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ABSTRACT: Twenty-one items sold as mammoth ivory in China were submitted to the Zurich 
Institute of Forensic Medicine (University of Zurich, Switzerland) and SSEF for testing. The aim of 
this case study was to identify these samples using macroscopic morphological diagnostics, micro-
scopic examination, FTIR spectroscopy, trace-element analysis and additional minimally destructive 
DNA analysis (of approximately 100 mg of powder) of a region of the cytochrome b gene to assign 
taxonomic identification. Morphological features (Schreger angles) shown by five of the samples were 
characteristic of extinct Proboscideans (mammoths), and one other specimen displayed unnatural 
layering that identified it as an ivory imitation. FTIR spectroscopy further showed the imitation 
was an artificial resin, while infrared spectra of the other samples displayed overlapping features 
characteristic of carbonated hydroxyapatite (i.e. ivory or bone). Like FTIR spectroscopy, trace- 
element chemistry cannot be used to separate species. DNA analysis could in some cases differentiate 
extinct (mammoth) from extant (African and Asian elephant) Proboscidean species, and also identi-
fied one specimen as cattle bone. Combining morphological, gemmological and genetic approaches 
can increase the amount of evidence available to identify the species origin of ivory.
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Ivory (e.g. Figure 1), a mammalian tooth or tusk of 
commercial interest, has been valued since ancient 
times (Espinoza & Mann 2000). Ivory is produced by a 
large number of animal taxa (e.g. walrus, warthog and 

whale), among which elephant ivory is the most studied 
due to its value, popularity and cultural importance 
(Campbell Pedersen 2015). African (Loxodonta spp.) and 
Asian (Elephas maximus) elephants, along with their 
extinct relatives (e.g. mammoths, Mammuthus spp.), 
belong to the mammalian taxonomic order Proboscidea. 
These taxa produce ivory that is made up of collagen and 
carbonated hydroxyapatite (Edwards et al. 2006), which 
can be finely carved and is therefore sought after. 

Among the extinct Proboscidea species, only the ivory 
of the woolly mammoth (Mammuthus primigenius) is 
suitable for carvings and jewellery use, as this is the only 
species with tusks that have been well preserved since 
the end of the Pleistocene (10,000–11,000 years ago) in 
high-latitude permafrost areas (Nikolskiy et al. 2011). Ivory 
from Mammuthus primigenius is abundant in certain parts 
of Siberia and Alaska, and mammoth ivory has appeared 
more widely on the market in recent years (Vigne & 
Martin 2014), as restrictions on the international trade of 
elephant ivory have taken force (e.g. under the Conven-
tion on International Trade in Endangered Species of Wild 
Fauna and Flora, or CITES; www.cites.org/eng/niaps).  

https://doi.org/10.15506/JoG.2020.37.3.282
http://www.cites.org/eng/niaps
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Given the regulations on elephant ivory, and the free 
trade in mammoth ivory, it is necessary to develop and 
apply scientific methods that can assign an ivory sample 
to its correct taxonomic species. 

This article presents a case study exploring a range 
of methods used collectively to identify the species of 
21 samples that were sold on the Chinese market as 
mammoth ivory. Our examination included morphological 
evaluation based on Schreger angles, Fourier-transform 
infrared (FTIR) spectroscopy and trace-element analysis 
of six selected specimens. When morphological assess-
ment of the species was not possible, we performed 
DNA analysis. 

BACKGROUND
Currently, the identification of elephant and mammoth 
ivories, and their distinction from other forms of ivory 
or imitations, rests largely on macroscopic morpholog-
ical observation, although it can be supplemented by 
DNA analysis depending on the context. Morpholog-
ical identification was outlined by Espinoza & Mann 
(2000) in a document that is widely used by customs 
agents and wildlife forensic scientists worldwide; this 

reference guide was updated in August 2020 (Baker et 
al. 2020). The main criterion to identify ivory is the 
presence of Schreger lines, which are present only 
in Proboscidean material. The angle formed by the 
Schreger lines can be used to differentiate between 
extant (recently living) African and Asian elephants, and 
extinct Proboscidea (mammoths), as explained below. 
However, Schreger lines are often not visible enough 
on processed (carved and polished) samples to make a 
conclusive identification.

Ivory has been studied using techniques such as Raman 
and Fourier-transform infrared spectroscopy (Edwards & 
Farwell 1995; Shimoyama et al. 2004; Edwards et al. 2006), 
along with detailed visual analysis and trace-element  
studies (Singh et al. 2006; Yin et al. 2013). However, as  
outlined by the United Nations in its Guidelines on  
Methods and Procedures for Ivory Sampling and Laboratory 
Analysis (UNODC 2014), FTIR and Raman spectroscopy 
can be employed to distinguish genuine carbonated 
hydroxyapatite-based ivory from ivory imitations such 
as resin, but FTIR spectroscopy should not be used to 
determine the animal species. Therefore, UNODC (2014) 
recommends that morphological and genetic methods 
be used for the forensic species identification of ivory.

Figure 1: The 21 specimens submitted for testing (including a strand of 108 beads that are grouped together as sample no. 13)  
were purchased in China, where they were represented as ‘mammoth ivory’. See Table I for sample weights. Photo by Vito 
Lanzafame, SSEF.
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Various genetic methods have been developed and 
used to identify species of Proboscidean ivory (Gupta et 
al. 2011; Wozney & Wilson 2012; Lee et al. 2013; Kitpipit 
et al. 2016, 2017; Conte et al. 2019; Ngatia et al. 2019). 
However, among these studies, only Lee et al. (2013) 
used the so-called DNA barcoding methodology—that 
is, using a specific and targeted genome region, which 
allows identification of both extinct and extant Probos-
cidean species, as well as the species of other types of 
ivory or ivory imitations (e.g. bone). All other previously 
applied techniques simply give a negative result (i.e. not 
Proboscidean ivory) if the ivory item originated from 

taxa other than those specifically targeted by the assay. 
Applying DNA barcoding methodology using universal 
primers1 can be less sensitive than a species-specific 
assay, but it can provide additional information about 
a tested item, as it allows for the identification of a 
broad array of species. Such markers show variations 
between species, but are generally invariable within 
species; this makes them ideal for differentiating species 

1  For definitions of some terminology related to genetic testing, 
see the glossary on p. 157 of Cartier et al. (2018).

Table I: Results of the morphological analysis of the 21 samples.

Sample  
no.

Item Weight (ct) Schreger  
lines  

visible?

CDJa  
visible?

Schreger angleb 
(average and  
min.–max.) 

Taxonomic 
identificationc

1 Ring, carved 6.71 Yes No — Proboscidea

2 Ring, carved 4.33 Yes No — Proboscidea

3 Ring, carved 71.59 Yes No — Proboscidea

4 Bangle 117.42 Yes No — Proboscidea

5 Ring, carved 63.42 Yes No — Proboscidea

6 Bead, carved 19.50 Yes No — Proboscidea

7 Head and stand, carved 74.81 Yes Yes (head) 83.2° (77°–87°) Extinct Proboscidea

8 Plaque, carved 70.98 Yes No — Proboscidea

9 Plaque, carved 211.13 Yes Yes 94.2° (91°–99°) Extinct Proboscidea

10 Plaque, carved 52.21 Yes No — Proboscidea

11 Slab 10.36 No No — Not possible

12 Plaque, carved 109.20 Yes Yes 72.6° (53°–86°) Extinct Proboscidea

13 Beads (108), drilled ~1.2 each Yes Yes (seven 
beads)

Two beads: 72.6° 
(70°–75°), 84.5° 

(82°–88°) 

Extinct Proboscidea

14 Plaque, polished 17.91 Yes No — Proboscidea

15 Snuff bottle 150.53 No No — Not possible

16 Mammoth, carved 70.27 Yes Yes (tusks) Not possible (too 
small)

Proboscidea

17 Pipe mouthpiece, carved 47.62 No No — Not possible

18 Bead, carved 59.46 Yes No — Proboscidea

19 Stamp, carved 247.02 No No — Ivory imitation

20 Stamp, carved 151.59 No No — Not possible

21 Block, painted 82.78 Yes Yes 82.2° (77°–86°) Extinct Proboscidea

a CDJ = cementum-dentine junction. 
b Schreger angles are provided only for samples on which the CDJ was visible. 
c  The standalone term ‘Proboscidea’ indicates that it was not possible to differentiate whether a specimen consisted of extant or 

extinct Proboscidean ivory. 
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based on DNA (Tobe & Linacre 2010). Nevertheless, 
analysing these markers (based on Sanger sequencing) 
is not possible if a sample contains a mixture of DNA 
from different species. This is often the case when a 
specimen is very old and/or has little DNA (such as ivory  
from extinct Proboscideans), for which various contam-
inants (e.g. bacterial DNA, polishing residues or human 
DNA) can make up significant portions of the total DNA. 
To help deconvolute such species mixtures, a technique 
called massive parallel sequencing can be used (Budowle 
et al. 2016). 

Although not employed in this study, isotopic 
analysis of ivory samples (van der Merwe et al. 1990; 
Ziegler et al. 2016) has been applied as an investiga-
tive technique to combat elephant poaching by further 
narrowing the geographic source region of an ivory 
sample. Another test—also beyond the scope of this 
article—to determine whether unknown specimens 

are from extinct or extant Proboscideans is age dating 
(e.g. carbon-14). This technique has been used to 
determine the age of seized elephant ivory (Schmied et 
al. 2012; Cerling et al. 2016), and has also been applied 
to mammoth samples (Basilyan et al. 2011), and could 
thus be useful to distinguish recent elephant ivory from 
extinct mammoth ivory. Furthermore, radiocarbon age 
dating can determine whether or not an elephant lived 
before or after the atomic ‘bomb peak’ (around 1950), 
and can thus be used to determine whether ivory should 
be classified as pre-CITES material (i.e. before 1 July 
1975 for the Asian elephant and before 26 February 
1976 for the African elephant; Brunnermeier et al. 2012; 
Schmied et al. 2012). Importantly, these dates and laws 
are not the same in every country; some are stricter or 
date further back than CITES regulations. For example, 
the UK has banned the sale of elephant ivory worked 
after 1947 (Harris et al. 2019).

MATERIALS AND METHODS

Twenty-one specimens (including multiple beads sold as 
a strand and classified as one sample; Figure 1 and Table 
I) were purchased as mammoth ivory from different 
dealers and shops in China and submitted to the Zurich 
Institute of Forensic Medicine and SSEF for testing.

Morphological Analysis Using  
Schreger Angles
The Schreger pattern was first described by Bernard 
Schreger (1800), and consists of sets of intersecting lines 
that radiate in a spiral fashion from the axis of a tusk 
(Trapani & Fisher 2003), as for example in Figure 2. 
According to Trapani and Fisher (2003, p. 429), ‘light 
and dark regions forming these lines are thought to 

be macroscopic manifestations of systematic shifts in 
undulatory pathways of dentinal tubules, produced by 
odontoblasts as they move towards the tusk axis during 
dentin [sic] deposition’. The Schreger angle is the angle at 
which dextral and sinistral Schreger lines intersect. Outer 
Schreger angles (i.e. those closest to the outside of the tusk) 
are acute in extinct Proboscideans (i.e. mammoths) and 
obtuse in extant Proboscideans (i.e. elephants; Espinoza 
& Mann 1993, 2000). Mammoth ivory samples examined 
by Espinoza & Mann (2000) consistently showed outer 
Schreger angles that averaged below 100° (typically 73°), 
whereas the tested elephant specimens exhibited angles 
with averages above 100° (typically 124°). For samples 
with angles falling in the range of 90°–110°, it is important 
that multiple angle measurements be carried out and 
averaged (Espinoza & Mann 2000).

Figure 2: The angles formed by Schreger lines are shown here in extinct (left) and extant (right) Proboscidean ivory cross-sections. 
The outer Schreger angles (OA) in the dentine (D) closest to the cementum (C) show diagnostic differences. The cementum-
dentine junction (CDJ) must be present in a sample for Schreger angles to be used reliably. Photos by Ed Espinoza.
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The cementum (a layer of mineralised dental tissue 
which covers the outside of the tusk) must be visible 
for the correct reading of Schreger angles, in order to 
orient the sample within the tusk. Unfortunately, the 
cementum-dentine junction (CDJ) is not always present 
in worked specimens. Because only the outer Schreger 
lines can be used for diagnostic angle measurement, it is 
vital to orient a sample based on the presence of the CDJ. 
Research by Trapani and Fisher (2003) on specimens with 
and without cementum confirmed that if a sample cannot 
be oriented, and if the Schreger angles are measured from 
inner lines, then misidentifications can occur. 

All 21 specimens in this study were subjected to 
meticulous microscopic and morphological characteri-
sation, but only six of them were found to contain the 
CDJ and were therefore potentially useful for Schreger 
angle measurements. 

Infrared and Chemical Analysis
All 21 samples were investigated by infrared spectroscopy 
at the Swiss Gemmological Institute SSEF using a Nicolet 
550 FTIR spectrometer in transmission mode with the 
KBr pellet method (Khoshhesab 2012). An average of 
0.5 mg of powdered material was taken from each ivory 
sample for each measurement. Spectra were collected in 
the range of 6000–400 cm–1 with a resolution of 0.5 cm–1 
and 32 scans per spectrum at room temperature (25ºC).

Trace-element chemistry cannot be used to clearly 
separate ivory species (more research and a larger data 
set are needed), and is thus provided here to contribute 
to the further chemical characterisation of ivory samples 
in general. Laser ablation inductively coupled plasma 
time-of-flight mass spectrometry (LA-ICP-TOF-MS) was 
used to determine the trace-element composition of six 
selected specimens (nos. 10, 11, 14, 16, 17 and 21). These 
were considered to be representative of the sample lot, 
and also nos. 11 and 17 could not be conclusively identi-
fied using other techniques and were thus selected for 
trace-element characterisation to obtain additional data. 
The analyses were performed at SSEF using a 193 nm 
ArF excimer laser (ESI/New Wave Research NWR193UC) 
coupled to a commercial ICP-TOF-MS unit (Tofwerk 
icpTOF) with helium as the carrier gas. A detailed 
description of this method and set-up can be found in 
Wang et al. (2016). TOF-MS allows simultaneous analysis 
of the full range of masses (from 7Li to 238U), so no pre- 
selection of elements (isotopes) of interest was necessary. 
To calculate element concentrations, we used NIST610 
glass as an external standard and the stoichiometry of 
Ca in hydroxyapatite as an internal standard. Although 
not matrix-matched, this approach using NIST glass 

standards has been applied in numerous previous studies 
on biogenic calcium carbonates and phosphates (Lee et 
al. 1999; Cucina et al. 2007; Limbeck et al. 2015; and 
references therein). Each sample was measured at two 
different locations using an ablation spot size of 75 µm 
and 20 Hz ablation frequency. 

Genetic Analysis
Genetic analysis was performed on 16 samples (i.e. those 
for which morphological analysis was not possible) at 
the Zurich Institute of Forensic Medicine, University of 
Zurich, Switzerland. The method for DNA extraction 
and the polymerase chain reaction (PCR) set-up selected 
to analyse the ivory specimens were standardised and 
validated in the ISO 17025 accredited laboratory facilities 
where this work was carried out. Although this method-
ology may not be typical for identifying Proboscidean 
ivory, it allows species identification also for non- 
Proboscidean samples.

Prior to DNA extraction, the samples were cleaned 
with Dr. Weigert 5% neodisher LM 3 detergent and 
rinsed with deionised water and 70% ethanol. About 100 
mg of ivory powder were acquired from each specimen 
by drilling a small hole on the back or base of the 
sample. We used a Proxxon Micromot 50 (E) drill with a 
4–6 mm diameter cone-shaped grinding bit, taking care 
to avoid heating up the specimen by not pressing hard 
and including regular pauses to let the drill head cool 
down. To avoid contamination, the powder produced 
from the initial external surface was discarded. The size 
and shape of some samples, and especially the desire to 
not alter the item’s appearance, made the cleaning and 
drilling process very challenging.

DNA was isolated from the powdered ivory samples 
using a Thermo Fisher Scientific PrepFiler BTA Forensic 
DNA Extraction Kit, following the manufacturer’s 
protocol for the extraction of DNA from calcified tissues 
(bone or tooth). For species identification, a region of 
the cytochrome b gene was amplified as described by 
Morf et al. (2013). A Beckman Coulter AMPure XP bead 
system was used to purify the PCR products, which were 
then quantified with a Thermo Fisher Scientific Qubit 4 
fluorometer. To explore the utility of the massive parallel 
sequencing technique for performing species identi-
fication, sequencing libraries were constructed with 
the Thermo Fisher Scientific Ion Plus Fragment Library 
Kit and Ion Xpress barcode adapters, beginning with 
the end repair of the purified PCR products. End repair 
and all subsequent steps of the manufacturer’s protocol 
were conducted by reducing all reaction volumes to one 
quarter and using 2.4 ng DNA input if possible. 
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The barcoded libraries were then quantified with a 
Thermo Fisher Scientific Ion Library TaqMan Quantitation 
Kit, and all samples were pooled with equimolar concen-
trations. The 26 micromolar pooled libraries were used for 
templating on a Thermo Fisher Scientific Ion OneTouch 
2 System. Sequencing was carried out on a Thermo 
Fisher Scientific Ion PGM platform. Adapter-trimmed 
sequence data were exported to FASTQ files using the 
FileExporter Plugin within Torrent Suite 5.10 software. 
The sequences were quality filtered using USEARCH 
(Edgar & Flyvbjerg 2015) and clustered into operational 
taxonomic units (OTUs) with UPARSE (Edgar 2013) at 
97% minimal identity threshold (default setting; other 
values were tested but did not make significant differ-
ences) and a minimal OTU size of 100 sequence reads (to 
analyse major components and exclude noise sequences).

The resulting sequences of the OTUs were then 
compared to DNA sequences stored in the online 
GenBank database of the National Center for Biotech-
nology Information (NCBI; Bethesda, Maryland, USA). 
We identified DNA sequence entries of the GenBank 
database that were most similar to the DNA sequences 
obtained from our samples by searching the database 
with the MegaBLAST function of NCBI. That way, each 
OTU was assigned to a taxonomic rank; ideally an OTU 
would correspond to a species. For each sample, read 
numbers pertaining to different taxonomic ranks were 
expressed as a percentage of the entire sequence read 
number. Sequences belonging to the domain of bacteria 
and OTUs that could not be identified via the MegaBLAST 
function were grouped together into one category. To 
exclude rare contaminants, taxonomic ranks below 10% 

of the total read number were not considered during 
evaluation of the sample. To see the relationship of the 
ivory DNA sequences of this study to those of extant 
Proboscideans and Mammuthus primigenius, a Bayesian 
phylogenetic tree was constructed using MrBayes version 
3.2.7 software (Ronquist et al. 2012), as described by 
Lendvay et al. (2020). As reference data, we used five 
homologous DNA sequences of each extant Probosci-
dean species and Mammuthus primigenius, respectively. 
Furthermore, DNA sequences of the closely related rock 
hyrax (Procavia capensis) and dugong (Dugong dugon) 
were included as outgroup taxa. All reference data were 
downloaded from the GenBank database.

RESULTS AND DISCUSSION
Morphological Analysis
Schreger angles were successfully measured on five of 
the samples (with one sample [no. 5] consisting of two 
beads; see Table I). Figure 3 illustrates the location of 
the CDJ in one of these specimens, which is a prerequi-
site for morphological identification based on Schreger 
angles. The range of average measurements obtained 
from the five samples was 72.6°–94.2°. All of these 
measurement averages are below 100°, which according 
to Espinoza & Mann (2000) corresponds to the suggested 
limit to separate elephant ivory (above 100° average) 
from mammoth ivory (below 100° average). These five 
samples were thus conclusively identified as ivory origi-
nating from extinct Proboscideans. Therefore, further 
DNA analysis was not deemed necessary and was thus 
not carried out on those specimens. 

Figure 3: Sample 21 is a carved block of ivory (about 4 cm tall) that is decorated by a painting (a). Views of the side (b) and 
base (c) clearly show the cementum-dentine junction. The white part to the left in the side view is cementum, whereas the beige 
material on the right side is dentine. Image (c) shows cementum (white) at the upper right, next to the outer Schreger lines. The 
Schreger angle of these lines averaged 82.2°, which is characteristic of mammoth ivory. Photos by Vito Lanzafame, SSEF. 

cba
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Although Schreger lines were observed in 11 other 
samples, their intersection angle could not be used due to 
orientation issues (absence of visible CDJ). Nevertheless, 
based only on the presence of the Schreger lines, these 
specimens could be identified as being Proboscidean. 

The remaining five samples showed no Schreger lines, 
and no. 19 was visually identified as an ivory imitation 
based on the presence of a distinct layered structure 
intended to simulate the Schreger lines of ivory. 

FTIR SPECTROSCOPY
All samples except for the ivory imitation showed FTIR 
spectral characteristics of carbonated hydroxyapatite 
(Figures 4 and 5; cf. Chang & Tanaka 2002; Grunenwald 
et al. 2014; Chappard et al. 2016). Figure 4 highlights 
a particular case (ivory bangle sample no. 4) where 
Schreger lines were visible but not conclusive for 
species identification (due to the absence of the CDJ). 
By contrast, specimen no. 19 yielded a very different 
FTIR spectrum dominated by sharp peaks (Figure 6) 
and was readily identified as an ivory imitation made 
of artificial resin (by comparison to the Thermo Scien-
tific spectral library). The FTIR spectrum of sample no. 
17 (see Figure 5) showed a characteristic carbonated 
hydroxyapatite spectrum, suggesting that it is of dentine 
or bone origin, but it could not be attributed to a specific 
species or species group with the methods used.

As (mammoth) ivory ages over time, carbonated 

hydroxyapatite can recrystallise. Furthermore, as weath-
ering occurs, amide/phosphate ratios and carbonate/
phosphate ratios can change (Jacob et al. 2008). Multiple 
factors can influence an FTIR spectrum (age, weath-
ering state, crystallinity, collagen content and location 
of the sample in a tusk), so FTIR spectroscopy is not a 
reliable method to determine the species of ivory (see 
also UNODC 2014). This case study—and further unpub-
lished research by the authors on elephant ivory from 
the SSEF reference collection—confirm this fact, as we 
could not identify clear distinguishing factors to separate 
elephant ivory from fossilised mammoth ivory based on 
FTIR spectral features. 

This result is, however, different from that of Yin 
et al. (2013), who suggested a possible separation of 
modern elephant ivory from mammoth ivory based 
on FTIR spectroscopy, mainly by attributing observed 
differences in the spectra to the burial of mammoth 
ivory and related loss of water and degradation of 
collagen. Although such weathering-related processes 
are possible, their influence on FTIR spectra remains 
unclear (O’Connor et al. 2011). Our FTIR spectra of both 
modern elephant ivory and extinct (buried) mammoth 
ivory samples from the SSEF reference collection did 
not reveal any notable or conclusive difference in 
the hydroxyl range (3500–2900 cm–1) or in the CH– 
range (3000–2800 cm–1). Based on our analyses, we 
thus presume that the spiky ‘peaks’ in the 3500–2900 
cm–1 range of the FTIR spectra reported by Yin et al. 
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Figure 4: The FTIR 
spectrum of sample 
no. 4 (mammoth ivory 
bangle) shows absorption 
bands characteristic of 
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Figure 5: FTIR spectra 
(in the 1800–500 cm–1 
range) of mammoth 
ivory (nos. 4 and 16) 
and undifferentiated 
Proboscidea (no. 
18) are compared to 
cattle bone (no. 15, 
identified using DNA 
analysis) and one 
unidentified sample 
(no. 17). Regardless 
of their taxa, all these 
specimens show 
very similar spectral 
features characteristic 
of carbonated 
hydroxyapatite.

Figure 6: The FTIR spectrum of an ivory imitation (artificial resin, no. 19) is dominated by sharp polymer-related bands, and is 
compared to two samples of mammoth ivory (nos. 9 and 13) that display characteristic features of carbonated hydroxyapatite. 
Inset photos by Vito Lanzafame, SSEF; the specimens are 3.5 cm wide (no. 9), about 0.5 cm in diameter (no. 13) and 7 cm tall (no. 19).
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(2013)—which were described by them as a result of 
water loss—are in fact artefacts due to total absorption 
in the hydroxyl range of their mammoth sample. In 
any case, the present study clearly reveals that species 
identification or age estimation (modern vs. fossil) of 
ivory based on FTIR spectroscopy is not reliable.

Trace-Element Analysis
Polycrystalline hydroxyapatite can accommodate a 
broad range of trace elements, primarily as substitutions 
for the large Ca2+ cation (Brown & Constantz 1994). A 
selection of relevant elements is listed in Table II for the 
six samples analysed by LA-ICP-TOF-MS. A comparison 
of our data to the literature (Kohn et al. 1999 and refer-
ences therein) reveals high consistency with reported 
concentration ranges for fossil dentine. Each specimen 
was analysed on two randomly selected areas, and our 
data suggest that each one was very homogeneous in 
its trace-element concentrations. Interestingly, three of 

the samples (nos. 14, 16 and 21, all identified as extinct 
Proboscidea by their morphology or DNA testing, as 
covered below) showed distinctly higher Mg but lower 
concentrations of Fe, Sr and Ba compared to sample 
no. 10 (undifferentiated Proboscidea). Specimen no. 11 
(which could not be identified) was characterised by 
relatively high Mn, Fe and, to some extent, Sr, Ba and 
rare-earth elements (REEs). This might be related to alter-
ation during burial in soil (diagenesis), as this sample 
looked weathered and was reddish brown (Figure 7), as 
if stained by Fe-Mn (hydr)oxides. Specimen no. 17 (also 
not identifiable) differed in having higher Na, Zn, Ba and 
REEs compared to the other samples.

Genetic Analysis Based on a Region  
of the Cytochrome b Gene
DNA analysis was carried out on 16 of the 21 samples, 
and was successful for 15 of them. For one specimen 
(no. 11), no PCR product could be amplified, most likely 

Table II: LA-ICP-TOF-MS trace-element data (in ppmw) for six selected samples.a

Sample  
no. Spot B Na Mg Si Cr Mn Fe Zn Sr Ba REE Pb U/ 

Pb

Taxonomic 
identification 

(based on 
morphology  

or DNA)

10

1 7.85 4415 7653 266.3 1.186 153.9 639.2 34.17 994.3 95.28 0.208 0.153 0.10

Proboscidea
2 7.45 4372 7381 265.7 1.054 147.6 614.4 36.62 971.9 92.89 0.193 0.166 0.12

11

1 5.46 2700 1470 343.8 0.539 4808 26300 38.89 1315 768.8 1.236 0.061 0.30

Not possible
2 5.90 2770 1468 321.6 1.132 4758 26260 40.24 1311 767.9 1.228 0.054 0.21

14

1 8.28 3081 43370 339.3 1.124 0.899 31.69 25.81 318.3 48.16 0.125 0.108 0.12
Extinct 

Proboscidea
2 7.61 3172 37830 281.7 0.902 0.850 24.41 27.36 316.9 46.74 0.083 0.180 0.10

16

1 14.07 4172 42690 255.7 1.150 0.924 28.55 34.92 385.8 15.52 0.021 0.030 na
Extinct 

Proboscidea
2 14.02 4297 41460 288.3 0.790 0.913 25.07 34.79 386.1 15.67 0.045 0.031 0.19

17

1 5.95 8423 5554 218.4 0.653 0.931 26.94 121.9 609.4 719.7 1.112 0.633 0.01

Not possible
2 6.05 8262 5467 199.4 0.451 1.164 25.47 136.8 599.7 752.9 1.221 0.755 na

21

1 11.19 4905 39250 292.6 0.908 0.948 20.11 28.22 345.6 45.47 0.130 0.185 0.08
Extinct 

Proboscidea
2 11.83 5205 36220 314.6 0.782 0.971 22.42 31.52 356.1 44.50 0.142 0.200 0.15

Reference values
(Kohn et al. 1999)

>10– 
10s

1000s 1000s
10– 

~100s
nr nr nr

100s– 
1000s

100s– 
~100

10s– 
~100

<1 nr <1 Fossil dentineb

a Abbreviations: na = not applicable because U was below the detection limit; nr = not reported by Kohn et al. (1999).
b  Range of values from Burchell’s zebra (Equus burchellii), Guenther’s dik-dik (Rhynchotragus guentheri) and Grant’s gazelle  

(Gazella granti).
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due to too little or too degraded DNA. By using massive 
parallel sequencing to analyse the genetic data, we were 
able to deconvolute mixtures and infer the different 
DNA contents of a specimen. Detected bacterial species 
were excluded as a possible origin. Any human DNA 
detected as a minor component in a mixture was consid-
ered a contaminant and was not included in the final 
taxonomic identification. 

The taxonomic origin of nine samples was identified 
as extinct Proboscidea, one specimen originated from 
the genus Bos (wild and domestic cattle) and the DNA 
analysed for another sample was of human origin (Table 
III). The DNA extracts of the remaining four specimens 
were identified as DNA mixtures in which human DNA 
accounted for the largest part. The minor parts of these 
mixtures originated from the following taxonomic ranks: 
Mammuthus sp. (mammoths), Loxodonta sp. (African 
elephants), Gallus gallus (junglefowl, e.g. chickens)  
and bacteria. 

Table III: Results for 16 samples based on DNA analysis, including total number of sequence reads per sample.*

Sample  
no.

Total no.  
of reads

Mammuthus 
sp.

Homo
sapiens

Loxodonta 
sp. Bos sp. Gallus 

gallus

Bacterial or 
unidentifiable 

sequences

Sequences 
below 

threshold

Taxonomic 
identification

1 1012 70.7 14.7 14.7 Extinct Proboscidea

2 6850  73.1 13.2 13.3 0.3 Mixture

3 17855 98.8  1.2 Extinct Proboscidea

4 20580 98.5  1.5 Extinct Proboscidea

5 20285 98.5  1.5 Extinct Proboscidea

6 12070 95.3  4.7 Extinct Proboscidea

8 3251 30.2 66.7 3.1 Mixture

10 996  62.3 37.3 0.4 Mixture

11     Not possible

13 2939 99.5  0.5 Extinct Proboscidea

14 13931 73.9 21.3 4.8 Extinct Proboscidea

15 6317   62.9 33.2 3.9 Bos sp.

16 10958 56.7 41.8 1.6 Extinct Proboscidea

17 5974  81.5 12.0 6.6 Mixture

18 10833  93.1 6.9 Homo sapiens

20 14908 97.8  2.2 Extinct Proboscidea

*  The read numbers pertaining to different taxonomic ranks are expressed as percentages of the entire sequence read number, and 
sequences of OTUs with less than 100 reads are grouped together with sequences of taxonomic ranks with less than 10% of the total 
read number in the category titled ‘Sequences below threshold’.

Figure 7: This weathered sample (no. 11; about 2 cm wide) was  
found to contain relatively high Fe and Mn concentrations.  
Its colour and chemistry might be related to alteration during 
burial in soil, resulting in impregnation with Fe-Mn (hydr)-
oxides. Photo by V. Lanzafame, SSEF.
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Separating Mammoth and Elephant 
Ivory Using Genetic Analysis
To demonstrate how our genetic analysis is able to 
differentiate between elephant and mammoth ivory, 
we compared sequences from different Proboscideans 
in the online NCBI database. Figure 8 shows examples 
of nucleotide (A, C, G, T) differences between the 
extant Proboscidean species and the woolly mammoth 
(Mammuthus primigenius) in a short fragment (length: 

78 base pairs) of the mitochondrial cytochrome b gene. 
The sequences of the extinct Proboscidea (length: 359 
base pairs) obtained in this study showed 10 or more 
nucleotide differences from the sequences of African or 
Asian elephants found in the NCBI database.

These sequences from the extinct Proboscidean 
samples were included in a Bayesian phylogenetic tree 
containing sequences of extant Proboscideans and 
Mammuthus primigenius (Figure 9). A phylogenetic tree  

Figure 8: Nucleotide differences between extant Proboscidean species and the woolly mammoth (Mammuthus primigenius) are 
bracketed by vertical lines in this DNA sequence alignment of a short fragment of the mitochondrial cytochrome b gene.

Figure 9: This Bayesian 
phylogenetic tree displays the 
taxonomic position of our ivory 
samples identified as extinct 
Proboscidea. With high probability, 
these specimens group together 
with those of Mammuthus 
primigenius. Species names for the 
reference samples are followed 
by their NCBI GenBank accession 
numbers. Bayesian posterior 
probability values next to the 
branches indicate the levels of 
support that the specimens in that 
branch group together; a value 
greater than 0.95 is generally 
accepted as well-supported 
clustering. 

Bayesian Phylogenetic Tree
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is a diagram representing evolutionary relationships 
among organisms. The included species are found at the 
tips of lines, referred to as tree branches. The pattern 
in which these branches connect represents how the 
species evolved from different common ancestors; a 
node represents a divergence event. In our phyloge-
netic tree, the identical DNA sequences obtained from 
nine of our tested samples grouped together, with high 
probability, with sequences of Mammuthus primigenius. 

Combining the Results of the Morpholog-
ical, Gemmological and Genetic Methods
By combining the results of all the analyses we con-
ducted, we were able to determine the origin of all but 
two of the 21 samples (Table IV). Thirteen specimens 

were attributed to extinct Proboscideans (Mammuthus 
sp.). Five of these were identified by their morpholog-
ical features (Schreger angles) and nine as a result of 
DNA analysis (different beads in sample no. 13 were 
identified by both techniques).

DNA analysis could not be used to specify the exact 
species of origin of four samples exhibiting inconclusive 
Schreger angles because their DNA extract consisted 
of a mixture of species. These samples were therefore 
identified as simply ‘Proboscidean’ since their extinct 
or extant origin could not be determined. Although the 
major component shown by genetic testing was ascribed 
to Homo sapiens, a human origin was ruled out due to 
the observed Schreger lines, so the presence of human 
DNA is considered contamination. Surprisingly, one of 

Table IV: Taxonomic identification of the samples based on the methods used in this case study.

Sample  
no.

Taxonomic identification based 
on morphological analysis

Taxonomic identification 
based on DNA analysis FTIR analysis

Taxonomic identification, 
considering results from all 

analyses

1 Proboscidea Extinct Proboscidea Carbonated hydroxyapatite Extinct Proboscidea

2 Proboscidea Mixture Carbonated hydroxyapatite Proboscidea

3 Proboscidea Extinct Proboscidea Carbonated hydroxyapatite Extinct Proboscidea

4 Proboscidea Extinct Proboscidea Carbonated hydroxyapatite Extinct Proboscidea

5 Proboscidea Extinct Proboscidea Carbonated hydroxyapatite Extinct Proboscidea

6 Proboscidea Extinct Proboscidea Carbonated hydroxyapatite Extinct Proboscidea

7 Extinct Proboscidea Not performed Carbonated hydroxyapatite Extinct Proboscidea

8 Proboscidea Mixture Carbonated hydroxyapatite Proboscidea

9 Extinct Proboscidea Not performed Carbonated hydroxyapatite Extinct Proboscidea

10 Proboscidea Mixture Carbonated hydroxyapatite Proboscidea

11 Not possible Not conclusive Carbonated hydroxyapatite Not possible

12 Extinct Proboscidea Not performed  Carbonated hydroxyapatite Extinct Proboscidea

13 Extinct Proboscidea Extinct Proboscidea  Carbonated hydroxyapatite Extinct Proboscidea

14 Proboscidea Extinct Proboscidea  Carbonated hydroxyapatite Extinct Proboscidea

15 Not possible Bos sp. Carbonated hydroxyapatite Bos sp.

16 Proboscidea Extinct Proboscidea Carbonated hydroxyapatite Extinct Proboscidea

17 Not possible Mixture Carbonated hydroxyapatite Not possible

18 Proboscidea Homo sapiens Carbonated hydroxyapatite Proboscidea

19 Imitation Not performed Ivory imitation Ivory imitation (artificial resin) 

20 Not possible Extinct Proboscidea Carbonated hydroxyapatite Extinct Proboscidea

21 Extinct Proboscidea Not performed Carbonated hydroxyapatite Extinct Proboscidea
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these specimens (no. 10) had a minor component attrib-
uted to the species Gallus gallus, but again because of 
the observed Schreger lines we know this sample did not 
originate from a chicken. A possible source of contam-
ination could be residual chicken grease used to polish 
the specimen during manufacturing. 

One sample originated from the genus Bos (no. 15; 
cattle bone) according to DNA analysis, and another 
(no. 19) was conclusively identified as an imitation 
of ivory made of artificial resin based on microscopic 
and FTIR analyses. Finally, two specimens (nos. 11 and 
17) did not exhibit any Schreger angles, nor any other 
morphological characteristics indicative for ivory. DNA 
analysis of these items was also not successful—one 
sample exhibited too little or too degraded DNA, and 
the DNA extract of the other consisted of a mixture—so 
their taxonomic identification was not possible. 

CONCLUSIONS

Various types of ivory may be encountered by gemmol-
ogists as objets d’art, jewellery and other items (e.g. 
Figures 1 and 10). This case study shows the challenges 
and limitations of distinguishing between these gem 
materials. To identify the nature (e.g. ivory or imitation) 
and species of ‘ivory’ samples, a combined approach 
using multiple techniques (in this study, morphological,  
gemmological and genetic) can be helpful in many 
instances. For this case study, determination began with 
morphological analysis (macroscopic and microscopic), 
which is the most readily available testing method. 
Samples not displaying orientable Schreger lines were 
tested further using DNA analysis. Techniques available 
in well-equipped gemmological laboratories (FTIR and 
LA-ICP-TOF-MS) were applied to further characterise 

Figure 10: The carved 
mammoth-ivory leaves 

in these gold earrings are 
accented by diamonds and 
accompanied by ~2.4 ct  of 
pink sapphires. Courtesy of 

Paul Farmer Goldsmith, Vail, 
Colorado, USA; photo by 

Jeff Scovil.
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and document a selection of the samples, but they were 
not useful for identifying whether a specimen was from 
an extinct or extant Proboscidean species. Importantly 
for gemmologists, the presence of a cattle bone sample 
that had FTIR features similar to those of ivory shows 
the importance of integrating DNA analysis into origin 
determination when Schreger lines are not clearly visible 
or measurable. 

Jacob et al. (2008) showed that the distribution of 
chemical elements in tusks is heterogeneous. They 
also proposed that isotopic rather than trace-element 
analysis might be more suitable for identifying the 
geographic source region of ivory species, but this 
method is outside the scope of this study. The portion 
of the tusk being analysed should be taken into account 
when carrying out trace-element and isotopic analysis of 
ivory specimens; if the CDJ is not present, then estab-
lishing a consistent sampling position is not possible. 
Furthermore, the degree of weathering (and presence of 

associated elements) in fossilised ivory samples, which 
can be 10,000 years or older, is a considerable factor to 
take into account. A larger reference database would 
be needed before attempting to use trace elements, and 
more specifically ultra-trace elements (e.g. REEs), to 
identify different ivory species. 

Although the ivory trade has changed due to more 
stringent international regulations, material continues to 
be misrepresented on the market, and research such as 
outlined here is important to support elephant conser-
vation work worldwide. Making techniques available to 
conclusively identify ivory species can help limit fraud, 
as in cases where poached elephant ivory is falsely 
declared as mammoth ivory. During an August 2019 
CITES conference in Switzerland, a proposal was made 
(although ultimately retracted) to include mammoth ivory 
in CITES appendices. The ongoing interest in differenti-
ating between extinct vs. extant ivory demonstrates the 
need for the reliable identification of ivory in the trade.
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