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The origin of the color of pearls in iridescence from nano-composite structures of the nacre
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ABSTRACT

The origin of the variety of body colors exhibited by South Sea Pearls is in part due to a newly
recognized structure of the nacre, the edge-band structure, which gives rise to interference colors
characteristic of its width. With the pearl oyster, Pinctada maxima, the colors include a range of
silver tones, creams, yellows, and gold in various degrees of color saturation. We establish here that
the primary body color of P. maxima pearls arises from the interference of light within the binding
regions of the aragonite tiles. The tile faces terminate in a fissured nano-composite structure contain-
ing organic matrix within the margin of the aragonite tiles. This edge-band structure gives rise to an
optical film formed of organic matrix in aragonite. The TEM images show that the edge-band structure
width increases progressively from 74(4) nm in a silver pearl, to 80(4) nm in a cream pearl, and to
90(4) nm in a gold pearl. These colors are the first-order Newton’s colors, which, when mixed with
the specular reflection of the nacre and modified by any pigmentation present, give rise to the body
color of pearls. The non-metallic whiter pearls more commonly seen can be accounted for by disorder

of this structure leading to unsaturation of the color.

INTRODUCTION

The pearl oysters are members of the family Preriacea and
have shells composed of an outer fibrous periostracum covering
a calcitic prismatic layer. The inside of the shell is composed
of two nacreous layers: an outer layer, which is attached to the
calcitic prismatic layer, and an inner layer that lines the inside of
the shell and comes in contact with the oyster. The outer nacreous
layer projects beyond the inner layer to form a lip at the edge of
the shell (Taylor et al. 1973). In P. maxima, the color of this lip
gives rise to the common names “silver” or “gold” lip oysters
and, in P. margartifera, to “black” lip oysters. Such colors are
seen in the pearls formed by these oysters, which are known
commercially as South Sea Pearls.

Cultured pearls consist of nacre, a microstructure of aragonite
crystals (tiles), approximately 10 X 7 X 0.4 um, held together
by an organic matrix, overlaid on a shell bead nucleus formed
usually from pigtoe mussel shell. Figure 1 shows the nacre in
cross-section. A pearl is essentially the outer nacreous layer of
the mollusc formed into a spherical shape. A pearl is cultured
by inserting a selected piece of mantle tissue from a sacrificial
oyster, together with a bead nucleus into the gonad of the partly
opened oyster. Over time a tissue pearl sac is developed around
the bead and successive layers of nacre are laid down (Webster
and Anderson 1983; Landman et al. 2001). The lip colors are
used as a guide in the selection of the sacrificial mantle. The
expectation in the pearl industry is that the color of the lip of the
donor oyster will be reproduced in the pearls.

The iridescent colors of South Sea Pearls and their shells have
been ascribed to interference and/or diffraction effects (Webster
and Anderson 1983). The rainbow-like diffraction colors arise
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from surface repetition of the nacre layers (growth lines) and are
known by gemmologists as the “orient”. These surface diffrac-
tion effects are well established to account for the multicolored
iridescences seen in some shells (Raman 1934; Webster and
Anderson 1983; Liu et al. 1999). Generally, the effect is more
strongly evident on the inside of the shell than on a pearl, and
the diffraction effect can still be seen on the wax impressions
of the shells. Not all iridescence, however, arises from surface
regularities (see Discussion). The strength of the effect is related
to the density of the growth lines (Liu et al. 2003). The observed
color and intensity of the orient can add considerable value to
pearls, and pearl farmers have been able to alter the orient by
changing the environmental conditions of the growth (Arrow
1999, personal communication).

Pearls exhibit a wide variety of body colors, the origin of
which has not been clearly established (Webster and Anderson
1983; Newman 1999; Landman et al. 2001). With the pearl oys-
ter, P. maxima, the colors include whites, a range of silver tones,
creams, yellows, and gold. The color of the silver and yellow
pearls can be strongly metallic in appearance. There is substantial
evidence that the pearl nacre color is related to the nature of the
mantle cells that were used to supply the graft implant (Taylor
2002). The existence of two-tone pearls, often silver and cream
with a transition zone, arises from the differing rows of color
cells on the mantle tissue. Commercial pearls, however, from this
species and the Japanese akoya pearl oyster P. fiucata martensi
are often white or off white to cream and do not exhibit strong
metallic luster. In P. margartifera, the black pearl oyster, deep
black and dark silvery body tones with a green sheen due to
diffraction from the surface are highly prized. The major cause
of body color variation in these pearls has been ascribed to pig-
ments (Elen 2002).

We initially considered that the origins of body color might
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FIGURE 1. SEM image of the cross-section of a broken pearl showing
the aragonite crystal tiles. The aragonite ¢ axis of the tiles projects
vertically from the nacre, but the orientation of the a and b axes is not
constrained (Chateigner et al. 2000).

lie either in pigmentation of the organic matrix between the ara-
gonite tiles or in optical interference within the tiles of the nacre.
The organic materials of mollusc shells decalcified with dilute
acid were first called conchiolin by Frémy (1855). The term can
include the outer periostracum and dark layers within the shell.
In this paper, the term organic matrix is used specifically for the
organic material binding the aragonite tiles; the term “conchiolin
membrane” has also been used for this material (Iwata 1975).
Recently, it has been shown to consist mainly of B-chitin, with
lesser amounts of a glycoprotein (Levi-Kalisman et al. 2001).
In many cases, shells also contain separate conchiolin layers,
which are primarily dark-colored organic material and these can
strongly influence the body color. In pearls with thin nacre, this
organic matter can darken the body tone; so-called blue pearls,
pearls of a leaded-grey color, are of this nature (Webster and
Anderson 1983). Interference within the gap of organic matrix
between the tiles has also been modeled to explain pearl color
(Nagata et al. 1997).

Yellow pigment components have been reported in some
pearls (Koizumui and Nonaha 1970), but significant trace met-
als as a source of color in P. maxima pearls has been rejected
based on extensive trace-element analysis (Lambert 1998). The
yellow color in these pearls has been suggested to be zoochrome
absorbing in the blue region (Elen 2001), based on spectral analy-
sis alone. Yellow colors can be induced by heat treatment (Elen
2001, 2002), but these pearls differ spectroscopically from the
yellow untreated pearls.

MATERIALS AND METHODS

A selection of cultured P. maxima pearls, covering the full spectrum of body
colors, was provided by Atlas Pacific Limited from pearl farms in Indonesia.
These pearls were cut in half with a diamond saw and one half kept for color
reference. The other half was broken and thin fracture fragments were embedded
in epoxy resin and sectioned perpendicular to the thickness of the plates using a
diamond knife. Careful note was taken of the orientation of the fragments so the
growth direction could be determined. Thicknesses from 50 to 200 nm were cut
with the microtome. These sections were floated on water and transferred onto
Cu support grids that had been coated with thin carbon support films. Sections
were examined using a 200-kV Philips CM200 electron microscope fitted with a
standard side-entry goniometer (+60°), objective lens with C, = 2.00 mm, and a
W filament. SEM images were obtained on freshly broken pearl fragments that
had been sputter coated with a thin layer of Au/Pt using Philips XL20 and XL30
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scanning electron microscopes.

The TEM negatives were scanned with a high-resolution scanner (Epson 2450
Photo) and displayed and measured with Adobe Photoshop 6. The magnification
of the TEM images was carefully calibrated using latex spheres of known size.
Measurements were averaged to derive the values and standard deviations given
in the text.

AFM images were obtained using a MultiMode microscope in conjunction
with the Nanoscope IV system (Digital Instrument, Santa Barbara, CA). Both “E”
and “J” scanners were used with lateral ranges of 10 and 125 mm. Imaging was
carried out using tapping mode in air. Silicon cantilevers (DI, model TESP) that
operate at the frequency of 300-400 kHz were used. Height and phase data were
collected simultaneously at scan rates between 1 and 2 Hz. Pearl sections were
polished using 0.25 um alumina paste in water until a very high quality finish
was obtained, and sonicated in water solution followed by drying with a stream
of nitrogen. Samples were probed in a minimum of 5 different spots, and images
were collected with edge lengths of 50, 20, 10, 5, and 1 um.

RESULTS

A TEM micrograph of a cross-section of pearl nacre reveals
the microstructure of the aragonite tiles and the organic matrix
(Fig. 2). There are prominent fissured bands at the tile edges.
Electron diffraction revealed that these fissured bands, which we
call the edge-band structure, are crystallographically continuous
with the rest of the aragonite tile. All the pearls studied show
this microstructural feature, as does the shell lip (outer nacreous
layer) and, to a lesser degree, the inner nacreous layers of the
shell. It is known that the organic matrix controls the process
of aragonite crystallization in shells (Weiner et al. 1983). Iwata
(1975) found that an insoluble organic matrix surrounds the
aragonite tiles and that a water soluble protein is incorporated
into them (Weiner and Hood 1975), but evidence for this band-
ing structure within the edges of the tiles has not been reported.
Much of this previous work has been done on abalone nacre.
‘We found that the Paua abalone, Halatois iris, indeed does not
display this edge-band structure.

The extent of the edge structure in these pearls can be read-
ily seen in the images of a very thin broken microtome section
(Fig. 3). Here, the body of the aragonite tile has dropped out and
only the remnant edge structure remains in places such as that
shown expanded in Figure 3. The remnant edges are the same
width as the edge bands observed in undamaged sections like
those shown in Figure 2. This correlation supports the sugges-
tion that the edge-band consists of a composite of aragonite and
organic matrix.

Figure 4 shows an AFM image of the microstructure of a
silver pearl viewed in the same direction as in Figure 2. The
image shows that the edge-band organic matrix projects above
the middle of the aragonite tiles by about 10 nm; the separa-
tions between the tiles in the same row are not now visible. The
composite bands on adjacent tiles in the same row have been
merged into a ridge in the image. As observed in the AFM im-
ages, the ratio of the width of these bands to that of the tiles is
approximately 1 to 4, in accord with the 1 to 5 ratio seen in the
TEM images, indicating that they are the same bands. Attempts
to obtain quantitative widths from these AFM images were not
satisfactory. What is seen is the convolution of the finite AFM tip
with the surface; due to tip wear, the same experiments cannot be
repeated on a series of differently colored pearls. It was found that
the aragonite tiles in pearls show a wide variation in thickness,
both within a single pearl and among pearls of the same color.
The variation is from about 300 nm to 600 nm, with an average of
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FIGURE 2. TEM micrograph of a silver pearl, sectioned perpendicular
to the nacre tiles. The insert is enlarged by 2x in each direction to show
the intra tile organic matrix forming the edge-band structure.

about 400 nm. The standard deviation of any group of measure-
ments is very large, around 70 to 100 nm. Other P. maxima pearls
studied, with differing colors, also show this wide variation in
tile width. No correlation between tile thickness and pearl color
could be established. The colored lips of P. maxima shells gave
a very similar set of size ranges. The white inner nacreous layer
of the shells was found to be less regular, consisting of aragonite
tiles having irregular thickness and shape.

The TEM images (Fig. 2) show that the walls of the gap
between the aragonite tiles are not smooth. Significant surface
features also have been reported in gastropods as either mineral
bridges (Schaffer et al. 1997; Addadi and Weiner 1997) and in
P. maxima as lumpy nano asperities (Wang et al. 2001). The
evidence we provide supports the notion of mineral bridges
in this species, i.e., single aragonite crystals growing through
the organic layer between the tiles so that adjacent tiles are
crystallographically continuous. TEM images of demineralized
specimens (Fig. 5) show regular pores of diameter 30(4) nm
spaced between 80 and 120 nm apart in the residual strips of
organic matrix from between the tiles (standard deviations given
in parenthesis). The density of pores is 115(20) per ym? and they
occupy 8% of the area. Plecypoda molluscs with pore sizes in
the range 10 to 50 nm and occupying about 10% of the area have
been reported (Iwata 1975). In the gastropod Paua (H. iris), the
size of mineral bridges was determined directly by TEM of the
intact bridge to be 46(8) nm with average density of 105(15)
per um? (Song et al. 2003). The corresponding pores seen in
the demineralized organic matrix of our samples averaged only
half this size, suggesting expansion of the organic matrix into
the pore where the mineral bridges were removed. The average
pore diameters for P. maxima noted above were only 30 nm,
and it is likely that the corresponding mineral bridges would
be larger, near 60 nm. In that case, the area they occupy could

FIGURE 3. TEM micrograph of a whitish pearl showing remnants
of the edge-band structure. The widths of the remnants correspond to
the band widths shown in Figure 2. A section is shown (inset) enlarged
by 2x.

increase from 8 to about 16%.

The structure of the tile edge-bands has a growth sense. Our
model for the structure of these bands is shown in Figure 6.
With reference to the expanded area of Figure 2, the tiles to the
right of the gaps are denoted “head” sides; they are formed first
and have a sharper onset of the microchannels than those on the
adjacent (left-hand) tail side. The edge-bands on adjacent tiles
comprise continuous microchannels and extended regions of or-
ganic matrix embedded in both sides of the join between tiles.
The bands seem to be continuous with and chemically identical
or similar to the cementing organic matrix. This organic matrix
is described as insoluble (Weiner and Traub 1984) to distinguish
it from the water-soluble glycoproteins sometimes also present
in the mineral phase (Addadi and Weiner 1985; Miyamoto et al.
1996; Sarashina and Endo 1998). At the onset of band formation,
anearly continuous organic matrix layer forms that extends into
atail-like channel. The channels are 4 nm wide and spaced quite
regularly about 12 nm apart. In some places, the aragonite crystal
matrix is only 5 to 10 unit cells thick (4 nm) between channels.
Based on measurements from Figure 2 and similar images, and
assuming a staggered arrangement of channels, we estimate that
the organic material is 20% by volume of the tile edge-bands.

It is our contention that the entire double edge-band nano-
composite (edge-band structure extending from each tile, head
side and tail side) gives rise to an optical interference film that
causes the body color of pearls. In Figure 7 we show the cor-
relation between the first-order Newton’s colors for a film of
refractive index of 1.5 and the width of the edge-band structure
measured from the beginning of the head side to the finish of
the tail side. Table 1 summarizes the data that were obtained
from 72 sets of measurements on 7 different pearls covering
a range of body colors. In all cases, measurements were made
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both of the whole double edge-band structure and of the width
of each individual edge-band. The latter was done to control for
the effects of tile displacement due to relaxation of the tiles in the
thin microtome sections needed to image the bands. However, we
were not able to control for possible shrinkage of the gap due to
the TEM vacuum. The width of the tile gaps can also depend on
the direction of the microtome cut.

We find that the “head” or first grown band is 28(3) nm and

B)

A0
nm

FIGURE 4. The AFM images of a silver pearl. (A) Topographic image
(size 20 x 20 um) (B) 3-dimensional image (size 8 X 8 wm), (C) Height
image (size 5 X 5 um) and (D) corresponding cross section. Figure B
shows ridges at the tile junctions and shallow valleys between the ridges
over the tile edges.

FIGURE 5. Sectioned pearl specimen decalcified and stained by a
solution of uranyl acetate (pH =2) and lead acetate. The stained residual
organic matrix binding strips show pores that can accommodate mineral
bridges between the aragonite tiles of the nacre. An area (inset) is shown
enlarged by 2x.
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does not change its width significantly with pearl color over the
entire group measurements from all 7 pearls examined. This
edge-band always starts with a head that is connected to a fine

20 nm Head side nacre tile

Gap

‘Tail side nacre tile

FIGURE 6. Model of the double edge-bands of the nacre tiles shows
the difference between the “head” (first grown side), where the onset
is marked by an almost continuous line and the “tail” side. All the dark
areas represent organic matrix and the diagonal hatching discriminates
the adjacent tiles.

TABLE 1. Measured widths (TEM images) of the double edge-band
structure and individual edge-bands, nm
Double band, Inferred Double band
direct gap indirect
Head side Tail side Sum Measured Measured
Black 28.6 324 61.0 70(4)
Silver 27.7 36.2 63.9 69(4) 4.8 74(4)
Cream 295 432 727 85(4) 13.8 80(4)
Gold 283 525 80.8 90(4) 9.5 90(4)
Gold lip shell  28.4 524  80.8 90(4)
Average 28(3) 9.4
Gray
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FIGURE 7. Comparison of the Newton’s colors for a film of refractive
index 1.5 (extreme right) with the colors of pearls plotted according to
their edge-band film thicknesses. The fully saturated colors are shown
on the right, but are faded to the left to show the effect of loss of color
due to increased irregularity in tiling or edge-band structure.
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channel that runs to the edge of the tile. The second band grown
on the adjacent tile always terminates in a channel or “tail”. By
comparing the full-band width to the measured widths of the
individual head and tail edge-bands (see Fig. 6), we conclude
that the gap between the tiles is between 5 and 14 nm. The total
edge-band widths (band indirectly measured) are derived from
the individual measurements of the head side, plus the tail side,
plus the average gap width of 9.4 nm. The exact value is not as
important as the relative widths of the bands in different pearls.
The directly and indirectly measured total bands are in good
agreement and enable us to get good measures for black pearls
and gold lip shell specimens, which could not be otherwise read-
ily obtained due to tile displacement. The edge-band structure
thickness ranges from 70(4) to 90(4) nm, a range of 5 standard
deviations, and is therefore statistically highly significant.

The P. margartifera pearl (black in Table 1) had an edge-band
width structure of 70(4) nm, which is not significantly different
from the value for a silver P. maxima pearl at 74(4) nm, but the
color is a much darker silver. From the Newton color chart (Fig.
7), we would predict an edge-band structure width of 40 to 50 nm
for these pearls. These black pearls can be found with very dark
colors, and it is likely that a black coloring agent is also present
in these pearls (Elen 2002). Both melanin and metalloporphyrins
have been cited as the coloring agents (Landman et al. 2001).

DISCUSSION

Optical interference within the aragonite tiles of the nacre is
a highly unlikely cause of body color. The average tile thickness
is about 400 nm, but can vary widely in the range 300 to 600
nm, and thus would not give rise to a specific interference color.
In SEM images of broken pearls, the average thickness of 10
or more tiles show no correlation with pearl color. In contrast,
Paua shell, where the aragonite tiles are very regular in thickness
and shape, a strong diffraction effect is seen with blue and green
colors varying with observation angle. The colors here are further
enriched as the tile thickness varies slowly from 250 to 400 nm
between growth rings, but they are locally regular (Snow, Pring,
and Self unpublished results). These optical diffraction effects
(also seen in some feldspars, notably labradorite) are ascribed
to the regularity of the layers (Raman 1934), but are not seen in
the lip of P. maxima shell, where only a single silver, cream, or
gold color is seen at all observation angles.

Silver and gold colors, due to interference, are commonly
seen in pearlescent pigments that are formed from mica flakes
coated with thin layers of Ti or Fe oxides. The colors arise from
out-of-phase interference between light rays scattered from the
top and bottom of the coating layers with thicknesses of 60 nm
(silver-white) and 105 nm (golden). The color depends on the
thickness of the coating material and the refractive index of both
the coating material and its environment (Pfaff and Reynders
1999). We contend that the full edge-band structure described
above acts as an interference film providing an effective change
in refractive index (n) where the structure abuts pure aragonite.
Furthermore, we infer that the nacre provides a multi-layer thin-
film diffraction layer stack of these bands. For the edge-band
structure to act as an interference film, significant scattering with
the opposite phase needs to occur at the extreme walls of the double
edge-band structure, uninterrupted by the central gap between the
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tiles. Changes in n occur at the top of the edge-band structure, at
each wall of the central gap between the tiles, and at the bottom
of the edge-band structure. The top and bottom of the central gap
are separated by only 9 nm and out-of-phase scattering from these
points will self cancel (see Fig. 7, dark region). Hence, we are left
with the scattering from the limits of the edge-band structure.

The reflectivity, R, of the junctions depends on the refractive
index of the materials (denoted by o and i) according to Equation
1 derived by Pfaff and Reynders (1999):

R ={(n?—n)(n? + nH}* ey

These authors also provided a method of computing the effec-
tive n for a porous or composite medium, which can be used with
this expression. Where the pores are filled by a material (denoted
0) to a decimal fraction F in the bulk material (denoted a), the
effective refractive index n.4 can be found from Equation 2:

(MPos — DI(nP+ 2) = (1 = )12, — D2+ 2) + F( n?— D%+ 2)
)

Along the [001] direction of aragonite n=1.53, and n is close
to 1.68 in both the other two axial directions (Battey and Pring
1997). The organic matrix is known to be mainly -chitin with a
lesser amount of glycoprotein (Levi-Kalisman et al. 2001). The
most recent measured value of n available for B-chitin is 1.435
(De Cavalho and Vidal 1996) and a value of 1.4 was fitted to data
for silverfish (Large et al. 2001). The average refractive index of
the edge-band will depend on the volume of aragonite displaced
by organic material. If n is taken as1.435 for B-chitin occupying
20% by volume in the edge-band, the n.; values are 1.51 or 1.627
depending on the crystallographic orientation of the aragonite.
The n. values differ from the n values of aragonite by at least
0.02 and up to 0.05 units corresponding to reflectivities of 0.02
and 0.1% at a single interface. Pfaff and Reynders (1999) stated
that a contrast in the value of n should be more than 0.06 for a
strong interference effect in multi-layer systems as we have here.
However, iridescent organic pigments with contrasts in the range
0.06 to 0.1 show stronger effects than pearls, as the strength of
the effect is proportional to the square of the difference of the
squares of the component refractive indices (see Eq. 1). Thus,
our calculated values in the range 0.02 to 0.05 would give a
weaker iridescence, consistent with the comparatively subtle
effect in pearls. We note that refractive-index contrasts of this
magnitude will be achieved in at least some directions through
the tiles, as the refractive indices of aragonite will vary with
direction between 1.53 and 1.68. In addition, it is known that
pearl has the property of being able to diffuse light around its
circumference (Raman 1954), presumably by reflection within
the tiles. In this way, light will be available from all directions
to give rise to effective interference.

Small changes in the edge-band structure widths can account
for the very wide range of pearl color tones seen in P. maxima
pearls. The strength of the interference effect will depend not
only on the spread and average of the edge-band widths but also
on the relative size, orientation, and shapes of the individual tiles.
This tiling regularity will affect both the intensity and color tone
of the pearl or shell. Figure 7 illustrates, in a semi-quantitative
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way, how the colors may change as irregularity of the tiling
increases. At the limit of the irregularity (far left), the color is
totally bleached, but at intermediate points similar colors arise
from differing combinations of irregularity in edge-band width
and tiling. This model explains the very great range of subtle
variations in the color and tone exhibited by pearls. Many pearl
oysters produce white or nearly white pearls. Indeed, pearls that
have either poorly defined edge-bands or irregular tiling will
appear whiter and reflect all wavelengths with less selectivity.
The inner nacreous layer of P. maxima shell meets this condition;
TEM images reveal nacre tiles that are less regular in shape and
size than in the outer nacreous layer. An edge band structure
exists, but it is poorly defined. Where a pigment is also present
in the organic matrix, as in P. margartifera pearls, yet another
variable is available for color variations.

Good pearls are afforded by relatively few mollusc species, and
the ones that do give attractive pearls, all have shells with strong
texture (close alignment of the ¢ axis of the aragonite plates). P.
margartifera has the strongest textural alignment reported and the
width at half maximum in the distribution of the c-axis texture is 5°
(Chateigner et al. 2000). Together with P. maxima, Pinna nobilis,
and Pteria penguin, these are the four strongest-textured shells that
form sheet nacre. For the formation of pearls colored by thin-film
interference, as described above, a strong texture is a precondition
to maintain the alignment of the edge-bands.

We are aware of the existence of rose gold pearls (Taylor 2002,
personal communication) and predict, because red is next in the
Newton’s color sequence, that the thickness of the edge-band
would be in the range 130 to 150 nm. In pearl-farming operations,
experiments directed at obtaining high yields of gold pearls, with-
out the less-desirable cream colors, have proven difficult (Taylor
2002). This difficulty would be explained at least in part by the
narrower size range of the edge-band structure width that would
give rise to the pure gold color in pearls as compared to wide size
range for variously colored silver pearls (see Fig. 7).
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