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ARTICLE INFO ABSTRACT

Keywords: The potential of handheld, non-destructive devices for detecting ivory from Proboscidea is advancing rapidly.
XRF The elemental and structural composition of ivory provides insights into the animals' environments, living
Raman spectroscopy conditions, and origins, all of which are highly relevant to forensic science, conservation, and provenance
;Iff_ destructive research. This paper aims to provide a comparative literature review of studies on this topic, highlighting current
Handheld trends and significant correlations. For this purpose, a review of the literature over the last ten years was con-
Ivory ducted, with a particular focus on X-ray fluorescence (XRF), which has so far been the primary method used in
Proboscidea research on the identification of ivory using handheld devices. As other methods, such as Raman spectroscopy,
show promising potential for identifying ivory as well, results from handheld and benchtop instruments have also
been included in this review, and the differentiation must be considered. Studies using handheld XRF analyze
elemental composition and cover a broader range of topics, including distinguishing ivory from fake ivory,
identifying carved ivory, detecting elemental differences in length and cross-section, and assessing sexual
dimorphism, whereas research with Raman spectroscopy relies on vibrational modes and focuses more on species
identification and age determination. In addition to XRF and Raman spectroscopy, complementary methods were
reviewed, including Laser-Induced Breakdown Spectroscopy (LIBS) and Fourier Transform Infrared Spectroscopy
(FTIR). Rather than providing an exhaustive overview, this review focuses on illuminating current trends and the
most promising approaches in the field.

1. Method

The literature selection process is summarized in a PRISMA-ScR flow
diagram (Fig. 1). Records were identified through database searches,
screened for relevance, assessed for eligibility through full-text review,
and subsequently included in the final synthesis. This scoping review
mapped and evaluated the current state of knowledge on non-
destructive analytical techniques for the forensic examination of ivory.
The review focused on non-destructive, mobile methods that have
gained increasing attention in wildlife forensic science and cultural
heritage research, for instance, X-ray fluorescence spectroscopy (XRF),
Raman spectroscopy, Laser-induced breakdown spectroscopy (LIBS),
and Fourier transform infrared spectroscopy (FTIR). A structured liter-
ature search was performed using the scientific databases Scopus, Web
of Science, ScienceDirect, PubMed, and Google Scholar. Additional
relevant publications were identified through citation tracking of key
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articles. The search strategy combined keywords related to ivory iden-
tification and characterization with terms describing the selected
analytical techniques. Typical search terms included “ivory, handheld/
mobile, non-destructive”, “ivory, XRF, non-destructive”, “ivory, Raman,
non-destructive”, “ivory, LIBS”, “ivory, FTIR, handheld/ mobile”. The
timeframe was set from 2015 to 2026; however, older studies cited in
the selected literature were also included when warranted by their
content. Studies published in English and relevant to the non-destructive
or minimally destructive analysis of ivory were considered for inclusion.
Original research articles, methodological studies, and review papers
addressing the identification, characterization, provenance determina-
tion, or forensic examination of ivory from Proboscidea were included.
Studies focusing exclusively on destructive analytical methods, on un-
related biological materials, or that lacked sufficient methodological
information were excluded.

The identified publications were screened based on title, abstract,
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and full-text evaluation. The selected studies were subsequently cate-
gorized according to the analytical method employed, research objec-
tives, sample type, analytical performance, and forensic applicability.
Particular attention was given to the capabilities and limitations of XRF,
Raman spectroscopy, LIBS, and FTIR for species differentiation, material
characterization, provenance assessment, and practical forensic imple-
mentation. As the objective of this study was to provide a comprehensive
overview of the available evidence and emerging research trends rather
than to quantitatively synthesize outcomes, a scoping review approach
was considered the most appropriate methodological framework.

2. Introduction

The illicit ivory trade and the associated poaching of African ele-
phants have received international attention for several decades, peak-
ing with the listing of the African elephant on CITES in 1989 (CITES —
Convention on International Trade in Endangered Species of Wild Fauna
and Flora). This effectively cut off the legal supply of elephant ivory to
markets around the world [1]. The international trade ban spurred the
rapid rise in the production of ivory from the woolly mammoth (Mam-
muthus primigenius), which appeared to serve as an authentic substitute
for elephant ivory [2]. Mammoth ivory can be traded freely on national
and international levels, with India being an exception [3]. However,
the global demand for elephant ivory did not ease, and poaching of
African elephants and illicit trade in ivory have accelerated in some
African sub-regions in recent years [4]. From 2007-2015, a decline of
around 30% in savanna elephant populations — equivalent to almost
150.000 elephants — was evident. For the forest elephant populations of
Central Africa, the situation is particularly grave, with the population of
the species across the region estimated to have declined by 62% over the
period 2000-2010 [5]. Since 2010, over half of the African elephants
found dead are deemed to have been poached.

Mammoth ivory can be mistaken for elephant ivory, and there is
evidence that the two ivories are frequently mixed by mistake or
intentionally [6]. Although mammoth species are not listed in CITES,
Parties are expected to implement the Convention, which means that
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administrators, scientists, and enforcement officers must be able to
differentiate the many species and their products. Establishing the
identity of the specimen is one of the first pieces of information that
Parties need to be able to regulate international trade in accordance with
the Convention [7]. Accurate methods for determining elephant or
mammoth ivory are essential to address the unsolved problem of ivory
smuggling and can help prevent the intermixing of legal and illegal
proboscidean ivory. The Convention’s Annex lists more than 48.600
protected animal and plant species, including all extant elephant spe-
cies: Loxodonta africana, Loxodonta cyclotis, and Elephas maximus. Ivory
primarily refers to the tusks or upper incisors of animals in the order
Proboscidea, but also to the tusks and canines of other taxa, such as
Monodon monoceros, Physeter macrocephalus, Odobenus rosmarus, and
Hippopotamus amphibius. Fake ivory is often made from bone, antler,
other bioapatite, synthetic materials, or fossil ivory from the mammoths
[8,9].

Schreger lines are an essential morphometric feature for dis-
tinguishing ivory from extant elephant species and mammoths. [10,11].
Beneath that, the density and pattern of tubules in ivory can be used to
visually distinguish ivory from different taxa. However, material iden-
tification, based on morphological characteristics, is not always
possible. As a processed product, ivory can be polished and carved into
an almost infinite variety of shapes and objects, thereby losing its
original form and making visual identification impossible. Scientific
investigations into the elemental and structural characteristics of ivory
are pivotal for identifying ivory, counteracting the illicit wildlife trade in
endangered species, and informing effective conservation strategies for
archaeological artifacts [12,13]. DNA-Analysis, Stable Isotope Analysis
(SIA), Radiocarbon Dating (C—14 dating), or Thermogravimetric Anal-
ysis (TGA) already play an essential role in forensics [9,14]. But current
methods are destructive, and analysis takes a long time in the labora-
tory. Distinguishing between legally and illegally imported objects often
requires non-invasive methods to avoid damaging legally imported
valuables. Over the last decade, numerous non-invasive or minimally
invasive procedures have been developed, such as Raman spectroscopy,
X-ray fluorescence (XRF), Laser-Induced Breakdown Spectroscopy
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Fig. 1. PRISMA-ScR flow diagram.



N. Scheffel et al.

(LIBS), Fourier Transform Infrared Spectroscopy (FTIR). A flowchart of
the currently developed and existing methods in ivory identification is
shown in Fig. 2.

Nowadays, analytical methods have undergone tremendous change,
enabling in situ results and mobile use. This can help identify valuable
artworks and tusks that cannot be transported or don’t fit into sample
chambers. Handheld devices have the potential to become a key factor
in enabling reliable, fast, and affordable decision-making at border
control or in museums, and are therefore highly relevant for law
enforcement and provenance research [10,15]. To the best of our
knowledge, the first scientific research on identifying ivory from Pro-
boscidea using handheld devices employed X-ray fluorescence and
Raman spectroscopy. Since this paper focuses on research from Probo-
scidea, other taxa were not included in this paper.

3. Structure and chemical composition of tusks from
Proboscidea

The structure of a Proboscidea tusk consists of dentine, cementum,
and enamel (Fig. 3). The tip of the tusk is covered by enamel, a hard,
acellular tissue that usually wears away after the first five years. Enamel
is composed of approximately 96% inorganic material, predominantly
hydroxyapatite, a crystalline calcium phosphate with the empirical
formula Cas(PO4)sOH, with only small amounts of organic matter, such
as collagen, and water. Beneath the enamel lies dentine, a vital and
porous tissue that constitutes most of the teeth. Dentine is less miner-
alized than enamel but more mineralized than bone, consisting of about
70% inorganic material and 30% organic material, and water, with the
general formula Ca;o(PO4)6(CO3)H20 [16]. The angle of dentine tu-
bules that move towards the tusk axis during dentine deposition forms
the characteristic Schreger angle pattern in the dentine [10]. The tusk is
coated by a thin outer layer of cementum, a mineralized layer that an-
chors the tooth to the periodontal ligament and secures it within the
alveolar bone. Cementum contains a higher proportion of organic ma-
terial, with roughly 55% organic and 45% inorganic components,
mainly hydroxyapatite [17]. Proboscidea tusks grow around 4-5 cm per
year from the head to the tip of the tusk [18,19].

Tusks from mammoths have the same structure as tusks from ele-
phants. Due to burial, that so-called fossil ivory can exhibit layers
ranging from black to brown to white, with elemental compositions,
including trace elements and heavy and light metals, such as iron (Fe),
manganese (Mn), titanium (Ti), aluminum (Al), and silicon (Si) [11]. A
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Fig. 3. Structure of Proboscidea tusk.

sample image of mammoth and elephant ivory in cross-section is shown
in Fig. 4. Differences in the chemical composition of each mammoth
ivory layer have not yet been reported. In fossil ivory, the crystallinity of
hydroxyapatite increases, and the organic components are partially lost,
leading to diagenetic changes that are a main challenge for identifica-
tion. The hydroxyapatite in tusks from extant elephants is only slightly
crystallized compared with that in tusks from mammoths. Differences
exist in the ratio of calcium (Ca) to magnesium (Mg) [9,20]. Even
though Ca was reported in waterlogged fossil ivory, differences between
a Ca enrichment and a higher Ca to phosphorus (P) ratio were reported
[21].

Due to the occupation of different ecological niches, elephants prefer
different sources of food to meet their mineral requirements [10]. It is

Fig. 4. Ivory in cross-section from Mammuthus primigenius (left) and Lox-
odonta africana (right).
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Fig. 2. Methods for ivory identification. Red = currently developed methods, black = already existing methods.



N. Scheffel et al.

evident that tissues contain essential elements, including significant
components such as Ca, P, Mg, and sulfur (S), as well as trace elements
including Fe, Mn, zinc (Zn), and cadmium (Cd) [22,23]. Nutrition and
the growth environment significantly affect the distribution of trace
elements within tusks [24]. As with osseous materials, trace elemental
concentrations in dental materials are most affected by location. Con-
centrations of heavy metals increase when progressing from the enamel
to the dentine root, and they have also been detected in fossil ivory,
using handheld XRF [25-27]. STA can already identify the geographic
origin of ivory, when combined with climate data, which led to the
development of a geographical mapping tool and new conservation
strategies [28,29]. Combining data on trace elements or heavy metal
concentrations in tusks with data on trace element or heavy metal
concentrations in specific habitats could enable the creation of a
geographic map that assigns ivory to its geographic origin using hand-
held, non-destructive methods.

4. Handheld X-ray fluorescence in ivory research of Proboscidea
4.1. Principle of X-ray fluorescence

X-ray fluorescence is an advanced analytical technique that involves
the emission of characteristic X-rays from a sample. Each chemical
element emits a specific set of X-rays, making X-ray fluorescence an
essential tool for precise analytical assessments (see Fig. 5). The process
of irradiating a sample with X-rays, analyzing the resulting X-ray spec-
trum, and effectively processing and quantifying this data is known as X-
ray fluorescence analysis (XRF). This non-destructive, multi-elemental
technique provides rapid, in situ compositional data. XRF can be divided
into wavelength-dispersive (WD) and energy-dispersive (ED) [30,31].
Energy-dispersive X-ray fluorescence (EDXRF) instruments are often
portable and typically utilize X-ray sources such as tubes operating at
30-50 kV and 0.1-10 mA [32,33]. For trace element analysis, the in-
tensity of emitted photons is usually adequate; however, while filters
and collimators can enhance energy resolution, they often reduce beam
intensity, making them less common in portable systems. Achieving
accurate XRF quantification requires the identification of all elements
present in the spectrum, along with careful consideration of spurious,
escape, and scattered peaks. After performing a thorough background
correction, peak intensities are correlated with concentration using
either the fundamental parameter method or standard calibration. It is
important to acknowledge that numerous factors can distort results,
including matrix effects (such as absorption and secondary fluores-
cence), particle size, surface roughness, moisture content, and air gaps
[34-38].

High-precision measurements require meticulous sample prepara-
tion, including grinding, pressing, melting, and reducing air gaps, to
ensure reliable, accurate results. Using portable methods, the combi-
nation of complementary analytical techniques helps to overcome the
drawbacks of missing sample preparation. Further approaches are a
higher number of measurements, measurements on different places at
the sample and the application of multivariant statistical methods [39,

Intensitv
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40].
4.2. Literature overview

A literature screening with an emphasis on promising, practical ap-
plications using handheld XRF was performed. Priority has been given to
publications in the last ten years. Table 1 provides an overview of the
methods and materials used, and Table 2 presents the characteristic
elemental composition of the research topic. Research with handheld,
non-destructive devices can be difficult because results may vary with
calibration and the device used. Changing the calibration type on a
single device can simply lead to different measurement results [12].
Table 2 shows similar results. Differences exist in the devices and fea-
tures used, as well as in sampling methods.

The first studies using handheld XRF in 2016 and 2017 focused on
non-invasive mobile elemental analysis to differentiate non-ivory from
elephant ivory. [41]. Validation correctly identified most non-ivory
samples, although the distinction between ivory and wood/rock was
less accurate. Further, a Bayesian Hybrid Classification Model was
developed to identify ivory. Differences in 24 elements, excluding cop-
per (Cu), chlorine (Cl), and lead (Pb), were found, as well as differences
in the Ca concentration and the Ca/P ratio. It was assumed that XRF
effectively detects fake ivory and has forensic potential [14]. Further
research showed that ivory from Elephas maximus confirmed significant
sexual dimorphisms. Also, the elemental distribution in length and in
cross-section varied significantly for some elements. Tusks from Elephas
maximus (male and female) and tusks from Loxodonta (male) were used
for the analysis. It became apparent that the Ca/P ratio and the con-
centration of light elements (LE) play an important role in the identifi-
cation of ivory [41]. Challenges arise in differentiating ivory from bone
and antler, so differences could not be distinguished with the XRF Ivory
Flowchart due to overlapping Ca/P and LE percentage ranges [42].

Recent research demonstrates a clear trend toward using handheld
XRF devices, combined with multivariate statistical analysis, to differ-
entiate ivory from look-alike materials. There is a strong consensus that
calcium/phosphorus (Ca/P) ratios and the percentage of light elements
(LE) (typically elements with Z < 6) are the most reliable indicators for
identifying genuine ivory. Studies report high accuracy in distinguishing
ivory from non-biological fakes and in predictive modeling. The use of a
Bayesian Hybrid Classification Model was found to be the most effective
for ivory identification, achieving over 95% accuracy when combining
20 different elements. A significant limitation identified across multiple
studies is the difficulty in distinguishing ivory from other osseous ma-
terials, such as bone and antler, due to their similar chemical composi-
tions. The elemental composition of ivory is not uniform; it varies
significantly by species, sex, and the specific part of the tusk analyzed.
Loxodonta (African elephant) generally exhibits higher Ca concentra-
tions and a higher Ca/P ratio than Elephas maximus (Asian elephant),
which typically shows higher P concentrations. In Elephas maximus, male
tusks show higher concentrations of magnesium and lead, while female
tusks have higher concentrations of Ca, Al, and Ti, alongside a higher
Ca/P ratio. Elemental distribution varies along the length and cross-

; a
p AGa ‘ Ca

c) Wavelength d) Wavelength ¢) Amount

Fig. 5. Principle of X-ray fluorescence spectroscopy (1-excitation by X-ray, 2- emitting electrons, 3- replacement of electrons, characteristic X-rays), measurement

setup, and analytical information.
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Table 1
Methods and materials in research with a handheld X-ray fluorescence device on
ivory from Proboscidea.

Table 2

Forensic Science International: Reports 14 (2026) 100491

Characteristic elemental composition in ivory from Proboscidea detected with a
handheld XRF, ordered by research topic.

Device and Samples Sampling Reference
Features
Handheld XRF — 102 Elephas 3 scans on each side of [14]
Analyzer maximus (78 males, each sample
DELTA 9 females, 15 Collimator size:
Premium, unknown sex) 0.3 mm
Olympus — 126 Loxodonta Operating voltage:
— with a silicon (unknown sex) 15 and 40 kV

drift detector
Detected
elements: Mg-
Bi

Handheld XRF
Analyzer
DELTA
Premium,
Olympus
— with asilicon
drift detector
Detected
elements: Mg-
Bi

Olympus Vanta M
Series Hand-
held XRF
device
—use of
Geochem?2
mode
Detected
elements: Mg-
Bi

SciAps X- 50
Handheld XRF
Analyzer
— use of the
Geo-mining
protocol
Detected
elements:
CaBi + LE

— 1 mammoth

Total: 229 tusks

Provided by the

Elephant Research and

Education Center,

Faculty of Veterinary

Medicine, Chiang Mai,

Thailand, and Wildlife

Research Division,

Wildlife Conservation

Office, Bangkok,

Thailand

— 102 Asian elephant
tusks (78 male, 9
female, 15
unknown sex)

— 126 African
elephant tusks
(unknown sex)

Total: 228 tusks

Provided by the

Elephant Research and

Education Centre,

Faculty of Veterinary

Medicine, Chiang Mai,

Thailand, and Wildlife

Research Division,

Wildlife Conservation

Office, Bangkok,

Thailand

9 ivory items (raw

and carved)

Provided by the

California Department

of Fish

and Wildlife (CDFW)

Law Enforcement

Officers, United States

Fish and Wildlife

Service (USFWS),

CDFW Wildlife

Forensics Laboratory

Reference Materials

Collection

Ivory from 8

different species,

including mammoth
and elephant ivory

Provided by the

National Fish and

Wwildlife Service

Forensic Laboratory

Scan time: 2 min.

3scans on each side of  [41]

each sample,

For analyzing in

length and in cross-

section:

— scans at 4 points in
the length of the
tusk

— scans at 4 points
around the tusk

Collimator size:

0.3 mm

Operating voltage:

15 and 40 kV

Scan time: 2 min.

2 scans (in cementum [42]
and dentine) per item

— mean value

determined

Collimation disables
Operating voltage:

5 s of standard energy

beam and 5 s of low

energy beam

Scan time: 10 s

20 scans per elephant [12]
and mammoth tusk

(on cementum

(n = 20) and dentine

(n = 20))

Collimator size: N/A

Scan time: 10 s

section of a tusk. For example, the base of the tusk often shows higher
sulfur and zinc levels, while the tip contains higher magnesium and ti-
tanium. Significant differences exist between ivory layers; cementum
typically contains higher levels of Fe, Zn, and Sr compared to dentine,
which has significantly lower calcium concentrations [14,43].

The literature suggests that XRF has substantial forensic potential,
particularly in detecting "fake" ivory and analyzing carved or covered
items. Research into coated porcine bones revealed that lacquers
significantly alter detectable elemental concentrations, such as Si and Ti,
often doubling the observed Ca/P ratio. These findings are critical for

Research Topic

Characteristic elemental composition Reference

Distinguish
between ivory
and fake ivory

Ivory

Fake ivory

Differences in
layers: enamel,
cementum,
dentine

Differences in
length/ cross-
section

Length

Cross-section

Differences in heavy
metals and trace
elements

Sexual dimorphisms
in Elephas
maximus

Male tusks

Female tusks

Distinguishing
Loxodonta and
Elephas maximus

Loxodonta

Elephas maximus
No differences

[12,14,
42]

LE percentage and the
Ca/P ratio are the two
most distinct
possibilities to
differentiate between
ivory and non-ivory
items (XRF Ivory
Flowchart)

— LE percentage
from 27% /
50.3% - 75.5%,

— Ca from 24.5%
to 49.5%

— Ca/P-ratio from
1.2to 4.0

Items fall outside

this range

— Cementum: mainly Fe, Zn, and Sr (research
includes Proboscidea, but also ivory from
other species)

— Dentine: significantly less Ca compared to
cementum (research includes Proboscidea,
but also ivory from other species)

— Significant differences between LE and Ca
regarding dentine and cementum:
cementum with significantly higher Ca
concentration (research includes
Proboscidea, but also ivory from other
species)

— Ni, Sn, and Sb distributed unequally
between enamel and dentine (Proboscidea)

[12,41]

[14,41]

— 21 elements with heterogeneous
distribution

— No difference in ratio of Ca/P in the tusk tip
(2.18), the middle part of the tusk (2.6-2.7),
and the tusk base (3.14). Generally ranged
from 2.6 to 2.7

— Base of tusk: S, Cl, and Zn significantly high

— Tip of tusk: Mg, O, Ti significantly high

— Mg, Ca, V, Cr, Ni, Zn, and LE with
heterogeneous distribution

— Significant differences in ratio of Ca/P:
highest ratio at the base compared to the tip
of the tusk

— Medial plane: Ca, V, Cr, Ni, and Zn in high
amounts

— Ventral plane: significant high amounts of
Mg

Loxodonta and Elephas maximus: [41]

Cd was distributed preferentially in the length

of the tusk (p < 0.05), Pb was non-significantly

dispersed along the length of the tusk

(p > 0.05)

[41]

Higher concentration of Mg and Pb in
comparison to female tusks
— Higher concentration of Ca, Al, and Ti in
comparison to male tusks
— Strong positive correlation between Al and
Si and between Pb and Zn.
— Higher Ca/P ratio than in male tusks, with
the highest ratio at the base and decreasing
ratio to the tip of the tush
[41]

Higher Ca concentration and a higher ratio of

Ca/P than Elephas maximus

Higher concentration of P than Loxodonta

XRF device did not detect the presence of P, as [12]
it was detected in previous studies

LE = light elements
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future forensic research into identifying ivory that has been intention-
ally disguised or carved [44].

The literature (see Table 2) concludes that while XRF is a powerful,
non-invasive tool for ivory authentication, its efficacy is highest when
distinguishing biological ivory from synthetic fakes. The Ca/P ratio and
LE percentage remain the best approach for identification. However, the
inherent biological variability between species and sexes, combined
with the chemical similarity between ivory and bone, necessitates
continued research and the use of sophisticated statistical models to
improve forensic precision [12,42].

5. Raman spectroscopy in ivory research of Proboscidea
5.1. Principle of Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopic technique based
on the inelastic scattering of monochromatic light, typically from a laser
source. When light interacts with molecular vibrations, phonons, or
other excitations in a system, a small fraction of the scattered light ex-
periences an energy shift (Raman shift) that provides a molecular
fingerprint of the material. This shift reveals information about the
molecules' vibrational modes, allowing the identification of chemical
structures and molecular interactions (Fig. 6). Advances over the past
two decades, such as high-throughput optics, efficient Rayleigh rejection
filters, and high-quantum-yield CCD detectors, have greatly enhanced
Raman spectroscopy’s sensitivity and affordability.

At present, Raman spectroscopy has a wide range of applications and
sample materials and forms. The range of samples is extensive, encom-
passing a wide array of archaeological testing and materials science
applications. Consequently, it is imperative to identify the most suitable
laser pairing to mitigate laser damage and optimize the Raman signal
and information depth. In order to achieve optimal sensitivity and
penetration depth, the laser power and wavelength must be carefully
selected according to the characteristics of the specimen. In silicon, for
instance, where the 520 cm ™! phonon Raman band is a popular cali-
bration measure, the penetration depth varies from 0.7 pm at 532 nm
laser excitation to approximately 12 pm when illuminated at 785 nm.
Another critical aspect of selecting a Raman laser that must be given full
consideration is spatial resolution. It is important to note that both
lateral and depth resolution are dependent on the excitation wavelength
[45,46].

The phenomenon of fluorescence frequently manifests. With regard
to the Raman effect, fluorescence produces comparatively broad spectral
features but with a large signal. The development of post-processing
algorithms in Raman spectroscopy is of immense importance, as it is
crucial for removing the fluorescence background signal. Nevertheless,
selecting an excitation wavelength that minimizes the background
fluorescent signal is often the optimal strategy. To circumvent the
occurrence of fluorescence, it is recommended that 785 nm or 1064 nm
excitation be utilized [45-47]. It is imperative to provide detailed in-
formation about the physical state of a sample, such as whether it is a

Raman Anti-Stokes
Laser

A

Staken Rayleigh

Ry Scattering

o 2
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solid or a powder, to ensure peak comparability. Computational pre-
processing, such as cosmic-ray rejection, autofluorescence subtraction,
dark-signal subtraction, and data normalization, is recommended, as
well as measurements on flat surfaces [48].

5.2. Literature overview

Research studies using handheld and benchtop Raman spectroscopy
from the last decade were reviewed, and the methods and materials used
were listed in Table 3, along with current trends in Table 4. Raman
spectroscopy is a highly accurate tool for species differentiation and age
determination; however, its application via handheld devices has yet to
be thoroughly validated in research. Current landmark studies primarily
use stationary systems, and caution is warranted when evaluating these
results, as benchtop performance is not always comparable to that of
portable devices. When using benchtop devices, tusks cannot be
measured as is; instead, the ivory must be broken into small fragments to
fit into the sample chamber. None of the studies involved grinding
samples; instead, the following research was performed on the sample
surface. No information was provided regarding which part of the sur-
face was used for measurements on carved ivory objects. This could have
resulted in peak shifts that were subsequently corrected during post-
processing.

Consensus exists that Loxodonta ivory generally exhibits a higher
collagen-to-phosphate ratio than Elephas maximus. Furthermore, specific
intensity variations of the carbonate ion allow differentiation between
Loxodonta africana and Loxodonta cyclotis [8,49]. Mammoth ivory is
consistently distinguished by a stronger peak at 1070 cm™ attributed to
carbonate incorporation during fossilization and indicators of greater
crystal maturity compared to extant elephant species. The IFR and the
peak intensity ratio of collagen-to-phosphate are the primary indicators
for distinguishing between African elephants, Asian elephants, and
mammoths. Univariate analysis of phosphate-to-amide and
carbonate-to-phosphate peak ratios revealed significant differences be-
tween species. Peak broadening analysis of the phosphate peak indi-
cated, once again, greater crystal maturity and differences in the
hydroxyapatite peaks in cross-section for Mammuthus primigenius
compared to extant elephant species. However, they showed that Lox-
odonta ivory samples had a higher collagen-to-phosphate ratio. On the
other hand, ivory from Elephas maximus often showed a broad spectrum.
The study showed that PCA of Raman spectra effectively distinguishes
ivory samples by species [50,52].

Portable Raman Spectrometers are often equipped with a 785 nm or
1064 nm laser. Excitation at 1064 nm is widely considered the most
favorable technique for ivory [53]. It provides virtually
fluorescence-free spectra for modern specimens, allowing for the clear
identification of both organic (collagen) and inorganic (hydroxyapatite)
components. Using the 1064 nm laser, characteristic Raman signatures
of Elephas maximus and Loxodonta ivory were observed. Ivory from
Loxodonta africana is considered to be softer than ivory from Loxodonta
cyclotis [49]. Differences between Loxodonta africana and Loxodonta
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Fig. 6. Principle of Raman spectroscopy, measurement setup and analytical information.
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Table 3
Methods and materials in research with handheld/ benchtop Raman spectros-

Table 4
Characteristic Raman shifts and vibrational modes in ivory from Proboscidea

copy on ivory from Proboscidea.

ordered by research topic.

Device and Features Samples Sampling Reference Research topic Characteristic Raman Vibrational modes  Reference
, . - shifts
1. Thermo Nicolet 20 raw ivory Ivory slices of [8]
NXR 9650 FT- samples, 1.0 x 3.0 x 0.5 cm. Signature of ivory  IFR: 1070 cm™! C0O23- mode of [49,51]
Raman unknown origin Each spectrum was hydroxyapatite
Spectrometer: Provided by the collected at three IFR: 1030 cm ™" v(PO)
1064 nm near- private different regions of the mode of
infrared laser, collection of dentine and then hydroxyapatite
spectral range: Birmingham combined IFR: 1003 cm ™ sharp v(CC) aromatic
100-3900 cm™! with  City University, Laser power: band) ring stretching
4 cm™ ! resolution UK — 2.0 W (Thermo mode of
2. Mobile GemRam Nicolet NXR 9650 phenylalanine
785 nm (BWTEK): FT-Raman Peak at 410 cm™! P-O symmetrical
785 nm laser, Spectrometer), bending mode
spectral range: — 3.5 W (GemRam Intensity ratio of peaks at C-H stretching
150-2700 cm™* with 785 nm (BWTEK) 2930 cm ! and 960 cm™  bands and
3.5 cm™! resolution Exposure time: 9 s (960 cm L as a sharp P-O symmetric
BWTek i-Raman EX 5 carved ivory Surface of the ivory [49] band) stretching
1064 mobile fibre- objects, artefact vibration of
optics Raman unknown origin Laser power: 40 mW phosphorus
Spectrometer: Provided by (on a 100-pm spot), Intensity ratio of peaks at Amide III and N-H
1064 nm (Nd: YAG) different private Exposure time: 1250 cm ! and modes
excitation laser, and institutional 30 x10s 3300 cm ™!
thermoelectrically collections in accumulations Broader feature at P-O symmetrical
cooled 512-pixel, Portugal Total: 5 min. 583 cm 1 bending vibration
InGaAs array of phosphorus
detector covering a Medium intensity peaks Proteinaceous
spectral range above 1600 cm 1 components
between 100 and a-helix conformation Amide I vibration
2500 cm™! (1637 cm™ 1) with a lower
Raman Microscope N/A, raw Ivory slices of [18] wavenumber than those in
XploRA Plus Loxodonta tusk 1.0 x 3.0 x 0.5 cm. a p-sheet conformation
(Horiba): pieces ranged Each spectrum is the (1669 cm’lz
785 nm laser, from 1957 to average of three spectra Measurements with a 1064 nm laser
10 objectives, 2002 from three random Differences [8,50]
1200 g/mm grating, Provided by locations. between
spectral range: Ivory Education Laser power: adjusted Elephas/
250-1700 cm™! Institute, L.A., to a level below sample Loxodonta —
USA damage Mammoth
Exposure time: Elephas/ — IFR: peaks at 1070 cm™~?, 1030 cm ™%,
3x60s Loxodonta 1003 cm ™!
accumulations, Total: — Shoulder at 410 cm ™!
180 s Mammoth — IFR: strong peak at 1070 cm™?, followed by a
InVia Raman — 8 from Per spectra, a minimum  [50] medium peak at 1030 cm ™! and ending with a
Microspectrometer: Loxodonta of ten different weak peak at 1003 cm ™!
785 nm laser, (carved) locations (more than 10 — Differences in the hydroxyapatite peaks
200 mW at source — 1 from pm apart) were Differences [49]
with 1200 l/mm Elephas measured, between
grating, spectral maximus Tusks: using line maps Loxodonta —
range: (raw), from the medulla to the Elephas
600-1700 cm”, — 8 from cortex, maximus
equipped with an mammoth (2 Spectra were not Loxodonta — Shoulder at 392 cm™!
Olympus 50 x /0.5 carved, 6 collected from areas of — Shoulder at 388 cm ™!
long working distance raw) tusks that had visible — IFR: medium-strong to medium-weak peaks at
objective lens Total: 17 damage 1070 cm %, 1030 cm ™!, and 1003 cm ™!
Provided by Laser power: ~10 mW Elephas maximus — Band at 557 cm ™! and 609 cm ™!
Natural History Exposure time: — Shoulder at 583 cm™!
Museum, 6 x 10 s accumulations — IFR: depressive shoulder at 1070 cm ™!, weak
London, UK Total: 60 s peak at 1030 cm !, medium weak peak at
1003 cm ™
Differences [8]
cyclotis were noted and defined in the intensity variations of two peaks between
related to the CO32 mode of hydroxyapatite and revealing an unequal Loxodonin
P . . . . africana -
distribution of the carbonate ion across the different Loxodonta species. Loxodonta
In contrast, the spectrum of mammoth ivory showed a stronger peak at cyclotis
1070 cm™, attributed to carbonate incorporation during partial fossil- Loxodonta — IFR: medium weak peak around 1070 cm™?,
ization [8]. The wavelength 785 nm serves as a compromise. It reduces africana medium weak peak at 1030 em’l, and

fluorescence significantly compared to visible light; it may not be as
effective as 1064 nm for discriminating between certain mammalian

species.

A crucial trend in the compiled literature is the use of Raman spec-
troscopy as a non-destructive alternative to radiocarbon dating for age
estimation. As collagen degrades over time, the Raman collagen-to-
bioapatite peak ratio decreases, enabling age estimation. Research

Loxodonta cyclotis

medium weak peak at 1003 cm ™’

shoulder at 410 cm™?
IFR: medium strong peak at 1070 cm 1
medium peak around 1030 cm !, medium
weak peak at 1003 cm™*

shoulder around 410 cm™!

Measurements with a 785 nm laser

(continued on next page)



N. Scheffel et al.

Table 4 (continued)

Research topic Characteristic Raman Vibrational modes  Reference
shifts
Mammoth Very weak peaks in the region between [8,50]
1200 cm * and 1600 cm *
— absence of the peak situated at 410 cm’1 and
around 856 cm ™’
— From cortex to medulla: differences in the
hydroxyapatite peaks
— Phosphate peak indicated greater crystal
maturity
Elephas maximus — [50]
Loxodonta
Elephas maximus Statistically — IFR: depressive
significant differences shoulder at
due to the peak 1070 cm ™}, a weak
intensity ratios peak at 1030 cm'1,
between amide I, weak peak at
amide III, and 1003 cm !
carbonate peaks — Region related to
against the the collagen: peaks
hydroxyapatite peaks are more intense
for each ratio with an additional
calculated medium peak
around 1400 cm™!
in comparison to
Loxodonta
Loxodonta — Higher ratio of
collagen (amide I
and amide III) to
phosphate in
comparison to
Elephas maximus
Age [18]

determination
Older samples

Younger samples

Collagen peaks at
921 cm ™! and

1003 cm ™! remain
largely the same
height, while the
bioapatite peak at
961 cm™! changes in
height

A small ratio of
collagen to bioapatite
peaks compared to
younger samples

A large ratio of
collagen to bioapatite
peaks compared to
older samples

Underlined = measured with handheld device; no underlined = measured with
benchtop device; IFR= Ivory Fingerprint Region

demonstrates a direct correlation between collagen degradation over
time and changes in Raman spectra. Older samples exhibit a lower
collagen-to-bioapatite peak ratio (specifically comparing peaks at 921/
1003 cm™ to the bioapatite peak at 961 cm™) compared to younger
samples. By comparing Raman data with radiocarbon measurements,
age can be successfully calibrated to the Raman dataset of ivory samples
[18].

6. Promising complementary methods
6.1. Laser-Induced Breakdown Spectroscopy (LIBS)

Laser-Induced Breakdown Spectroscopy (LIBS) is an atomic emission
spectroscopy method. The process is initiated by focusing a high-energy
pulsed laser beam tightly onto the surface of a target material. This
concentrated energy causes a small quantity of the sample to vaporize
and ionize, leading to the rapid formation of a transient, high-
temperature micro-plasma [54]. The ablated mass is typically on the
order of picograms to nanograms, making LIBS a minimally destructive
technique. The excited atoms and ions emit light at characteristic
wavelengths. By collecting and analyzing this emitted light, both qual-
itative identification and quantitative measurement of the elements
present can be achieved [55]. LIBS can perform multi-element analysis,
identifying a wide range of elements, including approximately 85% of
the periodic table, and can measure depth profiles of multilayered ma-
terial [56].
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Handheld LIBS instruments have further expanded their utility by
enabling rapid on-site measurements. LIBS has emerged as a robust
analytical tool for probing the chemical constituents of samples, offering
rapid, convenient, and flexible elemental measurements with fewer
sample-preparation requirements than many traditional methods [57].
Studies have shown its capability to detect a wide range of metals and
metalloids in solid tissues like teeth (e.g., As, Ag, Ca, Cd, Cr, Cu, Fe, Pb,
Zn), bones (e.g., Al, Ba, Ca, Pb, Sr), and nails (e.g., Al, As, Ca, Fe, Pb, Zn)
[58,59]. LIBS measurements of archaeological human bone tissues,
combined with machine learning methods, have already been used to
discriminate among distinct individuals [60,61].

The accuracy of LIBS measurements of trace elements, lead, cad-
mium, and arsenic in teeth is comparable to reference methods [62].
LIBS plays a significant role in cultural heritage applications, offering a
minimally destructive approach to analyzing artifacts [55].

In fossil ivory samples, the elemental composition of the black,
brown, and white layers was compared with that of beads from a
necklace made of Asian elephant ivory. Besides major elements such as
Ca, Na, Mg, P, H, C, N, and O, which are present in both types of ivory,
differences were found in Hg, Cr, and Si (in modern ivory). The white
layer of fossil ivory contains Fe, Mn, Ti, and Al, whereas Al and Ti were
not detected in the brown and black layers of fossil ivory. Si was only
present in the black surface layer, not in the brown and white layer [11].

6.2. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is widely used as a
non-portable instrument to investigate the organic and inorganic com-
ponents of ivory and to assess crystallinity. It can detect collagen
degradation and subtle changes in the chemical composition of bone
materials by analyzing specific spectral bands [63].

Karunyaa et al. [64] used FTIR to analyze seven carved ivory objects.
With partial least squares discriminant analysis and Infrared library
analysis, they differ between ivory and non-ivory. Sharma et al. [63]
examined ivory from Elephas maximus and cattle bone with a portable
FTIR spectrometer. The PCA model differentiated between the two
categories with 98.30% accuracy. Furthermore, resin-based fake ivory
samples were distinguished from ivory samples by visual comparison of
their ATR-FTIR spectra [63].

Research indicates that water-molecule-related absorption peaks are
more pronounced in ivory from extant elephants compared to ivory from
mammoths. Similarly, collagen-related absorption peaks are evident in
ivory from extant elephants but are significantly reduced in ivory from
mammoths, reflecting the extensive degradation of organic matter over
long burial periods [65-67]. Rozalen et al. [68] identified the material
of 17th-century Hispano-Philippine ivory sculpture using FTIR mea-
surements. The spectra showed an Asian origin, compared with ivory
from Loxodonta reference samples. Furthermore, the historical trade
routes of ivory could be investigated [68]. Another study by Sharma
et al. [63] used FTIR to analyze ivory from Elephas maximus and Lox-
odonta and compared the results with chemometric analysis. With the
help of a PCA model, a differentiation was achieved with 95% accuracy,
and another PLS-DA model classified the ivory samples into two distinct
categories with 100% accuracy. Differences between Loxodonta were
observed by Le Guennec [8] in the spectral band region around
2400 cm’l, attributed to the CO, molecule [63].

Wang et al. [69] examined burnt features of fossil ivory based on
archaeological findings at the Sanxingdui site of the Shang Dynasty in
Sichuan, China, and compared them with burnt bovine bones. Differ-
ences in the phase-transition characteristics of ivory and bone confirm
that the threshold temperature for alteration in ivory is lower than in
bone.

7. Discussion

Non-destructive, portable methods have greatly increased the
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possibilities for identifying ivory and are now the focus of scientific
testing. As they develop rapidly, they are causing new approaches and
challenges. Still, the advantages, including mobile use in the field and no
restriction on sample size, outweigh the disadvantages, enabling further
research and more suitable nature conservation strategies. Research
with handheld, non-destructive devices can be difficult because results
may vary with calibration and the device used [12]. Comparative
studies must take this into account, and solutions include precise sci-
entific work and standardized procedures.

Trends are moving toward the simultaneous application of multiple
methods to a single test object to integrate information, verify validity,
and make more informed statements about a sample's authenticity or
origin. Based on the current state of research, it is not yet possible to
provide a comprehensive, practical guide for using the methods
described to identify ivory with complete certainty. However, an
actionable diagnostic workflow was created on a provisional basis, as
seen in Fig. 7.

Provided that visual identification using Schreger lines is possible,
they should be used first to distinguish ivory from non-ivory. If Schreger
lines are not visible, XRF can be used to distinguish between ivory and
non-ivory items, whereas distinguishing ivory from bone and antler
remains questionable [42]. Mammoth and elephant ivory can also be
distinguished from one another where Schreger lines are visible; how-
ever, a distinction between mammoth and elephant can also be made
using Raman spectroscopy, particularly through the presence of the
peak at 410 cm™ . Ivory from mammoth furthermore shows greater
crystal maturity of the phosphate and hydroxyapatite peaks, resulting
from fossilization and the loss of organic and inorganic components. The
thawing of permafrost soil caused by climate change means that, in the
future, more legal fossil ivory from Siberia will be brought to market,
presenting customs teams with further decision-making challenges.
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Mammoth ivory is categorized as legal for trade, so including mammoth
ivory in further research is therefore important.

Differentiating between species using handheld XRF is based on Ca
concentration and the molar Ca/P ratio. To distinguish between species
with Raman spectroscopy, vibrational peak intensities in the Ivory
Fingerprint Region (1070 cm™!, 1030 cm™!, 1003 ecm™1), as well as
peaks from 392 cm ™! to 609 cm ™}, and peak intensity ratios between
amide I and amide III and between carbonate and hydroxyapatite, can
be used. Both methods can assist one another in identifying species, as
no single method has yet been found to be completely reliable. Research
using handheld XRF reveals significant differences in elemental distri-
bution of S, Cl, Zn, Mg, O, and Ti along the length of the tusk and in
layers (ratio of Ca/P; elemental concentration of Ca, V, Cr, Ni, Zn, Mg),
which is an important step towards further understanding and identi-
fying carved ivory, which is made out of dentine. It should be noted that
carved ivory, as well as damaged items, have uneven surfaces and can be
polished or lacquered, which could pose a further challenge [12,44].
Furthermore, interspecific differences need to be distinguished from
differences in sex, age, taphonomic, or diagenetic changes that might
affect collagen [9].

In any case, before performing XRF or Raman, a minimum of sample
preparation is required: cleaning the surface and avoiding scans in dirty,
burnt, chemically treated, or damaged areas [41]. Multiple measure-
ments along the object/tusk are recommended to prevent measurement
errors and enable homogeneity tests. For carvings, measurements should
be taken on surfaces that are as flat as possible. A Raman measurement is
recommended insofar as staff do not need to demonstrate additional
qualifications in radiation protection.

Future research could focus on determining age and geographical
origin and on examining the various layers. The European Union action
plan on wildlife trafficking distinguishes between antiques and musical

Schreger lines
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Visual identification

No Schreger lines: XRF
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Ivory Identified?

No ivory

Species identification

Mammoth or
elephant?
Schreger angles +

Raman

AN

v

i ioin? Asian or African Age determination?
Geographic origin? || N g
XRF + LIBS elephant? Raman
XRF + Raman
A 4
Result Result Result

Fig. 7. Actionable diagnostic workflow.
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instruments made before 1975 [70]. Raman spectroscopy has already
differentiated between ages based on the collagen-to-bioapatite peak
ratio. However, it should be noted that this research was conducted
using benchtop devices and could be transferred to handheld devices.
Extant elephant species nowadays are listed by CITES as highly endan-
gered in except for populations of Loxodonta africana and Loxodonta
cyclotis from Botswana, Namibia, South Africa, and Zimbabwe. Deter-
mining the geographical origin may lead to more specialized
border-control penalties and better conservation strategies. XRF is not
used to measure elemental concentrations in depth, whereas LIBS can
perform measurements through different layers by vaporizing the outer
layer [14,71]. Moreover, as a complementary method, handheld LIBS
could extend the range of detected elements in a sample, for example, to
detect light and trace elements in different layers, which can be chal-
lenging for XRF [12,41]. Correlations between material composition,
based on trace-element and heavy-metal concentrations, and geographic
origin could be measured using XRF combined with LIBS, and help
determine the provenance of ivory [50,72,73]. The main disadvantage
of LIBS is the lack of research [56].

Although no research has examined the use of handheld devices for
FTIR, the literature revealed many positive trends for identifying ivory.
In Fourier transform Raman (FT Raman), both spectroscopic units are
equipped with a moving mirror unit that enables Fourier transformation
to improve the signal-to-noise ratio, making it an interesting tool for
ivory identification [9]. The opportunity to obtain reliable results
through collaboration among researchers working on these devices can
be fully exploited in the future.

8. Conclusion

Handheld non-destructive analytical methods are still in their in-
fancy, but they show potential to provide deeper insights into animals'
environments and living conditions, as well as their provenance based
on elemental and structural composition. The main disadvantage of
research on ivory from Proboscidea using handheld instruments is the
limited number of studies, with sample sizes often unrepresentative.
Handheld devices are quite costly and can allow an increase in inter-
ference signals, which may lead laboratories to purchase stationary
devices instead, leaving the advantages unused [42,52]. This paper aims
to provide a comparative literature review of studies on this topic and, in
doing so, to open new areas of research.

To the best of our knowledge, initial research using handheld devices
has focused on X-ray fluorescence and Raman spectroscopy. Raman
spectroscopy shows the highest potential for species identification and
age determination, whereas handheld XRF research covers a wider
range of topics, including distinguishing ivory from fake ivory and
carved ivory, detecting elemental differences across length and layers,
and assessing sexual dimorphism. However, many other non-destructive
methods are catching up and should also be tested on handheld devices,
such as LIBS and FTIR.
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