample, limiting its use for highly 
valuable objects.

Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy 
is based on the fact that the resonance behavior of 
atomic nuclei with magnetic moments under electro-
magnetic irradiation is affected by tiny differences in 
magnetic field shielding caused by the surrounding 
atoms—and is mostly influenced by the atoms that 
are covalently bound to that specific atom. Hence, 
NMR spectroscopy can provide comprehensive infor-
mation about the chemical structure of a material, as 
the NMR spectra obtained are unique to functional 
groups or individual compounds. Applications in 
the field of cultural heritage include, for instance, 
assessing the impact of aging on materials, mon-
itoring conservation and restoration efforts, and 
completing stratigraphic analysis in paintings and 
frescoes. However, NMR analysis is characterized 
by its time-consuming nature, high acquisition and 
operating costs, and complex data interpretation. 
Recently, the use of artificial intelligence (AI) tools 
has assisted spectroscopists in the interpretation of 
NMR data and offers potential advantages, particu-
larly in the analysis of natural products.

Fourier-transform infrared spectroscopy
Fourier-transform infrared (FTIR) spectroscopy 
works predominantly in the mid-infrared. It is a 
well- established technique—the gold standard for 
broadband vibrational spectroscopy. With IR radi-
ation, intramolecular vibrational modes can be 
excited, yielding information via absorption bands 
corresponding to certain functional groups present 
in the molecules or through molecular fingerprints 
characteristic for specific compounds. Extensive 
databases are available as well as portable or hand-
held systems. A well-known example of its use is the 
analysis of oil paintings, as these consist of several 
layers containing a variety of organic and inorganic 
components. In addition, IR spectroscopy—such as 
Raman spectroscopy—can be used to estimate sam-
ple age and assess microstructural changes. When 
materials undergo weathering, their crystalline struc-
tures can become disrupted, leading to increased 
amorphization. This structural disorder affects the 

Spectroscopic techniques need to be user friendly and 
provide results that are clear and easy to understand by 
non-technically-trained people. 
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vibrational modes of molecules, resulting in broader 
and sometimes shifted spectral peaks. However, a 
planar surface or low contact pressure is required 
for sampling, which may make it unsuitable for the 
analysis of fragile samples.

Terahertz spectroscopy
Longer wavelengths are used in terahertz (THz) spec-
troscopy. THz time-domain spectroscopy (TDS)—the 
most commonly used spectroscopy method in this 
frequency range—probes intramolecular vibrations 
of larger groups of atoms or vibrations of entire mol-
ecules against each other, such as inter molecular 
or phonon-type vibrations in a molecular crystal. 
This method yields limited spectral detail for non- 
crystalline samples or if the molecules are too large (for 
example, proteins). Instead, it provides a continuous 
absorption spectrum, which is not characteristic and 
therefore of little significance. However, even though 
the spectral information obtained from THz TDS 
may be limited for complex mixtures, the technique 
offers unique advantages and possibilities in the 
context of cultural heritage. First, THz radiation can 
penetrate through many optically opaque materials, 
such as paper, fabric, paint, wood or ceramics, allow-
ing for the sub- surface analysis of various objects. 
Second, in contrast to computed tomography scans, 
non- ionizing radiation is used, which simplifies the 
analysis of objects as their safety and that of the 
operator of the device is not jeopardized. Third, due 
to the pulsed nature of the technique, it can be used 
to reconstruct cross- sectional images of the inter-
nal structure of objects. These stratigraphic images 
are particularly useful for identifying sub-surface 
air gaps, monitoring the consolidation process of a 
painting or determining cracks and paint layer sep-
aration on artwork.

Photoluminescence spectroscopy
Using photoluminescence (PL) spectroscopy, the 
object under investigation is irradiated by a laser 
or strong LED with a fixed wavelength. This leads 
to the excitation of electronic transitions in the 
material and subsequent relaxation and emission 

of photoluminescent light. For solids, the emitted 
light does not consist of sharp emission lines but is 
rather a continuous and broad emission spectrum. 
However, PL spectra from different substances dif-
fer slightly, allowing for material identification and 
characterization. 

A related method is photoluminescence excitation 
(PLE) spectroscopy, where the PL emission is detected 
at a fixed wavelength and the excitation wavelength 
of the light source is varied. The big advantages are 
that simple and low-cost devices are available and 
that the samples can be arbitrarily shaped. PL spec-
troscopy represents a noninvasive and nondestructive 
technique, which is of great importance when investi-
gating precious samples. The use of PL spectroscopy 
in cultural heritage material studies has been limited 
to date due to the rather broad and uncharacteristic 
emission spectra, which may not be able to provide 
clear evidence of the chemical identity of materi-
als. Nonetheless, even broad characteristics might 
be helpful to distinguish or classify materials. In 
combination with affordable and versatile sampling 
devices and the ongoing development of meaning-
ful databases, it represents a promising tool in the 
context of cultural heritage studies.

Secret mummification recipes
Egyptian mummies have fascinated scholars for 
centuries. Yet the exact recipes of the balms used for 
mummification remain uncertain, as there are only 
a few ancient Egyptian texts mentioning the exact 
ingredients. 

The use of molecular analyses to help in identify-
ing the ingredients of ancient Egyptian embalming 
materials has been of great interest in recent decades. 
Traditionally, gas chromatography–mass spectrometry 
or liquid chromatography have been used to identify 
the base components of the embalming materials—
typically natural resins. However, both techniques are 
destructive due to the required use of organic solvents 
and do not allow the analysis of valuable archaeological 
samples. This raises the question of whether the use of 
spectroscopic methods can provide a methodological 
advantage in resin residue analysis. 

The exact recipes of the balms used for mummification 
remain uncertain, as there are only a few ancient Egyptian 
texts mentioning the exact ingredients. 
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Besides mummification, natural resins have also 
been used as protective varnishes and dyes in ancient 
painting techniques or as remedies in a medical context. 
Hence, the successful spectroscopic analysis of natural 
resins can be useful not only in the field of Egyptology, 
but also in medicine and art history.

Investigating natural resins
Recently, we explored and compared the use of five 
spectroscopic techniques as alternative methods to 
the established analytical procedures for natural resin 
analysis. In the course of this, we used THz TDS, 
LIBS, PL/PLE, NMR and FTIR spectroscopy. In total, 
three unknown samples from an Egyptian market 
were studied alongside 15 resin samples of known 
origin. The latter included frankincense, gum arabic, 
myrrh, elemi, mastic and dammar, which have been 
suggested in recent studies to be part of the embalm-
ing mixtures. 

LIBS and THz TDS provided limited information 
for resin characterization, and classification is only 
possible according to the major structural class of the 
resins (for instance, triterpenic or gum resin). However, 
this is not particularly surprising given the structural 
information that can be obtained from both techniques. 

Natural resins are complex mixtures of more than 100 
different substances. Hence, no coherent long-range 
motions can be excited by THz radiation—as would 
be the case for molecular crystals—leading to unchar-
acteristic THz spectra. E. Stübling and colleagues at 
Philipps-Universität Marburg, Germany, and the 
University of Zürich, Switzerland, reported that it 
was possible to nondestructively identify embalm-
ing materials in two unknown bandages by further 
analyzing THz TDS data through principal compo-
nents analysis. Using LIBS, structural information 
about the elemental composition of a material can 
be obtained. As the resins differ mainly due to their 
different organic ingredients, which in turn have 
similar elemental composition—carbon, hydrogen 
and oxygen—only minor differences in the LIBS data 
can be expected.

In contrast, it is possible to classify the resin sam-
ples more precisely using FTIR, NMR and PL/PLE 
spectroscopy. Furthermore, by linking NMR analysis 
with AI, further sub-classification of the individual 
resins can be achieved. However, the application of 
both FTIR and NMR analysis will be limited due to 
the partial destruction of the sample, the complex 
analysis of the obtained data and the expensive 

Comparison of the results obtained by the different spectroscopic techniques for gum arabic (black lines) and an 
unknown sample from an Egyptian market (blue lines). The spectra indicate that the market sample is probably also gum 
arabic. For clarity, the 1H NMR and LIBS data is plotted with an offset of +0.1 (blue spectra). Please refer to the original 
publication for a detailed discussion of the results presented. 
Heidrich et al. “Multispectral investigation of natural resins,” Archiv der Pharmazie 357, 11, e2400517 (2024).
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equipment required. Although the results obtained 
by PL/PLE spectroscopy are not as informative as the 
NMR data, the PL/PLE spectra of the various resins 
differ considerably, enabling a fast, affordable and 
nondestructive material classification.

Looking beneath the surface
THz spectroscopy is not only suitable for obtaining 
spectral information about an object but also allows 
the near-surface structure of objects to be clarified. 
This can be achieved using THz tomography, which 
was first demonstrated by Daniel Mittleman and col-
leagues at Bell Laboratories in 1996. The pulses used 
in this measurement method are reflected from any 
interface between materials with different dielectric 
properties just like in optical coherence spectroscopy, 
which is a standard method in the near-infrared fre-
quency range. Since most materials show a certain 
residual absorption and are rough and therefore 
scatter, the penetration depth is usually limited to 
a few millimeters.

Initially, only flat samples, which were moved 
through the focus in a raster pattern, could be exam-
ined. However, fiber-coupled THz spectrometers, 
which have been available for many years, allow 
greater flexibility. This means that a THz measur-
ing head can be attached to a robot arm and moved 
flexibly, allowing examination of objects with curved 
surfaces. The group at Philipps-Universität Marburg, 
for example, used it to examine a 3,000-year-old 
mummified hand. 

Luminescence of modern  
environmental samples
As mentioned earlier, PL spectroscopy is a fast method 
for obtaining initial information about natural res-
ins. Yet, not only resins but most substances, with the 
exception of metals, show a weak luminescence when 
optically excited. This property can be used in the field 
of cultural heritage and in other areas. 

One example is the cost-effective identification of 
microplastics. PL spectroscopy allows plastic particles 

Luminescence spectroscopy can be an inexpensive tool to 
collect information about objects in the field, which is of great 
importance in order to understand the effects of microplastics. 

Schematic electromagnetic spectrum (unscaled) with spectroscopic techniques used for natural resin identification 
as well as the limits and strengths of the techniques. 
L. Heidrich
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to be distinguished from other materials, for example. 
However, it is also possible to classify the different 
plastics from one another to a certain degree. This 
also works with relatively inexpensive lasers around 
405 nm. The luminescence intensity and the discrim-
ination accuracy generally increase when a shorter 
excitation wavelength is selected. 

Overall, luminescence spectroscopy can be an inex-
pensive tool to collect information about objects in the 
field, which is of great importance in order to under-
stand the effects of microplastics on living organisms 
as well as their distribution and composition in the 
environment.

Future directions
It is desirable to analyze cultural heritage objects 
on-site using multiple nondestructive, complemen-
tary spectroscopic methods simultaneously. Such an 
approach would provide a wide range of results, mutu-
ally compensating for the limitations of the individual 
techniques and leading to unique findings about the 
objects under examination. In any case, even when 
the chemical composition of a material or object can 
be determined using spectroscopy, understanding 
its original function requires collaborations among 
scientists, historians and conservators to interpret 
findings within their cultural and historical contexts. 
Addressing these challenges necessitates continuous 
advancements in analytical techniques, development 
of extensive reference databases, and interdisciplinary 

collaborations to gain deeper insights into cultural 
heritage objects. OPN

Lara Heidrich and Martin Koch (martin.koch@physik. 
uni-marburg.de) are with the Department of Physics at  
the Philipps-University of Marburg, Germany.

For additional references and resources, visit: 
optica-opn.org/link/0725-spectroscopy.
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