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A COMPARISON OF MODERN AND FOSSIL
IVORIES USING MULTIPLE TECHNIQUES

Zuowei Yin, Pengfei Zhang, Quanli Chen, Qinfeng Luo, Chen Zheng, and Yuling Li

To distinguish between modern and fossil (mammoth) elephant ivory, samples of both were analyzed
by petrographic microscopy, scanning electron microscopy, infrared spectroscopy, and laser-induced
breakdown spectroscopy. In addition to the differences observed under low magnification, SEM demon-
strated each variety’s structure in greater detail. While modern ivory appeared very compact under high
magnification, fossil ivory showed a loose structure with many long channels and splintery cracks. IR
spectroscopy revealed differences in water and collagen contents. Modern ivory exhibits a broad IR ab-
sorption band around the 3320 cm™ peak, while the sharp bands between 3300 and 3500 cm™ in fossil
ivory indicate a much lower water content. Modern ivory’s IR peaks at 2927 and 2855 cm™', compared
to fossil ivory’s weak peak near 3000 cm™, suggest a significant loss of collagen after burial for tens of
thousands of years. LIBS chemical analysis showed different amounts of various trace elements. Weakly
weathered fossil ivory contains Fe, Ti, Mn, and Al, while the similar-looking modern ivory contains Hg,

Cr, and Si, indicating that trace elements could be used to distinguish them.

is protected by international agreements ban-
ning the sale of ivory from tusks. This trade ban
does not apply to ornaments made of mammoth fos-
sil ivory, which is still legally sold in the gem market.
The two materials look similar, and it is difficult to
distinguish them with the unaided eye, especially
when the fossil ivory is relatively unweathered.
There is such a need to identify the modern and
mammoth ivory in the Chinese jewelry market be-
cause the jewelry prices of modern ivory and fossil
ivory vary greatly. For example, the price of modern
ivory bangles range from US$400-$500 per piece,
while the price of mammoth fossil ivory bangles
ranges from US$200-$300 per piece.
Mammoth is an extinct mammal species belong-
ing to the Elephantidae family, which lived during

The modern elephant, threatened by extinction,
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the late Pleistocene in Europe, northern Asia, and
North America. Their fossils are commonly found in
frozen ground in Alaska and Siberia. Reports on
mammoth have mainly dealt with the species’ life,
extinction, and prospects for regeneration (lacumin
et al., 2005; Basilyan et al., 2011). Gemological stud-
ies on mammoth ivory are virtually nonexistent,
while the literature on elephant ivory is also quite
limited (Edwards and Farwell, 1995; Edwards et al.,
1997; Raubenheimer et al., 1998; Su and Cui, 1999;
Reiche et al.,, 2001; Sakae et al., 2005; Edwards et al.,
2006; Singh et al., 2006; Miiller and Reiche, 2011).
This study examines the two ivories’ structure and
chemical composition to better explore their identi-
fication characteristics.

MATERIALS AND METHODS

The modern elephant ivory samples consist of beads
provided by the Museum of China University of Geo-
sciences (figure 1). They are originally from Thailand
and belong to the Asian elephant species. The au-
thors were allowed to cut one bead in half for scan-
ning electron microscopy (SEM) testing.
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Figure 1. Modern elephant ivory samples were taken
from a necklace, including the bead in the inset
photo (magnified 20x). The red line indicates where
the bead was cut for SEM analysis. Schreger lines
can be observed on the bead. Photos by Zuowei Yin.

The authors obtained fossil ivory specimens from
mammoth tusks sold in the gift shop at the Geolog-
ical Museum of Guangdong Province, China. All

Figure 2. These three fossil
ivory specimens are from
mammoth tusks (bottom

right). On the top row, sam-
ple M1 is composed of the
weakly weathered white
layer, the semi-weathered
brown middle layer, and the
strongly weathered black
surface layer. Sample M2
(bottom left) shows the
semi-weathered brown mid-
dle layer of fossil ivory. M3
(botom middle) is only of
the weakly weathered white
inner layer. Photos by
Zuowei Yin.
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three samples (figure 2) were cut perpendicular to the
length of the tusk. Sample M1 contained three layers:
a strongly weathered black surface, a semi-weathered
brown middle layer, and a weakly weathered white
inner layer. This sample was sliced into four pieces
for analysis, and each piece contained all three layers.
Sample M2 contained only the semi-weathered
brown middle layer, and M3 only the weakly weath-
ered white inner layer.

The samples underwent standard gemological
testing to determine their spot refractive index, spe-
cific gravity, and UV fluorescence reaction. To study
the structure at various resolutions, the samples
were observed using both a petrographic microscope
and SEM. Samples or sample portions from both
ivory types were carefully ground with carborundum
until they became nearly transparent thin sections
for examination with the petrographic microscope.
A Quanta 200 scanning electron microscope at the
China University of Geosciences in Wuhan was used
for this study. Samples with Schreger lines were cho-
sen, and they were cleaned with alcohol and dried in
air. The specimens were fractured by the authors,
and the fracture surfaces were sputter-coated with
gold powders using a SCD-005 ion sputtering coater.
Then they were fastened to a round metal board for
observation. The resolution of the Quanta 200 is 3.5
nm under 30 KV voltage in both high- and low-vac-
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BOX A: WHAT IS LIBS?

Figure A-1. This diagram
shows the main compo-

Laser-induced breakdown spectroscopy is a rapid chem-
ical analysis technique. A modern LIBS system includes
a laser source, delivery optics, collecting optics, a spec-
trometer, and an attached computer (figure A-1). This
technology requires no sample preparation. Broad ele-
mental coverage and extremely short measurement
time for each spot are additional advantages that make
this one of the most practical and efficient micro-beam
technologies available to gemologists.

Short, powerful laser pulses are focused on the tar-
get to vaporize and atomize a small amount of sample
(0.1pg-0.1 mg) in a process known as laser ablation. The
vaporized portion then further interacts with a second
laser pulse to form the high-temperature plasma. This
excited material (electrons, ions, molecules, etc.) pro-
duces an electromagnetic emission during the cooling
process. High-resolution optics detect and record the in-
tensity of this emission, which allows not only the

uum modes, 3.5 nm in ESEM vacuum mode under
30 KV, and 15 nm in a low vacuum under 3 KV. We
used 7x-1,000,000x magnification and an accelerat-
ing voltage of 200 V to 30 KV with a tungsten fila-
ment and a maximum beam current of 2 pA. The
SEM images are from secondary electrons.

Infrared spectral analysis was carried out using a
Nicolet 550 Fourier transform infrared (FTIR) spec-
trometer with a resolution of 0.5 cm™, a scanning
range of 4000-400 cm™, and 32 scans per second at
room temperature (25°C). Half of a modern ivory
bead and one fossil specimen with black, brown, and
white layers (sample M1) were analyzed in transmis-
sion mode with a KBr pellet. Only the white layers
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nents of a modern LIBS
system: (a) laser source
and cooler; (b) pulsed
laser head; (c) mirror; (d)
focusing lens; (e) excita-
tion chamber; (f) sample;
(g) collecting optics; (h)
optical fiber; (i) detector
trigger signal; (j) wave-
length selector; (k) detec-
tor array; and (I)
microcomputer. From
Pasquini et al. (2007).

§
|

identification of the elements via their unique spectral
signatures but also the measurement of their concen-
trations above the detection limits. Typical detection
limits of LIBS are in the ppm (parts per million) range.
Both qualitative and quantitative analyses can be per-
formed, but for quantitative measurements the system
needs to be calibrated for each elemental species
(Pasquini et al., 2007).

The crater formed by laser ablation usually has a
diameter of 10-100 um and a depth of 100 nm. With
0.1 nm (1 A) widths, the emission peaks of LIBS spec-
tra are narrower than those from passive emission or
reflectance spectroscopy. The spectral region of inter-
est, typically from about 180 to 850 nm, generally in-
cludes numerous peaks per element, allowing
cross-checking for interferences. The analyses of our
samples were very rapid, with each spot measured for
less than 1 second.

of sample M1 were tested by FTIR, because their
color was close to that of modern ivory.

Laser-induced breakdown spectroscopy (LIBS)
analysis was carried out using a LIBS2005 with
Nd:YAG solid state laser (1064 nm wavelength) at
the China University of Geosciences to measure
trace elements semi-quantitatively. (See box A for
more on this technique.) The test used a voltage of
500-650V and a frequency of 10 Hz.

RESULTS AND DISCUSSION

Gemological Properties. Both ivory types showed
overlapping spot RI (1.52-1.54) and SG (1.69-1.81), so
they cannot be distinguished by these properties. The
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modern ivory beads fluoresced bluish white to long-
wave UV radiation and very weak bluish white to
short-wave UV (figure 3).

The weakly weathered white layer of fossil ivory
(M1) showed stronger fluorescence to long-wave than
short-wave UV, while the semi-weathered brown
layer (M2) displayed weaker fluorescence than the

COMPARISON OF MODERN AND FOSSIL IVORY

Figure 3. Modern ele-
phant ivory fluoresced
bluish white in long-
wave UV (left) and very
weak bluish white in
short-wave UV (right).
Photos by Zuowei Yin.

white layer under both long- and short-wave UV (fig-
ure 4, top). The strongly weathered black layer from
sample M1 was inert to both wavelengths. These ob-
servations suggest that the degree of weathering is
inversely proportional to the strength of fluorescence
reaction.

Both ivories are composed mainly of the mineral

Figure 4. These photos
show the fluorescence
reaction of mammoth
ivory samples M1 and
M2 to long- and short-
wave UV. The front side
of sample M1 is the
weakly weathered
white layer, which fluo-
resces stronger bluish
white color in long-
wave UV (A) and weak
bluish white color in
short-wave (B). The
strongly weathered
black layer of sample
M1 is inert to both
wavelengths (C and D).
Sample M2, the semi-
weathered brown layer,
fluoresces weak bluish
white in long-wave UV
(A and C) and is inert to
short-wave (B and D).
Photos by Qinfeng Luo.
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hydroxyapatite and organic materials. Because hy-
droxyapatite usually does not display characteristic
fluorescence while the organic material typically
does, ivory with more organic material displays a
more intense fluorescence. This implies that weath-
ering is more destructive for organic than inorganic
material.

Structural Analysis. Both modern and mammoth ele-
phant ivories display intersecting chevron patterns
known as Schreger lines (Singh et al., 2006; Palombo
et al., 2012). The Schreger angle of the modern ele-
phant ivory sample is about 115° or 65° (see figure 1,
inset). According to Singh et al. (2006), the mean
Schreger angle value taken at all three portions in
Asian elephant ivories is (91.1 + 0.70)°.

In Brief

e |vory from mammoth and modern elephant ivory look
quite similar. Distinguishing between the two is impor-
tant in protecting endangered elephant species.

e Petrographic microscopy and scanning electron mi-
croscopy (SEM) were used to reveal structural differ-
ences between the two materials.

e Infrared spectroscopy was effective in identifying the
two ivory types, while laser-induced breakdown spec-
troscopy (LIBS) showed significant differences in trace-
element concentrations.

Fossil ivory sample M3 (again, see figure 2) has a
Schreger angle of approximately 100°. According to
Fisher et al. (1998), the Schreger angles in mammoth
tusks range from 62° to 105° within the various layers,
with a mean of 87.1°. The Schreger angles from the
outermost layer of mammoth tusks, measured by Tra-
pani and Fisher (2003) at the dentine-cementum junc-
tion, range from about 70° to 100° (Palombo et al.,
2012). Therefore, identification of fossil and modern
ivories based on Schreger angles requires caution.
Ivory ornaments cut from different layers of the tusk,
or cut at a slightly different angle relative to the length
of the tusk, can have varying Schreger angles.

Microstructure. Modern Elephant Ivory. A photomi-
crograph of modern ivory at 200x magnification
shows that the Schreger pattern lines (the sparse ver-
tical lines) occur along one direction (figure 5). The
thin horizontal lines closely parallel to each other are
polishing lines.
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Figure 5. In modern elephant ivory, Schreger lines and
thin polishing lines are visible under plane polarized
light. Photo by Qinfeng Luo; magnified 200x.

Fossil Ivory. The thin section is made of semi-weath-
ered sample M2. At 200x magnification, the Schreger
lines are not apparent; only polishing lines and cracks
can be observed (figure 6).The thin section fashioned
from only the white layer of sample M1 showed no
obvious differences with modern ivory under the pet-
rographic microscope, because the white layers are
less weathered and both look similar at less than
500x magnification.

Schreger lines of both ivory types are visible at
lower magnification (less than 100x) through the thin

Figure 6. In semi-weathered fossil ivory, only dark
polishing lines and cracks can be observed under
plane polarized light. Photo by Qinfeng Luo; magni-
fied 200x.
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Figure 7. The laminar structure of a modern elephant ivory sample is shown at 800x magnification (left). The
sample was halved along the hole of the bead, indicating that the cracks were manmade. The structure of the
elephant ivory sample looks compact. The layers of the fracture show the splintery structure of modern elephant
ivory (where the arrow points) at 3000x magnification (center). At 24,000x magnification (right), the platy crys-
tals of hydroxyapatite in modern elephant ivory exhibit a laminar structure. Photos by Qinfeng Luo.

section. At higher magnification, the Schreger lines
are less likely to be seen. Cracks and holes cannot be
observed in a modern ivory thin section, but they are
obvious in fossil ivory sample M2.

SEM Analysis. Modern Ivory. SEM images obtained
from the bead in figure 1 at various magnifications
show some interesting features. First, the structure
of modern ivory appears compact and has a laminar
structure generally composed of platy layers parallel
to each other, forming a step-like pattern (figure 7,
left and center). Another notable feature is that the
layers forming the ivory body also display a platy
structure at high magnification (figure 7, right).

COMPARISON OF MODERN AND FOSSIL IVORY

Fossil Ivory. The intensely weathered black layer
of fossil ivory sample M1 showed the following
characteristics.

Broken and crushed splintery cracks were often
observed on the rupture surface (figure 8). Although
there were cracks in both kinds of ivory (figure 7, left;
figure 8, left), their formation was different. Because
modern ivories contain a high proportion of organic
materials, external mechanical forces usually cause
cracks to occur straight through the surface. But be-
cause the organic materials in fossil ivories reduce
gradually due to weathering, the cracks tend to form
gradually into splinters. Under long-term weathering
(figure 8), the structure of the fossil ivory is probably

Figure 8. Splintery cracks in
the black layer of fossil ivory
M1 are visible at 3000x mag-
nification (Ieft). The cracks
could be caused by rearrange-
ment of hydroxyapatite crys-
tals due to the loss of organic
materials and the reduced
binding force. With so many
cracks between the hydroxy-
apatite crystals, the structure
of the black layer appears
broken and disordered at
10,000x magnification (right).
Photos by Qinfeng Luo.
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loosened by the lack of organic materials, which re-
duces the binding force to arrange hydroxyapatite (Qi
et al., 2010).

Many long, narrow channels and small holes were
found in the intensely weathered layer of fossil ivory
MI1. These cylindrical channels were common in
SEM images of mammoth ivory samples from this
study. They oriented themselves along the length of
the ivory. Previous studies (Su et al., 1999; Ge et al.,
2006) concluded that in prehistoric bones and ivories,
hydroxyapatite exists on the nanoscale (10 m) with
a laminar structure and its c-axis oriented along the
length of collagen fibers. Miiller et al. (2011) pointed
out that in all ivories the collagen fiber bundles are
organized around the pulp cavity in the center of the
tusk. The black surface layers experienced the most
rapid loss of organic substance. Based on the orienta-
tion and shape of these channels and holes, we deduce
that they were caused by the loss of collagen fibers.

Some obvious and irregular grooves lie perpendi-
cular to the crystal stacking layers in the black layer
of fossil ivory. The grooves can be individual or over-
lapping (figure 10). They are different from the chan-
nels in figure 9, with a nearly vitreous luster. Existing
research and observation with the polarizing micro-
scope suggests that the grooves are related to collagen
fibers and the growth mechanism of the Schreger
lines (Su et al., 1999).

Magnification at 1500-6000x shows that the struc-
ture of the weakly weathered white layer of fossil
ivory M1 is nearly as compact as the structure of mod-

Figure 10. The black layer of mammoth ivory sample
M1 contained these continuous grooves interspersed
among the hydroxyapatite crystals. The grooves are
apparently lower than the surface of the laminar
structure. Photo by Qinfeng Luo; magnified 2500x.

ern ivory (figure 11). There are some tiny holes in the
white layer, but they are less abundant and less obvi-
ous than those of the black layer (figure 9, left). Simi-
larly, we deduce that the holes were likely formed due
to the loss of organic materials by weathering.

Chemical Analysis. Infrared Spectroscopy. Dan et al.
(2006) showed that ivory is composed of biogenic hy-

Figure 9. At 1000x magnification (left), fine parallel channels are visible within the black layer of fossil ivory
sample M1. There are up to 20-30 channels per cm?. At 5000x magnification (center), the channels appear
cylindrical and at close intervals. 10,000x magnification (right) shows that many of the crystals are stacked.
The channels and holes are perpendicular to the stacking layers. Photos by Qinfeng Luo.
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droxyapatites and collagen. Living creatures’ hydrox-
yapatites are slightly crystallized. Upon burial, non-
crystalline hydroxyapatite will start to crystallize
due to diagenesis. Comparison of modern and the
least weathered fossil ivories’ FTIR spectra (figure 12)
showed the following results:

1. 4000-3000 cm™': Modern ivory has a broad IR
absorption band around the 3320 cm™ peak. In
the least weathered layer of fossil ivory, some

Figure 11. Long grooves can
still be seen in white layers
of fossil ivory sample M1
(Ieft, magnified 1500x). Tiny
holes can also be observed,
though the black layer of
sample M1 contain more of
them (compare with figure 9,
left). The structure of the
white layer still appears com-
pact under 6000x magnifica-
tion compared with figure 8
of the black layer. Photos by
Qinfeng Luo.

peaks at 1660.79 and 1557.66 cm™, caused by
bending vibration of coordinated water, or
twisting of H-O-H. Fossil ivory spectra show
only a weak absorption peak at 1642.22 cm™,
indicating much lower water content (Zhou et
al., 1999). Both kinds of ivory have a strong ab-
sorption band at about 1038.90 cm™!, caused

sharp bands are found between 3300 and 3500
cm. Dan et al. (2006) demonstrated that the IR
absorption bands between 3400 and 3500 cm™
are caused by hydroxyl stretching vibration,
which indicates that fossil ivory has a much
lower water content than modern ivory.

.3000-2000 cm™: The IR absorption peaks of
modern ivory at 2927 and 2855 cm™ result
from collagen (Qi et al., 2005). Because the
samples were handled with gloves and wiped
with alcohol and dried in the air, contamina-
tion can be ruled out. Modern ivory’s absorp-
tion peak at 2927.60 cm™ is caused by
asymmetric stretching vibration of the CO,*
group, and the 2855.51 cm™ peak is caused by
symmetric stretching vibration of CO,* groups
(Farmo, 1982). The IR absorption spectra of
fossil ivory have a weak absorption peak near
3000 cm™, indicating a significant loss of col-
lagen after burial for tens of thousands of years
(Qi et al., 2005.

. 2000-1000 cm™: The IR spectra of modern ele-
phant ivory feature two strong absorption

COMPARISON OF MODERN AND FOSSIL IVORY

Figure 12. The FTIR spectrum of modern elephant
ivory (A) has a broad band at 3320 cm™, while the
spectrum of fossil ivory (B) contains wide and sharp
absorption bands between 3300 and 3500 cm.
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TABLE 1. Chemical composition of modern and fossil ivories.

Major elements

Trace elements

Elephant ivory P, Ca, Na, Mg, H, C, N, O
P, Ca, Na, Mg, H, C, N, O
P, Ca, Na, Mg, H, C, N, O

P, Ca, Na, Mg, H, C, N, O

Fossil ivory (white layer)
Fossil ivory (brown layer)

Fossil ivory (black layer)

Sr, Ba, Hg, Cr, Si

Sr, Ba, Fe, Mn, Ti, Al
Sr, Ba, Fe

Sr, Ba, Fe, Mn, Si

Refers to the LIBS results of this study and Dan et al. (2006), Huang et al. (2007), and Miiller et al. (2011).

by asymmetric stretching vibration of the
PO} group, because their major constituent is
hydroxyapatite. The biogenic hydroxyapatites
have three absorption peaks at 1541-1548,
1455, and 1417 cm™ (Huang et al., 2007).

4. 1000400 cm™: Both kinds of ivory have two
peaks and exhibit no obvious differences here.

LIBS Analysis. Ivory is composed of 70% hydroxya-
patite (some of the calcium having been replaced by
magnesium) and 30% organic substance (collagen
fibers). Thus the major elements of both ivories are
the same: Ca, Na, Mg, P, H, C, N, and O, with higher
concentrations of Ca, Na, and Mg (figures 13-16)
(Muller et al., 2011; Huang et al., 2007; Dan et al.,
2006).

Comparing the LIBS data of modern ivory and the
three layers of fossil ivory (table 1), we found that:

1. Besides the major elements consistent in both
kinds of ivory, modern ivory has Hg, Cr, and

LIBS SPECTRUM
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= 60004 call cal
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~ 4000 Cay 2!
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3000 Mg
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0 T T T T

Si; the white layer of fossil ivory contains Fe,
Ti, Mn, and Al

2. The Al and Ti in the white layer of fossil ivory
are absent in the brown and black layers.

3. The black surface layer of fossil ivory contains
some Si, which is absent in the white and
brown layers.

As noted by Wilson and Pollard (2002), chemical
changes achieve thermodynamic equilibrium be-
tween the archaeological material and the surround-
ing environment. According to this principle, all
bone materials should tend to have an identical
chemical composition under similar environmental
conditions. We inferred that Sr and Ba are common
replacements for Ca in the apatite of both ivory
types. Due to the different living environments of
mammoth and modern elephants, Fe, Mn, Ti, and Al
replaced Ca in mammoth ivory; Hg, Cr, and Si re-
placed Ca in modern elephant ivory.

Singh et al. (2006) found higher concentrations of

Figure 13. This LIBS
spectrum of modern
elephant ivory (200-650
nm) shows the ele-
ments Ca, Hg, Cr, Na,

200 250 300 350 400 450 500
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Figure 14. The LIBS
spectrum of the white
layer from fossil ivory
sample M1 (200-750
nm) shows Fe, Mn, Mg,
Al Ca, Ti, Ba, St, Na,
and Ca, with higher
concentrations of Na
and Mg.

Figure 15. This LIBS
spectrum of the semi-
weathered layer from
fossil ivory sample M1
(200-750 nm) shows
the elements Fe, Mg,
Ca, Ba, Sr, and Na.

Figure 16. This LIBS
spectrum of the black
surface layer of fossil
ivory sample M1 (200~
750 nm) shows Fe, Si,
Mg, Mn, Ca, Ba, Sr, and
Na.
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P, Mg, and Cr in Asian elephant ivory than in the
African species. Thus it is possible to distinguish fos-
sil and modern ivories by analyzing their trace ele-
ment concentrations. Although our current research
did reveal some differences between the two types of
ivory, many more samples are needed for a conclu-
sive discrimination.

CONCLUSION

This comparison of fossil and modern ivories sug-
gests multiple ways to distinguish them. Schreger
angles are often used to identify different types of
ivories, but these are not definitive. The observed
Schreger angle can vary depending on the layer of a
tusk and the cutting angle relative to the length of
the tusk. Microscopic examination of fossil ivory
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samples revealed broken lines, cracks, long chan-
nels, and grooves that were not seen in the modern
ivory samples. The infrared spectrum of modern ele-
phant ivory showed distinct absorption peaks re-
lated to collagen, while fossil ivory did not show
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phant ivory’s spectrum and weak in that of mam-
moth ivory. FTIR testing proved effective in
identifying the two kinds of ivories. LIBS analysis
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Ti, Mn, and Al, while modern ivory has Hg, Cr, and
Si. The difference in trace element concentrations
can potentially assist in the identification of fossil
and modern ivories.
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