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THE CHARACTERIZATION OF
TORTOISE SHELL AND ITS IMITATIONS

Thomas Hainschwang and Laurence Leggio

Tortoise shell has long been used as an ornamental gem material for art objects, jewelry, and
personal items such as combs and eyeglass frames. Though humans have used tortoise shell for
thousands of years, the material reached the height of its popularity during the 18th, 19th, and
early 20th centuries. The advent of plastic imitations, as well as the passage of laws protecting
sea turtles beginning in the 1970s, have led to a drastic reduction in the amount of tortoise shell
in the market. Nevertheless, because older material can still be traded, especially in antique
pieces, and because numerous imitations exist, proper identification is still important. This study
summarizes the gemological properties of tortoise shell and its imitations. In addition to standard
gemological data, the results of several spectroscopic techniques are presented; transmission and
specular reflectance infrared spectroscopy were found to be of particular value.

carapacial (dorsal shell) and plastron (belly)

plates of the hawksbill sea turtle (Eretmo-
chelys imbricata). The use of tortoise shell dates at
least to pre-dynastic Egypt (3500-3100 BC), from
which period dishes, combs, bracelets, and the like
are known (“Animal products...,” 2005). Tortoise
shell objects were popular with both the ancient
Greeks and wealthy citizens of ancient Rome
(Bariand and Poirot, 1998). The commercial exploita-
tion of this material in Europe began as early as the
15th century in Spain (“Natural plastics,” 2005), and
many types of tortoise shell objects have been pro-
duced since then. These include furniture inlays,
eyeglass frames, decorative boxes, rings, bracelets,
and earrings (see, e.g, figure 1). In Japan, tortoise
shell crafting, or bekko, has been an important
industry since at least the 17th century, most of it
centered in Nagasaki (Pedersen, 2004). Bekko objects
such as hair ornaments are still being created today
from stockpiled material.

The vast majority of worked tortoise shell materi-
al comes from the shells of two species of sea turtles:
the hawksbill and, more rarely, the green turtle (see
box A). The shells of these turtles exhibit attractive
patterns that normally consist of light to dark brown

I he term “tortoise shell” generally refers to the
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patches, though a homogeneous “cream”-colored
variety called blond tortoise shell also exists. The
popularity of tortoise shell during the 18th through
early 20th centuries caused these animals to be hunt-
ed almost to extinction, leading to a near-worldwide
ban on collection in the 1970s, as well as a ban on
international trade in tortoise shell products (Spotila,
2004; box B). For the modern gemologist, tortoise
shell has become a rather exotic material, for which
a thorough gemological study is lacking.

BACKGROUND ON
TORTOISE SHELL AND PLASTICS

Tortoise shell is composed of {3-keratin, an insoluble
protein (Voet et al., 2005), and is almost identical in
composition to hair and nail. The structure of tortoise
shell defines this material as a natural polymer: It con-
sists of long chains of organic molecules and thus has
a high molecular weight. Fach of these organic mole-
cules is called a monomer (from the Greek meaning
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“single part”); they combine to form a polymer (from
the Greek meaning “many parts”). Polymer is a
generic term for a long molecule with repeating parts;
a molecule is considered a polymer when it exceeds
about 1,000 atoms in length (Bloomfeld, 2000). There
are many types of polymers, both organic and inorgan-
ic, with a wide variety of properties. All the materials
described in this study are organic polymers; other
natural organic polymers include horn, tree resins and
fossilized tree resins (amber), natural rubber, bitumen,
and waxes (Langenheim, 2003).

The term plastic refers to a broad class of materi-
als of various chemical combinations, mainly of the
organic elements carbon, oxygen, nitrogen, and
hydrogen (and sometimes including inorganic ele-
ments such as chlorine). Plastics are covalently
bonded polymers with various added components
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Figure 1. A popular and
often-seen gem materi-
al during the 18th and
19th centuries, tortoise
shell has since become
a rare oddity for most
gemologists. Shown
here are a pair of
Egyptian revival eat-
rings, approximately
6.5 cm long. From
Mona Lee Nesseth,
Custom and Estate
Jewels, Los Angeles;
courtesy of Tricia and
Michael Berns. Photo
© Harold ) Erica

Van Pelt.

(Bloomfeld, 2000; Van der Vegt, 2002) and can be
classified as natural, semisynthetic, and synthetic.
Natural plastics include shellac, rubber, asphalt, cel-
lulose, and tortoise shell. Semisynthetics (so-called
because they are natural materials that have been
chemically modified) include cellulose nitrate (e.g.,
Celluloid, Xylonite, Parkesine), cellulose acetate
(e.g., Safety Celluloid, Bexoid, Clarifoil, Tenite), and
casein formaldehyde (e.g., Lactoid, Erinoid, Galalith;
Van der Vegt, 2002). Most plastics used today are
fully synthetic; these include phenol formaldehyde
resin (Bakelite) and polyester resins (e.g., PET and
polyurethane), among many others.

Plastics can also be divided into thermosetting and
thermoplastic materials. Thermosetting plastics can
be liquefied and hardened only once, similar to con-
crete. Once such a material has been hardened (poly-
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Box A: SEA TURTLE CLASSIFICATION AND BIOLOGY

As explained in Perrine (2003) and Spotila (2004), tur-
tles are reptiles belonging to the order of the
Chelonians, a very ancient group that originated in
the late Triassic, about 230 million years ago. Marine
turtles appeared about 80 million years ago and rep-
resent reptiles that had adapted to life in the sea.
There are only two families of contemporary marine
turtles: the Cheloniidae and the Dermochelyidae.
The first corresponds to the sea turtles that have a
shell, and today this family consists of six species:

o Hawksbill turtle, Eretmochelys imbricata (Lin-
naeus, 1766)

o Green turtle, Chelonia mydas (Linnaeus, 1758)
o Loggerhead turtle, Caretta caretta (Linnaeus,

1758)
e Kemp’s Ridley turtle, Lepidochelys kempii
(Garman, 1880)

e Olive Ridley turtle, Lepidochelys olivacea
(Eschscholtz, 1829)

e Flatback turtle, Natator depressa (Garman,
1880)

The black turtle (Chelonia agassizii; Bocourt,
1868) was at one time regarded as a separate species,

Figure A-1. The shell of a hawksbill turtle is the tra-
ditional source for the tortoise shell used as a gem
and ornamental material. Commercial harvesting of
hawksbill turtles is now prohibited by international
treaties. Photo by Johan Chevalier.
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but recent research using mitochondrial DNA testing
has shown that it is in fact a variety of green turtle
(Karl and Bowen, 1999).

Of these six species, only the shell of the hawks-
bill turtle (figure A-1) and, more rarely, the green tur-
tle (figure A-2) is typically used for ornamental objects
and jewelry. The shells of these two species often can-
not be easily distinguished, especially after being
worked into objects, except by analysis of the ratio of
the two amino acids lysine and histidine (Hendrick-
son et al., 1976).

The second family corresponds to turtles that
have a body covered only by a leathery skin. Today,
this family consists of only one species: the
Leatherback turtle, Dermochelys coriacea (Vandelli,
1761). Marine turtles are migrating species with
worldwide distribution.

The Hawksbill Turtle. The name originates from
the turtle’s bill, which has a shape reminiscent of a
hawk’s. The 13 plates of its carapace overlap one
another like the tiles of a roof, which is the source
of the scientific name Eretmochelys imbricata
(imbricatus being Latin for “covered with tiles”).
The plates have a maximum thickness of 9-12 mm
(Bariand and Poirot, 1998). The relief of the cara-
pace diminishes with age, as the plates become
thicker and lose the typical imbrications. The cara-
pace can be brown-red to brownish orangy yellow,
with dark brown to black marbling or yellow to
brownish yellow striations; the plastron scutes
(horny plates; figure A-3) that cover the “belly” of
the animal are white to yellow, sometimes with a
little dark pigmentation. This turtle, which repre-
sents the only species that has been commercially
exploited for ornamental tortoise shell, has a max-
imum length of about 95 cm (a little over 3 ft.) and
an average weight of 62 kg (137 1bs.).

The Green Turtle. The name green turtle originates
from the color of its flesh; the carapace of adult ani-
mals is olive or brown, patchy or marbled. The col-
oration varies considerably from one individual to
another. In young adults, the carapace typically is
mahogany brown with light striations; later, the
green-yellow color becomes predominant. Chelonia
mydas is a large species (80-130 cm long) with an
average weight of 160 kg (a maximum of 400 kg has
been reported).

Only rarely has the carapace of the green turtle
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Figure A-2. Though it superficially resembles that of
a hawksbill turtle, the shell of the green turtle
(shown here) has only rarely seen use as a gem mate-
rial because its thinner shell plates are much more
difficult to work. Photo by Erich Frederico Betz.

been used as an ornamental material, since it is usu-
ally not as attractive as the shell of the hawksbill tur-
tle, and since the scutes are much thinner and thus
more difficult to work. Nevertheless, it can occasion-
ally be seen, especially as inlay in “Boulle” furniture
from the 17th and 18th centuries. The species is con-
sidered to be in danger of extinction because of over-
harvesting and unsustainable exploitation.

Figure A-3. The plastron (belly) plates of the
hawksbill turtle have also been worked into
objects; the resulting material is often referred
to as blond tortoise shell. Photo © Smaro
Touliatou/ARCHELON.
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merized), generally it cannot easily be melted.
Thermoplastic materials have properties similar to
those of wax, as they can be melted and shaped mul-
tiple times. The reason for these differences is that the
polymer chains in thermoplastic materials remain
linear (i.e., they do not undergo a chemical change
during molding) and thus can be separated easily by
heat. In contrast, the polymer chains in a thermoset-
ting plastic are chemically altered during molding
and form a three-dimensional network by “cross-
linking.” Cross-linked plastics tend to have superior
properties compared to linear plastics, such as greater
resistance to heat and chemicals (Bloomfeld, 2000).

Tortoise shell is a natural thermoplastic material,
and behaves very much like certain synthetic or
semisynthetic plastics. Using heat and pressure
(molding), the artisan can fuse several thin pieces into
one thick piece and then, to a certain degree, form it
into desired shapes (Bariand and Poirot, 1998).

Imitations of tortoise shell (see, e.g., figure 2) first
appeared after the development of artificial plastics in
the 19th century. Possibilities for using natural plas-
tics were identified in the 17th century by the
Englishman John Osbourne (“Natural plastics,” 2005),
who produced moldings from horn. The first semi-
synthetic plastic, and the first material used to imi-
tate tortoise shell, was cellulose nitrate, also known
as Celluloid, which was invented in 1862 by
Alexander Parkes (Sears, 1977; Buist, 1986). The prob-
lem with this material, however, was its high flam-
mability. In 1892, cellulose acetate was developed by
Cross, Bevan, and Beadle (Sears, 1977); this material,
which is much less flammable than celluloid, was
marketed as Safety Celluloid. Around the same time,
in 1897, casein formaldehyde was invented by Adolf
Spitteler (Gibbs, 1977); it is produced by the interac-
tion of the milk protein casein with formaldehyde.
Bakelite, invented and patented around 1907 by Leo
Backeland (Farrar, 1968; Buist, 1986), was the first
fully synthetic plastic, produced by the condensation
of phenol and formaldehyde. Many of the other plas-
tics commonly used for imitating tortoise shell, such
as polyester, were developed between 1930 and 1950
(Buist, 1986).

Typically, tortoise shell can be readily identified
by microscopy and luminescence techniques. In
some cases, however, it may be difficult to separate
tortoise shell from other organic materials in pol-
ished objects unless spectroscopic methods are used.

Although tortoise shell is a natural plastic, the
term plastic alone in this article refers to semisyn-
thetic or synthetic imitations.
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Box B: LEGAL ASPECTS OF TRADE IN TORTOISE SHELL

A number of international treaties and conventions
govern trade in tortoise shell. The most comprehen-
sive and important is the Convention on
International Trade in Endangered Species (CITES),
which was first agreed upon in 1973. The primary
aims of CITES are surveillance of the international
trade in wild animals and plants, and assurance that
this commercial exploitation does not endanger the
survival of protected species. There are currently
more than 160 CITES member countries, including
the United States, Canada, Japan, Australia, and all
members of the Furopean Union. Since this conven-
tion became effective, no protected species has
become extinct.

MATERIALS AND METHODS

Several samples of tortoise shell and its imitations
were analyzed for this study (see, e.g., figure 3). The
tortoise shell materials included five unworked pieces
(one from a green turtle from French Guyana and four
samples from hawksbill turtles, two from Cameroon
and two of unknown origin), 10 polished samples of
unknown origin, and one object (a small box) made of
blond tortoise shell; one polished sample stabilized
with artificial resin was analyzed prior to this study,

Figure 2. Because of the
expense of the genuine
material and legal
restrictions on its col-
lection, tortoise shell
has frequently been
imitated by various
plastics. Inexpensive
imitations such as these
are very common in the
consumer market.
Photo by D. Mengason.
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CITES governs all trade (export, re-export, and
import from international waters) of the species listed
in its three Annexes, depending on the degree of pro-
tection necessary. Annex I, which includes sea tur-
tles, covers species in danger of extinction. Trade in
these species or in products derived from them is
authorized only in exceptional conditions, such as for
purely scientific research. (Annexes II and III provide
lesser degrees of protection for species not in danger of
extinction.) Only older tortoise shell material, dating
prior to 1975, can be traded under CITES; all other
trade is prohibited. For more information on the legal
aspects of tortoise shell, see “Special issue...” (2002},
Perrine (2003), and Spotila (2004).

and its properties will be mentioned only briefly in
the Discussion section. During the examination of a
large collection of jewelry by one of the authors (TH),
15 objects made of tortoise shell were analyzed, all of
which had been worked in part by heat and pressure.
The observations made on these objects are also
included in this study. The synthetic and semisyn-
thetic plastic imitations included the following (num-
ber of samples in parentheses): cellulose nitrate (3),
cellulose acetate in various colors (10), polyester (3),
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Figure 3. A wide variety
of materials have been
used to imitate tortoise
shell, and their appear-
ances are often superfi-
cially similar. Shown
here are some of the
materials examined in
this study. From left:
horn (1), tortoise shell
(2), cellulose nitrate (3),
cellulose acetate (4),
polyester (5), and casein
formaldehyde (6). Photo
by T. Hainschwang.

casein formaldehyde (1), and phenol formaldehyde (1).
The plastics were obtained from two manufacturers
of polymer materials in the Rhone-Alpes region
(France) and from various collections. A piece of horn
(similar in appearance to blond tortoise shell) and a
sample of human nail also were included to investi-
gate their similarities to tortoise shell.

The samples were analyzed by standard gemo-
logical methods including microscopy, fluorescence
to long- and short-wave UV radiation (all samples),
specific gravity (hydrostatic method; one sample of
each type of material, except nail), and refractive
index testing (on all polished samples, representing
all substances, except nail) using a GIA Instruments
refractometer.

Characteristic odors were noted by hot point
and hot water testing on one randomly selected
sample of each material. For the hot point testing,
the material was touched with a needle that had
been heated by a simple flame; the hot water test-
ing was performed by immersing the sample for 30
seconds in water with a temperature of approxi-
mately 60°C (140°F).

Infrared (IR), visible-near infrared (Vis-NIR), and
photoluminescence (PL) spectral analyses were per-
formed for selected samples of all materials included
in this study. Samples were chosen based on their
color, transparency, and thickness. IR transmission
spectra were recorded at room temperature with a
PerkinElmer Spectrum BXII Fourier-transfer infrared
(FTIR) spectrometer (4 cm™! resolution) using a deu-
terium triglycine sulfate (DTGS) detector. The spec-

TORTOISE SHELL AND ITS IMITATIONS

tra were recorded from samples of ~5 mm thickness
and thin films. The “thick” spectra (recorded for five
samples of tortoise shell and one or two samples
each of the other materials) were taken because
most samples of tortoise shell and imitation tortoise
shell may not be damaged or destroyed for analysis,
and these will commonly have a thickness of ~5
mm. These spectra, taken in the range of 7800-3700
cm™!, are representative of what can generally be
obtained from finished objects by nondestructive
transmission FTIR spectroscopy. Since pieces of this
thickness show too much absorption below ~5000
cm™!, thin films were prepared from randomly
selected samples of all materials included in this
study, to obtain spectra of the entire range between
7800 and 400 cm™'. A total of 11 thin films were test-
ed: one for each of the plastics and one for each of the
natural materials, except for the tortoise shell, for
which four samples were polished into a thin film.
To collect such complete spectra without the use of
the KBr powder method, we had the thin samples
polished down to a thickness of <0.01 mm.
Specular reflectance IR spectra were recorded for
four samples of tortoise shell and one or two sam-
ples each of the other materials (except nail) with
the same FTIR system using a PerkinElmer specu-
lar reflectance accessory, with 4 cm™! resolution.
This method is commonly employed to observe the
mid-infrared spectra of polished minerals without
using the destructive KBr pellet technique; the
infrared beam is not transmitted through a sample,
but rather is reflected off the polished surface. This
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produces data similar to KBr powder absorption
spectra but with some differences, such as shifted
and asymmetric peaks, depending on the materials
analyzed. In the authors’ experience, organic mate-
rials such as tortoise shell show significantly differ-
ent spectra in reflectance versus transmission
modes, whereas other gem materials such as garnet
produce very similar spectra in both modes.
Specular reflectance spectra can be transformed into
true absorption spectra by the Kramers-Kroenig
transform (White, 1974).

Vis-NIR transmission spectra in the range of
400-1000 nm were recorded for two samples of tor-
toise shell, three samples of cellulose acetate, and
one sample of each of the other materials with a cus-
tom SAS 2000 system equipped with an Ocean
Optics SD2000 dual-channel spectrometer (optical
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Figure 4. When exam-
ined with magnifica-
tion, tortoise shell typi-
cally has a distinctive
appearance consisting of
tiny spots that make up
the large brown patches.
Photomicrographs by

T. Hainschwang; magni-
fied 25x (left), 60x
(right).

resolution 1.5 nm) using a 2048-element linear sili-
con charged-coupling device (CCD)-array detector;
samples were analyzed in an integration sphere. The
spectra are shown in transmission mode to enhance
the visibility of the broad bands useful for distin-
guishing these materials.

PL spectra were recorded for one sample of each
material using a 532 nm semiconductor laser, with
the same spectrometer and CCD detector that were
used for the Vis-NIR spectra, at a resolution of 1.5
nm. All spectra were recorded at room temperature.

RESULTS

Visual Appearance and Gemological Properties. The
tortoise shell samples varied in color, the most com-
mon being a light brownish yellow with darker

Figure 5. In contrast to
tortoise shell, imitations
such as cellulose acetate
(top left) and cellulose
nitrate (top right) show
a homogenous appear-
ance lacking the tiny
spots of pigment typical
of tortoise shell. In some
polyester imitations
(bottom), the color is
distributed as small
spots, though these do
not resemble the pig-
ment spots in natural
tortoise shell. These
inclusions are typically
small white to black
flakes, likely unmelted
source material.
Photomicrographs by

T. Hainschwang, magni-
fied 15x (top Ieft), 10x
(top right), 13x (bottom
left), 80x (bottom right).
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brown patches. The small box made of blond tortoise
shell was a largely homogenous “cream” color. One
unworked sample was almost entirely dark brown to
nearly black. Microscopic observation revealed that
the dark patches were made up of tiny spots (figure 4).

The plastic imitations covered a range of colors
from “blond” to patchy to nearly black. Their color
appearance was commonly very different from that
of tortoise shell. Even if they were macroscopically
similar, magnification revealed an absence of the
“spotty” micropattern; instead, the brown patches
were quite homogenous and unlikely to be confused
with true tortoise shell. In some polyester imitations,
the color was distributed in small spots (figure 5), but
these were still very different from the pigment spots
seen in tortoise shell.

Three samples of tortoise shell that had been
worked by the use of heat and pressure into desired
shapes and thickness lacked the typical spotty appear-
ance. Thus, these somewhat resembled the plastic
samples under the microscope. Interestingly, none of
the plastic samples contained the trapped gas bubbles
that are frequently seen in plastics and could help

identify such materials. However, all the plastic sam-
ples contained small flaky particles of unknown
nature (again, see figure 5), which were most likely
unmelted remnants of the source materials.

Standard gemological properties for tortoise shell
and its plastic imitations are given in table 1. Often
these properties will be sufficient to identify the
material; however, there is overlap in some proper-
ties, especially specific gravity and refractive index.
Unfortunately, the most useful gemological test for
the identification of these substances, the hot point,
is a destructive one: Tortoise shell smells like burned
hair (as does horn), while plastics have very different
odors. An alternative to the hot point is the hot water
test, which involves rinsing the materials under hot
tap water. It was noted in this study that this test will
provoke the characteristic odor of most plastics with-
out damaging them. Cellulose nitrate, cellulose
acetate, casein formaldehyde, and phenol formalde-
hyde may be identified in this fashion. Tortoise shell
does not have a discernable odor when tested by this
method, and as long as the water temperature does
not exceed ~80°C, the material will not be damaged.

TABLE 1. The standard gemological properties of tortoise shell and its imitations.

Material R.l.2 S.G.2 Long-wave UVP Hot point odor® Crossed polarizers
Tortoise shell 1.54 1.26-1.35 Chalky blue-white (light Burnt hair Light appearance
areas), dark patches (aggregate-like); cross-
appear brown with super- hatched interference colors
imposed chalkiness. in worked/bent samples
Intensity: medium
Horn (pale yellow, to 1.54 1.26-1.35 Chalky blue-white. Burnt hair Light appearance
imitate blond tortoise Intensity: medium-strong (aggregate-like)
shell)
Cellulose nitrate 1.50-1.51 1.36-1.42 Chalky bluish yellow (light Camphor Dark appearance
(Celluloid)) (rarely up to 1.80) areas). Intensity: medium.
Dark patches fluoresce
orange brown.
Intensity: weak
Cellulose acetate 1.49-1.51 1.29-1.40 Variable: chalky bluish Vinegar ADR (4 times dark in 360°
(Safety Celluloid) (rarely up to 1.80) green to chalky bluish rotation), in some samples
white. Intensity: very weak very weak ADR only
to weak. Sometimes brown
patches fluoresce orange.
Intensity: medium
Polyester 1.56 1.23 Chalky yellowish green. Acrylic ADR (4 times dark in 360°
Intensity: weak rotation)
Casein formaldehyde  1.55-1.56 1.32-1.34 Chalky yellow. Burned milk ADR (cross-hatched
(Galalith) Intensity: medium extinction)
Phenol formaldehyde  1.61-1.66 1.25-1.30 Inert to chalky yellowish blue.  Formaldehyde, ADR (cross-hatched
(Bakelite) Intensity: very weak acrylic appearance)

aR.I. and S.G. ranges are from Webster, 1994 (except for polyester, the values of which were determined by the authors); values of samples included in this
study were determined to be within the given ranges.
b Short-wave UV radiation excited the same luminescence, but the intensity was considerably weaker in all materials

¢The odor, even if weaker, can be readily provoked in most plastics by immersion in hot water (~60°C).

TORTOISE SHELL AND ITS IMITATIONS

Gems & GEMOLOGY

SPRING 2006 43



Fluorescence to both long- and short-wave UV
radiation was chalky blue-white for the light areas of
tortoise shell, while the dark patches appeared
brown with a superimposed chalkiness (figure 6).
The plastics showed variable luminescence, which
depended on the dyes used to color the materials.
The plastics themselves generally luminesced
chalky blue with a yellow modifier (and thus some-
times appeared green) to chalky yellow (again, see
figure 6). Dyes may induce a different luminescence:
The cellulose nitrate samples showed a very slight
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Figure 6. When exposed
to long-wave UV radia-
tion, the fluorescence
reactions of the materi-
als in figure 3 are quite
distinct despite their
similarities in normal
light. As seen here, tor-
toise shell’s chalky blue-
white reaction usually
can allow easy separa-
tion from imitations.
From left: horn (1), tor-
toise shell (2), cellulose
nitrate (3), cellulose
acetate (4), polyester (5),
and casein formalde-
hyde (6). Photo by

T. Hainschwang.

orange-brown luminescence in the brown areas,
while the brown patches in certain samples of cellu-
lose acetate exhibited an orange luminescence of
medium intensity. For all samples, the only notice-
able difference between long- and short-wave UV
was the strength of the emission excited by the two
sources; the luminescence color was the same.
When rotated between crossed polarizers, the
tortoise shell samples appeared light in all positions
(i.e., an aggregate reaction similar to, for example,
chalcedony and jadeite). The same was true for the

Figure 7. The IR spec-
trum of a thin film
(<0.01 mm thick) of tor-
toise shell shows several
C-H bend distinctive absorption
il peaks. It is almost iden-
150 1240 tical to that of the pro-
tein keratin, and thus
shows characteristic
absorptions due to
organic functional
groups such as CH, NH,
and OH. The region

Amide Il band
(N-H bend)

True finger-
print region

below 2000 cm™ is
1045 expanded for clarity.

7800 7000 6000 5000 4000 3000 2000

WAVENUMBER (cm™)
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samples of horn and nail. This appearance in tor-
toise shell was seen as long as the material had not
been forced into a curved shape; in curved objects
such as bangles, a weak cross-hatched pattern of
interference colors could be observed, but no extinc-
tion. The reactions of all the plastic imitations were
distinctly different from that of tortoise shell, with
none of those samples exhibiting tortoise shell’s
aggregate-like reaction. The cellulose nitrate sam-
ples stayed dark when rotated between crossed
polarizers; this was the only truly isotropic materi-
al seen in this study. All the other plastics showed
anomalous double refraction (ADR) either as cross-
hatched extinction patterns or as four sequential
extinctions per full rotation. Such ADR reactions
indicate the presence of strain.

Transmission IR Spectroscopy. The thin-film IR spec-
trum of the tortoise shell was mainly characterized by
strong absorptions around 3290, 1500, and 600 cm™!
(figure 7). The strong band at 3290 cm™' corresponds
to the N-H stretch (Coates, 2000; Naumann, 2000).
OH-related absorption found in the same region was
superimposed by the strong NH absorption and there-
fore was not visible. The absorptions around 2900
cm! correspond to the C-H stretch. The CH bend
was visible as a distinct band at 1450 cm™!. (Stretch
and bend are terms used in IR spectroscopy to

Figure 8. The thin-film
IR spectra of human
nail, tortoise shell, and
casein formaldehyde
plastic are very similar
due to their similar
chemical compositions.
The inset shows the
distinctive features
that are found in the
region between 1500
and 400 cm™. The
region below 2000 cm™!
is expanded for clarity.

ABSORBANCE —

describe absorptions due to the stretching and bend-
ing motions of molecules; overtone and combination
describe additional smaller absorptions produced by
transitions to higher energy levels. These are found at
multiple and combined [sum and difference] frequen-
cies of the stretching and the bending vibration
[Coates, 2000]).

The strong bands at 1650, 1530, and 1240 cm™! are
called amide bands (amide I, II, and III; Naumann,
2000) and correlate to the C-O stretch, N-H bend, and
C-N stretch, respectively. The broad, complex band
between 900 and 400 cm™! has been called the “true
fingerprint region” of proteins by Naumann (2000),
because it is more characteristic of protein-based sub-
stances than the region ~2000 to 400 cm™!, which is
commonly used as the “fingerprint region” to identi-
fy substances such as gem materials.

The IR spectra of tortoise shell, horn (not shown),
and human nail were nearly identical (figure 8); this
confirms that horn-like materials and tortoise shell
are chemically very similar and mainly composed of
proteins, in these specific cases keratin.

The thin-film IR spectra of the plastic imitations
were distinctly different from the spectrum of tortoise
shell. Most of the plastics were characterized by dis-
tinct CH- and often OH-related bands at 3200-2900
and at 3600-3400 cm™!, respectively (figure 9), and by
complex bands that are due to other structural groups

IR ABSORPTION SPECTRA
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and the “backbone” (C-C) structure. It would be far
too complex for the purposes of this article to discuss IR ABSORPTION SPECTRA
all structural groups present in each of the plastic imi-
tations and even more so to assign specific bands vis- oo shel 4052 ¢
ible in the FTIR spectrum to a particular group. The Casein formaldehyde
combination of functional group absorptions and Cellulose acetate
backbone-related absorptions is characteristic of all Polyester
polymers and allows their identification as such
(Coates, 2000). Most of the plastics analyzed lacked
the CO-, NH-, and CN-related absorption features
that are typical of tortoise shell and other protein-
based substances. The only exception, casein
formaldehyde, had an IR spectrum very similar to that
of tortoise shell (figures 8 and 10). Differences that dis-
tinguish these materials in the infrared can be found
in the limited region of 1500 to 400 cm™! (again, see
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Figure 10. The IR spectra of thicker (~5 mm) sam-
ples of tortoise shell and its imitations also show
distinct differences. These spectra are closer to
what can be obtained nondestructively from large
objects fashioned from tortoise shell or one of its
imitations. The bands in the NIR will be distinct,
while the absorptions below 4000 cm~! will not be
visible because of their intensity and the limita-
tions of the detector. Most of the materials tested
could be distinguished based on this limited region,
except the samples of tortoise shell and casein WAVENUMBER (cm'™)
formaldehyde, which were identical.
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IR REFLECTANCE SPECTRA
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Figure 11. Although the specular reflectance IR spectra
of tortoise shell, horn, and casein formaldehyde are
similar, they can be distinguished by the minor fea-
tures indicated in red. The spectrum of the nail is not
included, because the sample was too small and irreg-
ular for acceptable specular reflectance FTIR analysis.
The region below 2000 cm™ is expanded for clarity.

figure 8): The spectrum of casein formaldehyde exhib-
ited a rather strong, complex, broad band centered at
1094 cm™!, which was absent from the spectrum of
tortoise shell. In addition, many of the bands were
shifted and their general shape varied, especially the
very broad, complex band extending from 900 to 400
cm™!. Additionally, the absorption at ~1240 cm™! was
much more intense in the spectrum of tortoise shell
than in that of casein formaldehyde.

The IR spectra of the same materials in 5-mm-
thick samples showed strong absorptions in the
near-IR region between 7800 and 3700 cm~'. All
absorptions from 3700 to 400 cm~! were too intense
and thus not resolvable. In all but one case, the NIR
region of the spectra of the plastics was distinctly dif-
ferent from that of tortoise shell; the exception was
casein formaldehyde, which could not be distin-
guished from tortoise shell based on the limited NIR
region of its spectrum (again, see figure 10).

Specular Reflectance IR Spectroscopy. All the sam-
ples tested, natural and artificial, exhibited relative-
ly weak reflectance. In the experience of the
authors, this is typical for such organic materials
(including plastics). The reflectance spectra again
showed a close similarity between tortoise shell and

TORTOISE SHELL AND ITS IMITATIONS

casein formaldehyde (figure 11), and distinct differ-
ences between these two substances and all the
other imitation materials (figure 12). However, we
did note minor differences between casein
formaldehyde and tortoise shell: Weak bands at
1018, 822, and 742 cm™! were characteristic for tor-
toise shell, while features at 1309, 1029, 985, and
728 cm~! were only seen in casein formaldehyde
(again, see figure 11). The spectrum of horn, shown
here for comparison, again illustrates the similarity
between the two organic materials.

Vis-NIR Spectroscopy. The Vis-NIR transmission
spectra of the tortoise shell samples and all of the plas-
tic imitations revealed differences, even though these
were sometimes subtle. The spectra of the light and
dark parts of the tortoise shell samples
(figure 13A) were characterized by a smooth rise in
transmittance toward the NIR region without distinct
absorption bands. The darker spots showed total
absorption below 530 nm. The spectra of the imita-

Figure 12. Again, the specular reflectance IR spectra of
the non-protein-based plastic imitations are very differ-
ent from the tortoise shell spectrum seen in figure 11.
The region below 2000 cm™ is expanded for clarity.
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VIS-NIR TRANSMISSION SPECTRA
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Figure 13. The Vis-NIR transmission spectra of tortoise shell show few if any notable features compared to the
plastic imitations, exhibiting a lack of distinct absorption bands and a smooth rise in transmittance. More-
irregular transmission curves, including absorption bands mainly in the NIR, are typical for the plastic imitations.
Horn and nail show spectra (not shown) that are similar to those of tortoise shell.

tions were not as smooth and exhibited a different
curvature. Broad bands, mainly in the NIR, could be
seen in the spectra of all the imitations: at 914 nm for
cellulose nitrate (figure 13B); at 900 nm for cellulose
acetate (figure 13CJ; at 910 nm for casein formalde-
hyde (figure 13D); at 562, 873, and 902 nm for poly-
ester (figure 13E); and at 877, 920, and 989 nm for phe-
nol formaldehyde (figure 13F). Most of the imitations
showed total absorption below around 500 nm.

48 TORTOISE SHELL AND ITS IMITATIONS

Photoluminescence Spectroscopy. The PL spectra
of the materials analyzed (figure 14) showed differ-
ences in their general shape. Tortoise shell, horn,
and casein formaldehyde exhibited nearly identi-
cal emissions that consisted of one broad band that
was most intense at 578 nm. Cellulose nitrate and
cellulose acetate showed a broad band at 603 nm,
while polyester showed two broad bands, one at
578 nm and one at 628 nm. Despite these general
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Figure 14. The photolu-
minescence spectra of
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differences, the same individual PL peaks were
present in the spectra of all samples.

DISCUSSION

The separation of tortoise shell and its imitations
is not difficult with standard gemological testing,
provided all the necessary tests can be performed.
The combination of microscopy, R.IL, S.G., UV fluo-
rescence, and appearance between crossed polariz-
ers is sufficient to determine whether a sample is
tortoise shell or an imitation. Even though horn can
be very similar in overall appearance to blond tor-
toise shell, its structure is distinctly different, since
it is rather fibrous. As seen in figure 6, UV fluores-
cence alone may be sufficient to separate tortoise
shell from visually similar material. Any orange and
green luminescent plastic is quickly identified, as
are samples with the characteristic “brown and
cream” tortoise pattern that have homogeneous
luminescence, since the patches in tortoise shell
show a very different reaction from that seen in the
cream-colored parts.

That said, the identification is not always
straightforward, for several reasons:

1. Plastics and horn can imitate blond tortoise
shell effectively, and the differences in lumines-
cence are far less obvious.

2. Tortoise shell and its imitations are normally

TORTOISE SHELL AND ITS IMITATIONS
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worked into objects, and thus standard gemo-
logical tests beyond UV luminescence and a
“hot point” may not be feasible (e.g., the S.G.
of a tortoise shell box inlaid over gold will not
be useful for identification). In addition, the
relatively poor polish of tortoise shell and
plastics, especially antiques, often does not
allow the precise determination of a refractive
index.

3. Mixtures of resins and tortoise shell and resin-
stabilized tortoise shell exist. This material, at
least one sample of which has been analyzed by
the authors, shows properties intermediate
between tortoise shell and plastic.

4. Plastics are materials with properties that can
be drastically altered by slight compositional
variations, changes in polymerization or cross-
linking, or the use of dyes. Thus, there is always
the possibility that new materials that imitate
tortoise shell much more effectively will enter
the marketplace.

5. In some cases, the exact identity of the plastic
is important to the owner of an imitation, since
some collectors are looking for specific plastics
such as Bakelite.

These factors indicate that in some cases there
may be a need for testing beyond that done with
standard gemological tools.
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Figure 15. Though new production of tortoise shell
objects has nearly ceased as a result of legal restric-
tions, gemologists must still be prepared to identify

older material that is still on the market. Shown
here is an archeological revival necklace; the carved
urn pendant is approximately 4 x 8 cm. From Mona
Lee Nesseth, Custom and Estate Jewels, Los
Angeles; courtesy of Tricia and Michael Berns. Photo
© Harold ) Erica Van Pelt.

Transmission IR spectroscopy can reliably
identify all materials based on their intrinsic and
material-specific absorptions between 2000 and 400
cm!; however, complete spectra can be obtained
only if a small amount of the substance is polished
into a thin section or powdered and prepared into
KBr pellets. Because these preparation techniques
are destructive, they are of only limited usefulness
for the gemologist. Nevertheless, transmission IR
spectra of thicker samples commonly supply
enough information to distinguish tortoise shell
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from its imitations and to identify the plastics. The
absorptions in the near-infrared region are generally
quite specific for the analyzed material, but the fact
that not all features are observable may prevent a
conclusive identification, as can be seen in the case
of casein formaldehyde plastic. The complex IR
spectra are not easily interpreted; simplified, it can
be stated that the spectra of organic substances are
a combination of absorptions due to functional
groups such as C-H or N-H and those due to the
skeletal vibrations associated with the “backbone,”
commonly the C-C linkages of a substance. The
slightest differences in structure, molecule length,
and composition will change the IR spectra. Such
differences are present in all organic materials even
if very similar, as with horn and tortoise shell; thus,
they can all be distinguished by transmission IR
spectroscopy, given proper sample preparation
(Coates, 2000).

Vis-NIR spectra can supply useful informa-
tion, but the presence of different dyes may
change the spectra considerably. Some of the
bands seen in the region around 900 nm may be
interpreted as combination bands and/or over-
tones of OH-related vibrations (Adamo et al,
2005). This proposal is supported by the fact that
the intensity of the OH-related band at ~3500
cm™! correlates well with the intensity of the
bands in the 900 nm region. It is apparent that
tortoise shell contains very little OH compared to
artificial plastics. Such near-infrared OH-related
bands are known from water-containing minerals
such as beryl, topaz, and euclase (see, e.g., Adamo
et al., 2006), although in the experience of the
authors the bands in these materials are much
sharper. This is probably due to the crystallinity
of such minerals as compared to the amorphous
structure of the plastics. While some plastics can
be mostly crystalline (with minor amorphous
domains), such materials are translucent or
opaque (Bloomfeld, 2000). The main drawback of
transmission IR spectroscopy and Vis-NIR spec-
troscopy is their very limited use for large or
irregular objects. In many cases, an analysis by
these methods is impossible without breaking off
a piece of the material in question.

Kiefert et al. (1999) showed that resins can be
easily identified by Raman spectroscopy. This
result is applicable to tortoise shell and its plastic
imitations, but it needs further research to be con-
firmed. The method found most suitable during
the course of this study was specular reflectance IR

Gems & GEMOLOGY SPRING 2006



spectroscopy, which allows the analysis of large
objects with a simple accessory. In the experience
of the authors, this method is highly effective in
the identification of mineral species, and this
study has shown that it is also useful for the sepa-
ration of these various natural and synthetic
organic materials.

Photoluminescence spectroscopy may also be
used, but the substances in this study showed very
similar emissions and in at least one case, that of
casein formaldehyde, the spectrum was identical to
that of tortoise shell. The reason for the presence of
the same 15 emissions in all these materials is not
known to the authors.

Figure 16. During sever-
al centuries of populari-
ty, a wide variety of
objects were crafted
from tortoise shell. The
carved box at the bot-
tom is approximately
10.5 x 6.5 x 2.5 cm; the
book is approximately
12x85x%x 1.5 cm. The
book and carved box
are from Mona Lee
Nesseth, Custom and
Estate Jewels, Los
Angeles; courtesy of
Tricia and Michael
Berns. The chain is
courtesy of Elise Misi-
orowski. Photo ©
Harold e Erica Van Pelt.
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CONCLUSIONS

Although trade in contemporary tortoise shell has
been largely banned internationally since the early
1970s, jewelry (figure 15) and other objects (figure 16)
fashioned during the more than two centuries when
it was a popular ornamental material can still be seen
in the marketplace. This study has shown that, typi-
cally, tortoise shell can be easily distinguished from
all materials used to imitate it, and that only protein-
based plastics such as casein formaldehyde may pose
a potential problem if not analyzed properly.

The application of standard gemological testing
methods allows the unambiguous distinction of
most tortoise shell from its imitations, which
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include semisynthetic and synthetic plastics.
However, the identification of objects made of
blond tortoise shell and the precise determination
of a particular plastic require the use of more
sophisticated laboratory techniques. Of the meth-
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