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Figure 1: These zircons
(10.45-20.51 ct) from Ratanakiri,
Cambodia, show the attractive
blue colouration of heat-treated
material from this locality.
Photo by Mark H. Smith,

Thai Lanka Trading Ltd Part.,
Bangkok, Thailand.
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Zircon from Ratanakiri Province, north-eastern Cambodia, is well known in the gem
trade for its vivid blue colour that results from heat treatment. The untreated brown material turns
blue under reducing conditions at ~900-1,000°C. Ratanakiri zircon is characterised by remarkably
low contents of trace elements. In particular, the actinides have low concentrations (e.g. approx-
imately 120 ppm U and 95 ppm Th). Together with the very young age of the zircon (<1 million
years [Ma]), this results in an extremely low self-irradiation dose, which in turn is in agreement with
its non-radiation-damaged, nearly perfectly crystalline state. The heat treatment, therefore, does not
result in detectable changes in the zircon’s structural state. The cause of the blue colour, presum-
ably related to a valence change upon heating in the reducing environment, is still under debate.
The absorption of the treated Ratanakiri zircon is decidedly different from that of blue U4*-doped
and blue V**-doped synthetic ZrSiO,. Absorption spectra show a strongly pleochroic band at 18,200-
13,000 cm™! (corresponding to ~550-770 nm wavelength) that is clearly responsible for the treated
blue colour; however, its assignment remains unresolved.
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ircon has been used as a gem material for

thousands of years. This is not least because of

the mineral’s high refractive index and optical

dispersion. Transparent colourless zircon nearly
approaches diamond in fire and brilliance, and therefore
has been used as a diamond imitation for centuries.
Colourless zircon is occasionally known in the gem
market by its misnomer ‘Matara (or Matura) diamond’,
named after the city of Matara on the southern coast of
Sri Lanka (Roskin, 2003). In addition to being colourless,
zircon occurs in a wide range of hues including slightly
smoky or pale yellow (‘jargoon’ or ‘jargon’), orange to
reddish brown (‘hyacinth’ or ‘jacinth’), yellowish to
brownish green, dull dark brown to nearly black (often
belonging to metamict varieties such as ‘cyrtolith’ or
‘malacon’) and purple and pink (Faulkner and Shigley,
1989; Nasdala et al., 2003; Kempe et al., 2016). Natural
untreated blue zircon, however, is extremely rare. For
example, small dipyramidal crystals of ‘sky’-blue colour
(occasionally with a greyish, greenish or purplish tint) are
known from the San Vito quarry on the western slope of
the Somma-Vesuvius volcanic complex in Italy (Russo and
Punzo, 2004; see also Kempe et al., 2016).

Besides Sri Lanka, gem-quality zircon was, and still is,
produced in Cambodia, Vietnam, Thailand, Myanmar, India,
Pakistan, China, Russia, France, Tanzania, Madagascar,
the USA, Canada, Australia and other countries (Faulkner
and Shigley, 1989; Roskin, 2003; Watson, 2007; Smith and
Balmer, 2009; Shigley et al., 2010; Chen et al., 2011; Suther-
land et al., 2016). The reddish brown to brown zircon
from Ratanakiri (or Ratanak Kiri), Cambodia, has become
increasingly important in the gem trade, since it is known
that this material turns into different shades of blue upon
heat treatment, including a significant fraction that is vivid
blue (Figure 1; Smith and Balmer, 2009). In addition to
‘Starlite’, the term ‘Ratanakiri zircon” has developed into
a common trade name for gem-quality blue zircon. The
proliferation of ‘Ratanakiri zircon’ is somewhat comparable
to the term ‘Paraiba tourmaline’, which has developed into
a general trade name for vivid blue-to-green Cu-bearing
tourmaline that is used regardless of a stone’s geograph-
ical origin. Additional locations known to produce zircon
that in some cases can be enhanced to (rather light) blue
include Shan State in north-western Myanmar; Bang Kacha
and Tok Prom near Chanthaburi, Thailand; Bo Phloi near
Kanchanaburi, Thailand; and the Central Highlands of
Vietnam (e.g. Roskin, 2003; Satitkune et al., 2013; Huong
et al., 2016). However, none of these locations produces
zircon that can be treated to such an intense, vivid blue
colour as the Ratanakiri material. Here we present recent
research regarding blue Ratanakiri zircon.

BLUE CAMBODIAN ZIRCON

BACKGROUND

Zircon (ZrSiO,) has a tetragonal structure (space group
I4,/amd) with a unit cell composed of four SiO,* and four
ZrOg'*~ groups (formula unit Z = 4). Non-formula cations
incorporated in the zircon structure include trivalent
rare-earth elements (REE3*) as well as Hf**, Ti**, Th**,
U4+, Us*, P°*, Nb>* and Ta’* (Hoskin and Schaltegger,
2003; Kempe et al., 2016; and references therein).
Although REEs are considered incompatible elements
because of their large ionic radii, they commonly substi-
tute in small amounts for Zr**, which has dodecahedral
coordination in the zircon lattice (Hanchar and van
Westrenen, 2007). The incorporation of trivalent REE for
tetravalent Zr, however, requires charge compensation.
This is mostly realised by combined incorporation of
REE3* along with a pentavalent ion, either P>* (for Si**)
or Nb°*/Ta>* (for Zr**; see Hoskin et al., 2000; Hoskin
and Schaltegger, 2003; and references therein). Even
though zircon has occasionally been reported to contain
10-30 wt.% Hf (Ma and Rossman, 2005; Pérez-Soba
et al., 2007; Van Lichtervelde et al., 2009) or up to 13
wt.% U (Zamyatin et al., 2017), non-formula elements
normally have low concentrations in this mineral. Other
than Hf (with HfO, typically in the range 0.6-2.0 wt. %),
all non-formula elements are well below the weight-
percent level in gem-quality zircon.

Zircon is a common accessory mineral that occurs in
many igneous and metamorphic rocks. Relatively large,
gem-quality crystals grow predominantly in felsic pegma-
tites and more rarely in metasomatic rocks. Because of
its hardness, remarkable physical stability and chemical
resistance, zircon also is a common detrital component
in sediments; hence this mineral often occurs in gravel
deposits. Its susceptibility to weathering and other fluid-
driven alteration, however, is appreciably increased upon
the accumulation of radiation damage (e.g. Ewing et al.,
2003; Hay and Dempster, 2009; Xu et al., 2012; Malusa
et al., 2013). That is, alpha-decay events of U, and to a
lesser extent Th (and their unstable daughter nuclei),
result in structural damage, with the final, amorphous
state being called metamict (Ewing, 1994). The accumu-
lation of radiation damage in zircon is connected with
a range of property changes, including a decrease in
refractive index and birefringence (Sahama, 1981).
Also, the density decreases from ~4.7 g/cm? to well
below 3.9 g/cm? (Holland and Gottfried, 1955). Highly
radiation-damaged zircon (that nevertheless might
have some gem quality areas, usually showing a green
colour) is therefore often referred to as ‘low zircon’ in
the gemmological community.
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Figure 2: Ratanakiri Province, located in north-eastern Cambodia, is outlined in red on this simplified geological map of the
country (modified after United Nations, 1993; Douglas et al., 2008). The zircon deposits are associated with the weathering of

Neogene-Quaternary basaltic rocks (shown in dark brown).

The large variety of zircon colours depends on the
content of transition metals and radiation-induced
colour centres (Burns, 1993; Anderson and Payne, 1998;
Nasdala et al., 2003), and might also involve crystal-
field or charge-transfer transitions (Klinger et al., 2012;
Kempe et al., 2016). However, the causes of most zircon
colours remain unclear, or at least seem controversial to
date. The only comprehensive summary of the literature,
along with original spectroscopic results, was recently
published by Kempe et al. (2016). The trace-element-
related interpretations of colour causes proposed by
these authors, however, remain unsupported as they did
not present chemical data for their samples.

It should be added that doped synthetic ZrSiO, of
various colouration is used as high-temperature stable
and chemically inert pigments. These include, for
instance, yellow Pr3*-doped ZrSiO, (Stiebler et al., 1992;
Del Nero et al., 2004), ‘lemon’-yellow Tb3*-doped ZrSiO,
(Kar et al., 2004), blue V4*-doped ZrSiO, (Demiray et
al., 1970; Niesert et al., 2002; Pyon et al., 2011) and
pink-to-red Fe-doped ZrSiO, (Cappelletti et al., 2005).
It is, however, well known that the colours of natural
zircon have different causes than those of the synthetic
pigments, the latter of which contain dopant levels
several orders of magnitude above the concentrations
of the same elements in natural zircon.
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ZIRCON MINING IN RATANAKIRI

Geological Setting

Ratanakiri is the north-easternmost province of
Cambodia. Here, zircon crystals are found in numerous
alluvial deposits that formed from the weathering of
Cenozoic (Neogene-Quaternary) basaltic rocks. The
Ratanakiri volcanic province belongs to the Indochina
Cratonic Terrane that covers eastern Thailand, Laos,
Cambodia and southern Vietnam. The development
of the Ratanakiri volcanic province heralds the start
of the collision of the Eurasian and Indian continents
during the Himalayan orogeny (55-45 Ma ago; Gibbons
et al., 2015). Extensive volcanic activity occurred much
later along reactivated crustal boundaries around the
Pliocene-Pleistocene boundary spanning 4.3-0.8 Ma ago
(Rangin et al., 1995). The Cenozoic basalt magmatism
changed from early tholeiitic flood basalts to scattered
volcanic cones of alkaline composition (Hoang and
Flower, 1998). Alkali basaltic rocks are considered to
be the host of Ratanakiri zircon (Figure 2). During
a number of eruptive events that were confined to
intersections of strike-slip faults, zircon crystals were
transported as xenocrysts in the alkaline magma from
considerable depths to the earth’s surface (Rangin et al.,
1995; Balmer et al., 2009). Gem-bearing alluvial layers
are presently scattered throughout the region, and they
vary in thickness and depth below the surface.

Mining

Gem mining activities in Ratanakiri started in the
mid-1930s (Saurin, 1957). At present, several zircon-
bearing areas with numerous small workings are active
(e.g. Figure 3). Their number, however, fluctuates
depending on the economic situation. For instance,
many mining sites closed during the past few years
in favour of developing rubber plantations, which
presently are more profitable than zircon mining.
Productive areas for zircon are located near Ban Lung
and Bae Srak (a settlement located just a few kilometres
south of Ban Lung), and further east and northeast
toward the Tonlé San River, especially around Bo Keo
(the latter being 25 km east of Ban Lung and about 30
km from the border with Vietnam on the east). Here,
gem zircon occurs in two different types of basalt-related
deposits. The first consists of basaltic and pyroclastic
material that is completely weathered into laterite soil,
from which miners can easily extract zircon crystals
by hand. The second type constitutes undecomposed
basaltic gravels, requiring the use of water cannons
to break up the material in search of zircon (cf. Smith

Figure 3: (@) A miner brings up a bucket filled with gravel-
bearing soil at this zircon mine near Bo Keo, Ratanakiri, where
shafts extend to 17 m depth. (b) Near Bo Loi, Ratanakiri,
gravel panning is done in a small pool lined with a plastic tarp.
(¢) In addition to zircon, the washed material includes garnet,
sapphire, quartz, ruby and spinel. (d) This reddish brown,
euhedral zircon crystal is from Phnum Trom, Ratanakiri.
Photos by Ralf Grunert (a, ¢) and L. Nasdala (b, d).

THE JOURNAL OF GEMMOLOGY, 36(2), 2018 115



FEATURE ARTICLE

and Balmer, 2009; Balmer et al., 2009; Wanthanachai-
saeng et al., 2014).

The mining methods are quite diverse because the
zircon-bearing layers of various thicknesses occur at
different depths. In the north (e.g. near Bo Loi, 25 km
northeast of Ban Lung), gravel layers can be at fairly
shallow depths; in some cases, they are even mineable
in small open pits. Near Bo Keo and Phnum Trom (Bo
Keo area), by contrast, miners must dig shafts up to 17
m deep into the red soil. These shafts typically are less
than 1 m in diameter and have no reinforcement at all;
just simple footsteps are dug into the side walls. At the
bottom of the shaft, small horizontal tunnels are dug
into the gravels. The miners face the constant danger
of collapsing material. Buckets containing gravel and
soil material are hoisted to the surface using manual
winches (Figure 3a). Zircon and other heavy minerals
are extracted by either dry hand-picking or pan-washing.
In dry areas, washing may be done in small water-filled
pits lined with plastic tarps (Figure 3b). Associated
minerals found with the zircon include garnet, sapphire,
duartz, ruby and spinel (Figure 3c).

Ratanakiri zircon is predominantly brown, often with
a reddish or sometimes yellowish secondary hue; pale
stones occur only occasionally. The shape of the zircon
pieces varies considerably, ranging from completely
rounded grains to perfectly euhedral crystals of predomi-
nantly short-prismatic habit (Figure 3d). Most, however,
consist of moderately rounded, broken pieces that
occasionally show crystal faces. Some of them have
resorption features that might be due to transport in
the basaltic magma (Balmer et al., 2009; Smith and
Balmer, 2009).

Figure 4: These zircon samples from Ratanakiri (0.3-5.1g)
include two untreated brown crystals and three blue
specimens that were heat treated at ~1,000°C

under reducing conditions for a few hours.

Photo by M. Zeug.

Colour Enhancement
The brown zircon starting material is turned blue (Figure
4) by a simple heating process. The heat treatment takes
place under reducing conditions at 900-1,000°C for one to
a few hours (Smith and Balmer, 2009). The brown zircon
(Figure 5a) is put into an alumina crucible (Figure 5b) that
is sealed with a refractory clayey material (Figure 5c,d).
The crucible is then enclosed in a larger crucible, which is
sealed in the same manner. This assemblage is then placed
in a charcoal furnace (Figure 5e) and covered with plenty
of charcoal to achieve reducing conditions in an atmos-
phere of carbon monoxide and nitrogen. Obtaining the right
temperature and atmosphere is a matter of experience; local
gem treaters know the correct amount and type of charcoal
to be used (for instance, charcoal made from mangrove
wood works well). After two to three hours of heating, the
crucible is opened and the still-hot zircon pieces initially
appear colourless (Figure 5f). Only upon slow cooling do
the zircon specimens develop the blue colour (Figure 5g,h).
The blue colouration of Ratanakiri zircon is long-term
stable both in ‘regular’ daylight and in the dark; however,
it shows a pronounced tenebrescence to both long- and
short-wave UV radiation. Tenebrescence (i.e. reversible
photochromism) is not a rare phenomenon in gems, and
it has been occasionally observed for different colours
and irradiations of zircon (McClure, 2011; Suthiyuth,
2014). The blue colour of Ratanakiri zircon changes
to an unstable muddy greyish brown upon irradiation
with long-wave UV radiation (including strong direct
sunlight). The colour change appears to be fairly stable
in the dark but reverses fairly soon after the sample
is exposed to visible light without a UV component
(Koivula and Misiorowski, 1986; Renfro, 2016).
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alD

Figure 5: For the heat treatment of Ratanakiri zircon in a reducing environment, (a) the brown starting material is put into (b) an
alumina crucible, and the lid is sealed with a refractory clayey material (¢, d). Heat treatment at ~900-1,000°C for 2-3 h is done
in fairly simple ovens (e), with plenty of charcoal to ensure reducing conditions. After opening the crucible lid, the still-hot zircon
material appears rather colourless (f), but becomes increasingly blue upon cooling (g). A good fraction of the heated zircon (h)
shows the typical vivid blue colour. Photos by L. Nasdala (a, d, e, h), Ralf Grunert (b, ¢, 9) and Astrid Wittwer (f).

MATERIALS AND METHODS

Six gem-quality zircon specimens from Ratanakiri,
Cambodia, ranging from 0.53 to 6.76 g, were sliced
in half so that one part could be subjected to heating
experiments while the other was retained for reference.
Additional gem specimens from Ratanakiri also were
heated without being sliced. The untreated samples
were brown to reddish brown, some with light brown

zones; the largest specimen showed fairly narrow
primary growth zoning (Figure 6).

For comparison, we also analysed synthetic ZrSiO,
crystals grown using Li-Mo flux techniques. These
included (1) a batch of 0.5-0.8 mm ‘sky’-blue V**-doped
7Z1Si0, (made available by Dr John M. Hanchar; for a
description of the synthesis technique, see Hanchar
et al., 2001); (2) one ~3 mm short-prismatic crystal
of purplish blue U**-doped ZrSiO, (see Chase and
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Osmer, 1966) provided by Dr George R. Rossman;
and (3) various crystals of synthetic ZrSiO, individu-
ally doped with Pr, Sm, Nd, Tm or Dy, made available
by Dr Dominik Talla (see Lenz et al., 2015). Optical
absorption spectroscopy was performed on the first two
sample sets, and photoluminescence (PL) spectroscopy
was done on the third set, using the instrumentation
described below.

The two largest Ratanakiri zircon specimens that
were sliced—reportedly from Phnum Trom near Bo
Keo—were bought from a local dealer in Ban Lung and
were slabbed in his shop. Cutting was done parallel to
the longest dimension of the nearly euhedral crystals
to yield a pair of plates with matching faces. In both
cases, the c-axis was oriented almost parallel to the
cutting plane. One half of each specimen was then heat
treated in Ban Lung by the same dealer (e.g. Figure 6).
The other four zircon specimens that were sliced were
first crystallographically oriented at the University of
Vienna on a Nonius Kappa charge-coupled device (CCD)
four-circle single-crystal X-ray diffraction system. Ten
frames were obtained with a step width of 2° using
Mo-K, radiation. The samples were then cut in half
along their c-axis using a diamond-coated tungsten wire.
One half of each sample pair was subjected to heat
treatment for two hours at 900°C in an electric oven,
together with excess charcoal to ensure reducing condi-
tions, whereas the other half was left in its original
state. For all six samples, parallel-plane, doubly polished
plates were prepared from both the heated slice and its
untreated counterpart. After the completion of analyses,

Figure 6: These two slices
were cut from a gem-quality
zircon crystal from Phnum
Trom (largest dimension

17 mm). The samples were
prepared as doubly polished
plates (2.7 mm thick), and
the half on the right was
subjected to heat treatment
whereas the one on the left
remained in its initial state.
The untreated specimen
shows strong zoning, which
disappeared after heat
treatment. Photo by

Astrid Wittwer.

one blue zircon half was again heat treated, but this
time under oxidising conditions at 1,000°C for three
hours. Additional heating experiments were carried out
on unsliced specimens under reducing conditions at
800°C, 900°C and 1,000°C, and under oxidising condi-
tions at 300°C, 600°C, 800°C and 1,000°C. The samples
were placed in a graphite crucible, which was heated
at a rate of 10°C per minute to the designated temper-
ature. After the three-hour annealing run, the furnace
was switched off and the samples were allowed to cool
down slowly. Those treated under reducing conditions
were packed in charcoal, and those annealed under an
oxidising atmosphere were simply heated in air.

Specific gravity values (here reported as mass density)
were determined for the unheated halves of the two
largest stones that were cut in Cambodia, as well as on
the four other samples before they were sliced in half.
All samples appeared more-or-less free of inclusions.
The mass density values were determined by repeated
weighing of the specimens in air and in distilled water
(with a minute amount of detergent added to reduce
surface tension).

Chemical analysis of major elements in the six
samples, including both the untreated and annealed
halves, was done by means of a Cameca SX 100
electron probe micro-analyser (EPMA) operated at 15
kV and 40 nA. The focal-spot diameter of the electron
beam was 5 pm. The following synthetic and natural
calibrant materials were used (lines analysed are shown
in parentheses): ZrSiO, (Si-K,; Zr-L,), Hf metal (Hf-
M,), YPO, (Y-L,), sanidine (Al-K,), ScVO, (Sc-K,), U

118 THE JOURNAL OF GEMMOLOGY, 36(2), 2018



metal (U-M;), brabantite (Th-M,), titanite (Ca-K,),
fluorapatite (P-K,), almandine (Fe-K,) and YbPO, (Yb-
L,). Peak/background counting times varied between
20/10 s and 80/40 s (the latter for the actinides). The
modified @(pz) routine of Merlet (1994) was used for
matrix correction and data reduction. Additional experi-
mental details pertaining to EPMA analysis are described
elsewhere (Breiter et al., 2010; Skoda et al., 2015).

Trace elements in the six samples, again including
both untreated and annealed halves, were analysed with
a Finnigan Element XR high-resolution laser ablation
inductively coupled plasma mass spectrometer (LA-ICP-
MS) system coupled to a GeoLas 193 nm excimer laser.
The ablated material was transported to the ICP-MS
using He carrier gas with a flow rate of 1.25 I/min, with
additional Ar make-up gas added after the ablation cell.
Elements in high abundance were analysed in analogue
mode, whereas trace elements were analysed using a
digital pulse counting mode. External independent
calibration was done using NIST glasses 610 and
612 (Pearce et al., 1997) and USGS standard BCR-2G
(Jochum et al., 2005). The laser spot size was varied
between 40 pm (NIST glasses) and 59 pm (BCR-2G
and zircon samples), resulting in an energy density of
approximately 5 J/cm?. The laser repetition rate was 8
Hz. Data reduction was done using the Iolite software
package (Paton et al., 2011). For more analytical details,
see Dorais and Tubrett (2012).

The U-Pb age of Ratanakiri zircon was determined
for three fragments by means of solution isotope dilution
thermal ionisation mass spectrometry (ID-TIMS) analysis
(Krogh, 1973). The Pb and U isotope compositions were
measured with a Finnigan MAT 262 mass spectrometer.
After being cleaned with nitric acid, water and acetone,
and weighed on a microbalance, the fragments were
transferred to a Krogh-type FEP container and dissolved
in hydrofluoric acid at 195°C after adding a 2°2Pb—2%Pb-
235U spike. The spike composition was calibrated against
synthetic ET100 solution (Condon et al., 2008) provided
by the Earthtime initiative (www.earth-time.org).
Further details of the analytical procedure are reported
elsewhere (Corfu, 2004). All isotope ratios and ages
were corrected for fractionation, spike and blank. The
204ph method was applied to correct for initial common
Pb (based on Stacey and Kramers, 1975). The data were
corrected for 23°Th disequilibrium according to Scharer
(1984) and assuming a Th/U ratio of 4 in the magma.

Unit-cell dimensions were determined on five small
chips (three brown and two blue) with a Huber 5042
four-circle single-crystal X-ray diffraction system.
Analyses were done using non-monochromatised Mo

BLUE CAMBODIAN ZIRCON

radiation from a sealed-tube source at 50 kV and 30 mA.
Fitting was done as implemented in the SINGLE software
(Angel and Finger, 2010), and analytical settings of
Hejny et al. (2012) were used.

Raman and PL spectroscopy of the six sliced samples,
including untreated and annealed halves, was performed
at room temperature using a dispersive Horiba LabRAM
HR Evolution spectrometer equipped with an Olympus
BX Series optical microscope and an Si-based, Peltier-
cooled CCD detector. The analysed light was dispersed
using a diffraction grating with 1,800 (Raman) or 600 (PL)
grooves per millimetre. Raman spectra were excited with
the 632.8 nm emission of an He-Ne laser, and PL spectra
were obtained using the 473 nm emission of a diode-
pumped solid-state laser. In both cases, the laser power
was 10 mW at the sample. The system was calibrated
using the Rayleigh line and emission lines of a Kr lamp,
resulting in a wavenumber accuracy of better than 0.5 cm™!.
Band fitting was done after appropriate background
correction, assuming Lorentzian-Gaussian band shapes.
Calculated full widths at half-band maximum (FWHM:s)
were corrected for instrumental broadening using the
empirical formula of VAaczi (2014).

Optical absorption spectra in the visible to near-infrared
range were obtained for all six samples in the two
principal polarisations (i.e. ELc and E||c) in the spectral
range 24,100-5,250 cm™! (which roughly corresponds to
415-1,900 nm wavelength®). Analysis of the UV range
was omitted because of the well-known tenebrescence

* In this article, optical absorption spectra and PL spectra are
plotted and discussed on the wavenumber (V) scale. The
wavenumber is defined as the reciprocal of the wavelength A;
it is quoted in reciprocal centimetres (conversion V [cm™] =
107 / A [nm]). The wavenumber scale is preferred when evalu-
ating spectroscopic data because wavenumber values (but
not the wavelengths) are proportional to the photon energy
of the detected light. This makes possible reliable band fitting
and direct comparison of important diagnostic features (e.g.
FWHMs, band shapes and band asymmetries) across the entire
spectral range. By contrast, spectra plotted on the wavelength
scale are distorted in energy, with the blue and UV ranges being
compressed and the red and NIR portions being stretched. This
results in strongly distorted band shapes that will bias any band
fitting. The authors understand that the wavelength scale is tradi-
tionally preferred among gemmologists for describing the UV,
visible and NIR spectral ranges. For convenience, we therefore
present all PL and optical absorption spectra with additional
labels for the top abscissa axis showing the wavelength scale (in
nm), and wavenumber values in the text and figures are accom-
panied by their respective wavelength values in parentheses.
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of blue zircon (irradiation with UV light, as an analyt-
ical artefact, produces a colour change that would bias
the spectra obtained). Spectra were recorded at room
temperature using a Bruker IFS 66v/S Fourier-transform
infrared spectrometer equipped with a mirror-optics
IR-scope II microscope and a quartz beam splitter.
A calcite Glan prism was used to polarise the light.
Circular areas 200 pm in diameter were analysed in
transmission geometry. The following combinations of
light sources and detectors were used: Xe-lamp source
and GaP detector for the spectral range 24,100-20,000
cm™! (40 cm! spectral resolution; 1,024 scans), W-lamp
source and Si detector for the range 20,000-10,000 cm™!
(20 cm™! spectral resolution; 1,024 scans) and W-lamp
source and Ge detector for the range 10,000-5,200 cm™!
(10 cm™! spectral resolution; 512 scans). The final spectra
therefore consisted of a combination of three sub-spectra
that were aligned to match in absorbance if necessary.

RESULTS AND DISCUSSION

General Description and Heat Treatment

Many of the untreated brown Ratanakiri zircon specimens
contained macroscopically visible dark impurities and/
or large cavities. The latter were partially filled with
baddeleyite (identified by Raman spectroscopy) and
other secondary phases (Figure 7a,b). In addition, fluid
inclusions showing various appearances were commonly
observed. Some of them were transparent and colourless
(Figure 7c), and others were dark brown and apparently
opaque (Figure 7d) or consisted of two-phase inclu-
sions filled with liquid and gas (Figure 7e). The fluid
phase was predominantly composed of H,O (broad, low-
intensity Raman band in the 3,200-3,500 cm™! range).
Occasionally they contained CO, gas bubbles (Figure
7e; doublet of narrow Raman bands at 1,285 and 1,388
cm~!). Many fluid inclusions were surrounded by a
network of veinlets that appeared to be partially healed
fissures (Figure 7c). Much more rarely, dark fluid inclu-
sions sometimes were surrounded by a halo containing
phases that obviously were derived from the inclusion
itself (Figure 7d). The water-rich fluid phase in the halo
occasionally contained hematite flakes (identified by
Raman spectroscopy; see Figure 7d).

Mass density values of the six untreated samples
averaged 4.674 + 0.005 g/cm?. This corresponds well to
published density values in the range of 4.63-4.72 g/cm3
for non- to mildly radiation-damaged zircon from Sri
Lanka (Vaz and Senftle, 1971; Murakami et al., 1991).
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Before heat treatment, the specimens showed
brown to reddish brown colour, occasionally with an
orangey hue, and some displayed distinct colour zoning
(Figures 6 and 7f). Heating under reducing conditions
at 800°C created a very pale blue colour. After heating
at 900°C or 1,000°C under reducing conditions, the
zircon samples showed a rather intense blue colour-
ation, but with some variation in the depth of colour
(see Figure 5h). The blue colour was rather uniform
within single stones; primary growth zoning became
invisible after the heating process (Figure 6). Our obser-
vation of a more-or-less equally intense blue colour after
heating at 900°C and 1,000°C is in some contrast to the
results of earlier studies. Thongcham et al. (2010) found
maximum colouration after heating at 900°C, whereas
at 1,000°C the colour was clearly paler. Laithumma-
noon and Wongkokua (2013), by contrast, produced a
rather pale blue at 900°C, whereas the richest colour
was reached at 1,100°C. Summarising all available data,
we conclude that 900-1,000°C (Smith and Balmer, 2009)
is the most promising temperature range for the creation
of attractive blue colour in Ratanakiri zircon.

Heating of both the untreated brown and the heated
blue zircon under oxidising conditions at 300°C resulted
in significant but incomplete decolouration. This appears
to be consistent with the results of Wanthanachai-
saeng et al. (2014) and Siriaucharanon et al. (2017),
who observed fading of the dark brown colour to nearly
colourless at 400°C, although after initially heating their
samples under reducing conditions. We found in our
experiments that after oxidised heating at 600°C and
above, the zircon samples became colourless to pale
orange, without further significant changes at 800°C
and 1,000°C.

We also did a series of ‘alternative heating’ experi-
ments, in which the zircon specimens were subjected to
multiple heat treatments at 1,000°C for three hours each:
first in a reducing atmosphere, then under oxidising
conditions, then again under a reducing atmosphere
and so on. Heating in a reducing atmosphere resulted
in blue, subsequent oxidised heating produced nearly
colourless with an orange tinge, then the same shade
of blue reappeared after heating under reducing condi-
tions, etc. We were able to switch the blue colour on
and off within the same specimen. In conclusion, the
blue colouration can be restored, whereas there is no
heat-treatment technique that recovers the initial brown
to reddish brown colour. This indicates that the initial
brown colour is likely caused by an irradiation-induced
defect that anneals upon heat treatment.
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Figure 7: Various internal features are displayed by unheated Ratanakiri zircon. (a) Partially filled cavities
are present inside a sliced zircon crystal. (b) The cavities are filled with yellowish baddeleyite and other
unidentified alteration products. (¢) This transparent fluid inclusion (mainly consisting of water) is
surrounded by delicate patterns that trace fluid movement along fissures into the surrounding host.

(d) An opaque inclusion of unknown composition is surrounded by a halo composed of water (clear area)
and hematite (orange phase). (e) This fluid inclusion contains a large CO, bubble. (f) Typical primary
colour zoning is shown in an unheated brown zircon specimen. Photomicrographs by M. Zeug,

in reflected light (a, b) and plane-polarised transmitted light (c-f).
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Chemical Composition

Chemical data for Ratanakiri zircon determined by EPMA
and LA-ICP-MS analyses are summarised in Table 1.
The samples generally had low contents of non-formula
elements, below the 0.1 wt.% level, with the only
exception being Hf (~0.7 wt. % HfO,). This value is well
within the typical range for zircon and hence it does not
provide any particular hint as to the formation milieu
(e.g. Belousova et al., 2002). Actinide and REE concen-
trations were slightly higher in zones and areas of
darker brown colour, compared to paler brown regions.
The actinides U and Th had average concentrations of
approximately 120 ppm and 95 ppm, respectively. As is
common for zircon, heavy REEs were enriched relative
to the middle and light REEs (Table I; cf. Hoskin and
Schaltegger, 2003; Hanchar and Westrenen, 2007). This
also was evident in laser-induced PL spectra, which
were dominated by strong emissions of Dy?*, along with
lower-intensity emissions of Sm3*, Pr3+, Tm3+ and Nd3*
(Figure 8). The REE mass fractions of Ratanakiri zircon
were slightly off the general trend for igneous zircon
(Figure 9). We also observed a positive Ce anomaly
(Ce/Ce* = 42) but virtually no Eu anomaly (Eu/Eu*
= 1.07). By contrast, most igneous zircon samples

display both a positive Ce anomaly and a negative Eu
anomaly (Hoskin and Schaltegger, 2003). Our obser-
vations indicate formation of Ratanakiri zircon under
oxidising conditions, where Eu is mainly trivalent and
Ce is mainly tetravalent (Hanchar et al., 2001). The
absence of a negative Eu anomaly is not unusual; it has
been observed in zircon crystals derived from kimber-
lites (Hoskin and Ireland, 2000) and syenite xenoliths
associated with corundum (Hinton and Upton, 1991;
Sutherland et al., 2002).

Age Determination

Results of seven ID-TIMS analyses of Ratanakiri zircon
are presented in Table II. The mean 2%Pb/238U age was
determined at 0.92 + 0.07 Ma (error quoted at the
95% confidence level). This very young age appears
consistent with the LA-ICP-MS results of Sutherland et
al. (2015), who determined a mean 2°Pb /238U age of 0.83
+ 0.15 Ma for three zircon inclusions in sapphires from
Bo Loi, Ratanakiri. Those zircon inclusions, however,
were genetically different from Ratanakiri gem zircon, as
indicated by their much higher actinide concentrations
of 299-1,114 ppm U and 150-1,270 ppm Th (Sutherland
et al., 2015).

Table I: Average chemical composition of Ratanakiri zircon determined by EPMA and LA-ICP-MS.

Oxide Concentration | Element Isotope Concentration | Element Isotope Concentration
(wt.%)P measured (ppm)° measured (ppm)°
SiO, 326+0.2 p 3] 735 +15.6 Tb 159 4.37 +2.37
ZrO, 66.8 + 0.3 Ti 49 6.37 + 2.46 Dy 163 48.5 £ 23.7
HfO, 0.693 + 0.035 V 51 ndd Ho 165 16.3+7.2
P,Os5 0.042 + 0.009 Y 89 440 +182 Er 166 63.6 £ 24.6
Total 1002 £ 0.4 Nb 93 562 £ 3.97 m 169 121+ 41
La 139 nd Yb 172 104 £ 31
Ce 140 2.84 +£1.89 Lu 175 16.6 + 4.2
Pr 141 0.07 £ 0.05 Hf 179 5,869 + 266
Nd 146 111+ 0.83 Pb 208 nd
Sm 147 2.30 +1.45 Th 232 942 + 949
Eu 153 1.84 £ 110 ) 238 19 + 68
Gd 157 Nno+6.7

& Al,O3, Sc,03, Cal, FeO, Yb,03 UO, and ThO, were not detected or averages were below 0.005 wt.%.
b Quoted errors are 20. € Quoted errors are 1o. 9 nd = not detected.
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Figure 8: Representative PL spectra are shown
for unheated and heat-treated Ratanakiri
zircon, and compared to reference spectra of
REE-doped synthetic ZrSiO,. Note that the 'D, —
3H, transition of Pr3* is only observed in the PL
spectrum of heat-treated blue Ratanakiri zircon.
Raman bands in the PL spectra are marked by
asterisks. For assignment of PL lines see Gaft et
al. (2000) and Lenz et al. (2015); for assignment
of Raman bands see Nasdala et al. (1995; and
references therein).

Figure 9: The average C1 chondrite-normalised
REE concentrations in Ratanakiri zircon
determined by LA-ICP-MS are plotted together
with a shaded grey area, which shows the

REE ranges of typical unaltered igneous

zircon (graphically extracted from

Figure 4 of Hoskin and Schaltegger, 2003).

19000 20000 21000

REE Content

10*

10°

10

10’

10°

Ratanakiri / C1 chondrite

10

10 |

La Ce Pr Nd

Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Element

THE JOURNAL OF GEMMOLOGY, 36(2), 2018



FEATURE ARTICLE

Table II: U-Pb geochronology data (ID-TIMS results) for Ratanakiri zircon.

Analysis | Weight | Pb U Th Pbeom? | 206Pb/ 206py /238|)) 206ph /238 age 207phy /235 207pfy /206ply
no. (H9) | (ppm) | (ppM) | (ppmM) | (p9) | 204PbP (Ma)

389/10 529 0.020 39.4 6.9 9.8 37.8 0.000160 + 0.000003 1.03 £ 0.02 0.00124 + 0.00021 0.0563 + 0.0100
389/10¢ = 0.008 395 n.6 36 64.9 0.000143 £ 0.000001 0.92 £+ 0.01 0.00093 £ 0.00010 0.0472 + 0.0051
391/1 166 0.004 319 ne 18 1911 0.000145 + 0.000000 0.93 £ 0.00 0.00108 = 0.00004 | 0.0539 + 0.0020
394/1 585 0.031 39.3 54.3 16.4 29.0 0.000128 + 0.000004 0.83+0.03 0.00080 £ 0.00025 0.0451 + 0.0155
391/2 840 0.014 46.4 20.5 85 56.6 0.000148 £ 0.000001 0.95 £ 0.01 0.00136 + 0.00008 | 0.0668 + 0.0044
394/2 948 0.022 581 241 14.9 47.9 0.000142 + 0.000002 0.91%0.01 0.00132 + 0.00010 0.0676 + 0.0054
394/3 833 0.038 40.0 11 291 271 0.000134 + 0.000005 0.86 £ 0.03 0.00094 + 0.00030 | 0.0510 + 0.0187

@ Pbcom = total common Pb in sample (initial plus blank).
b Raw data, corrected for fractionation and spike.

¢ The solution for sample 389/10 was separated after dissolution and before chemical separation, for aliquot analysis.

Structural State

The dimensions of the tetragonal unit cell were deter-
mined as a, = 6.604 + 0.001 A and ¢, = 5.979 + 0.001
A, resulting in a unit cell volume of 260.73 A3. These
values coincide (within errors) with the unit cell param-
eters of synthetic pure ZrSiO, (Nasdala et al., 2002;
Van Westrenen et al., 2004). The unit cell dimensions
convert to an ‘X-ray mass density’ of 4.6699 g/cm?,
comparable to the average measured density of 4.674 +
0.005 g/cm3. The FWHM of the v;(SiO,) Raman band,
which is used to estimate the degree of self-irradiation
damage in zircon (Nasdala et al., 1995), averaged 1.8 £
0.2 cm! (Figure 10a), indicative of a very high degree of
crystallinity. The Raman spectrum of Ratanakiri zircon
is, therefore, indistinguishable from that of synthetic
pure ZrSiO, (Nasdala et al., 2002).

Both X-ray and Raman results were identical within
errors for unheated samples and their heat-treated
analogues. This, and the conformity to synthetic pure
ZrSi0,, indicates first that the generally low amounts of
trace elements do not cause detectable deviation from
the ideal zircon structure. Second, the absence of any
detectable structural change upon annealing indicates
that Ratanakiri zircon has not accumulated noticeable
amounts of radiation damage. The alpha dose, calculated
from the U-Pb age and average U and Th concentrations,
is 4 x 10 o/g, which is well below the self-irradiation
level of ~5 x 10'¢ a/g that is known to cause initial
spectroscopically detectable changes to zircon (Figure
10b; cf. Zhang et al., 2000; Nasdala et al., 2001).

Hence, it is not possible to unravel the heat treatment
of Ratanakiri zircon by means of structural analysis. By
contrast, there was a minor but interesting difference in
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the PL spectra: We found that the emission of treated
Ratanakiri zircon always contained a low-intensity,
narrow line at 16,090 cm™ (621.5 nm wavelength; strong
E.Llc polarisation), whereas untreated specimens did
not show this feature. It is assigned to the 'D, — 3H,
electronic transition of Pr3* (Figure 8; cf. Gaft et al.,
2000). Its presence, however, cannot be used as a
general indicator for the heat treatment of zircon, as
the Pr3* line has also been observed in untreated zircon
specimens (e.g. the Sri Lankan reference zircon GZ7;
Nasdala et al., research in progress).

Optical Absorption Spectroscopy

Optical absorption spectra are shown in Figure 11. Note
again that the UV spectral region was not analysed in
the present study because of the material’s strong photo-
chromism—that is, the fairly fast blue-to-brown colour
change upon irradiation with, and hence analysis in,
UV light.

The optical absorption spectrum of untreated Ratana-
kiri zircon was dominated by the following features: an
intense absorption edge that extended from the UV into
the blue range and down towards the NIR region; an
intense broad absorption band near 19,800 cm (505
nm wavelength); a rather weak, broad absorption band
near 12,500 cm™! (800 nm wavelength); and two groups
of narrow absorption bands near 9,025 cm! (1,108.0 nm
wavelength, with a shoulder at ~9,190 cm™! or 1,088.1
nm) and 6,665 cm™! (1,500.4 nm wavelength) that are
polarised with Elc (Figure 11a). The reddish brown
colour of the unheated zircon is due to the combina-
tion of the first two features listed above, which cause
enhanced absorption in the blue-to-green range. The



~19,800 cm! (~505 nm) band appears to be an analogue
of the 510-515 nm absorption band described by Klinger
et al. (2012). Those authors assigned reddish brown
zircon colouration to a paramagnetic oxygen-hole
centre nearest-neighbouring to an uncompensated Y3+
that substitutes for Zr**. This assignment is supported
by the disappearance of the 505-515 nm band upon
heating: It has been known for a long time that electron-
or hole-related colour centres are irreversibly destroyed
at fairly low temperatures of a few hundred degrees
Celsius (Gastil et al., 1967; Fielding, 1970). Such hole
centres may be generated slowly in zircon by radioac-
tive self-irradiation (Rossman, 1981). If this is confirmed
true, the very low self-irradiation dose experienced by
Ratanakiri zircon might suggest that both the develop-
ment of Y3*-related brown colouration and its saturation
require fairly low irradiation levels. The two narrow
absorptions in the spectral range below 10,000 cm™! (i.e.
above 1,000 nm wavelength) are due to U>* (Vance and
Mackey, 1974; Zhang et al., 2003). However, they do not
contribute to the colouration, as these absorptions are
in the NIR range.

BLUE CAMBODIAN ZIRCON

After heating at 1,000°C in reducing conditions, the
absorption edge and the bands at ~19,800 cm™! (~505 nm)
and ~12,500 cm™! (~800 nm) were reduced significantly
in intensity (Figure 11b). The spectra showed a new,
strongly pleochroic (ELc) absorption band centred at
~15,600 cm™!' (~640 nm wavelength) with an FWHM
of >3,000 cm™! (=125 nm wavelength; Figure 11b). The
absorption in the 18,200-13,000 cm™ (~550-770 nm
wavelength) range results in a ‘window’ of reduced
absorption in the blue to greenish blue region. Only
a minor fraction of the uranium was reduced to U*",
whereas the majority remained in the pentavalent state.
The appearance of tetravalent U is seen in particular with
E_Lc polarisation by two narrow, low-intensity bands at
15,290 cm™ (654.0 nm wavelength) and 14,480 cm™!
(690.6 nm wavelength). Due to their very small area
integral compared to that of the broad ~15,600 cm™!
(~640 nm) band, the contribution of U** absorption
is considered insignificant for blue zircon colouration.

After heating at 1,000°C in oxidising conditions, the
~15,600 cm™ (~640 nm) band disappeared completely
(Figure 11c). It is worth noting that oxidised heating was
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Figure 10: (a) The Raman spectrum (SiO, stretching region) of Ratanakiri zircon is shown in comparison with spectra of
synthetic ZrSiO, and three natural zircons with different degrees of radiation damage: sample 91500 from Kuehl Lake,
Ontario, Canada (mildly damaged; see Wiedenbeck et al., 2004); and samples M146 (moderately damaged) and C27
(severely damaged), both from gem gravels in Ratnapura, Sri Lanka (for both, see Nasdala et al., 2004). (b) A plot of the
FWHM of the v(SiO,) Raman band near 1,000 cm™' against the alpha dose includes data for Ratanakiri zircon, various
samples of natural zircon (from Nasdala et al., 2001) and synthetic ZrSiO,. Both plots reveal that Ratanakiri zircon is
spectroscopically indistinguishable from (perfectly crystalline) synthetic ZrSiO,, indicating that Ratanakiri zircon has

accumulated extremely low amounts of radiation damage.
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Optical Absorption Spectra
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found to produce the same colouration (near-colourless)
and absorption spectrum, independent of whether
the starting material was unheated reddish brown or
heat-treated blue. Similar to the results obtained for
blue samples, the absorption edge and the ~19,800 cm™!
(~505 nm) and ~12,500 cm™! (~800 nm) bands were
reduced significantly, with the absorption in the entire
visible range being even slightly lower than in samples
heated under reducing conditions. Compared to the
spectrum of the blue zircon, the U** absorption features
at 15,290 cm™! (654.0 nm) and 14,480 cm™! (690.6 nm)
were appreciably lessened, in favour of a slight re-
increase of the U>* features at 9,025 cm™! (1,108.0 nm)
and 6,665 cm™! (1,500.4 nm).
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Cause of the Blue Colouration

The interpretation of the ~15,600 cm™' (~640 nm) band
that causes blue colouration is problematic. This band
appears quite similar in spectral position, width and polar-
isation to the ~15,650 cm™! (~639 nm) absorption band
of V4* in synthetic ZrSiO, (Figure 12a; cf. Niesert et al.,
2002). Nevertheless, the blue colour of Ratanakiri zircon
cannot be assigned to V4*. First, the ~6,900 cm™! (~1,450
nm wavelength) absorption of V4* with E||c is missing
from the optical absorption spectra of blue Ratanakiri
zircon. Second, the concentration of V in Ratanakiri
zircon is below the LA-ICP-MS detection limit (<0.04
ppm), whereas blue V4*doped ZrSiO, has vanadium
concentrations in the weight percent range (e.g. Niesert
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et al., 2002 reported 1.28 wt. % V for their blue pigment).
Third, if V4* caused the colour of Ratanakiri zircon, a
valence change of the V needs to be assumed to explain
the colour change upon oxidised heating. This is in
contrast to the fact that blue V4*-doped ZrSiO, is grown
under oxidising conditions (Niesert et al., 2002). Also,
we performed heat-treatment experiments on V4*-doped
ZrSiO, crystals, and neither reduced nor oxidised heating
seemed to affect their blue colouration.

Another possible cause of the blue colour of zircon
is the elevated presence of U**. The absorption of this
ion in the ZrSiO, structure is characterised by numerous,
strongly polarised lines (Richman et al., 1967), with the
strongest absorptions in the red range. Together with
the commonly present absorption edge that extends
from the UV into the blue range, U** absorption might
cause green zircon colouration (Kempe et al., 2016, and
references therein), whereas U** alone causes blue.
We had the opportunity to verify this by studying one
of the historic synthetic U**-doped ZrSiO, crystals
grown by Judith A. Osmer, now in the sample collection of

20000

Dr George R. Rossman. Whereas Chase and Osmer (1966)
described green U-doped zircon, the specimen loaned to
us displayed blue colour with a weak purplish hue. The
optical absorption spectra are shown in Figure 12b.
Previous authors (Wanthanachaisaeng et al., 2010;
Satitkune et al., 2013) have assumed that the blue colour
of Ratanakiri zircon might be assigned to a change in
the oxidation state of uranium. This was questioned by
Thongcham et al. (2010), who found that upon heating
above 900°C, the blue colour decreased whereas the
narrow U** absorption still increased. Our optical
absorption spectra of blue Ratanakiri zircon (Figure 11)
show U** absorption lines of very low intensity. Despite
the reducing conditions during heating, most of the U
remained in the pentavalent state. There was minor
U>* — U** transformation; this, however, was negligible
compared to the observed change in colour. Another
consideration questioning U as the colour cause is that,
of all zircons, the low-U Ratanakiri material is particu-
larly susceptible to develop blue colour. One would
expect that if U caused blue colour, zircon containing
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Figure 13: This yellow gold ring contains
a 4.84 ct heat-treated Ratanakiri zircon.
Courtesy of Beau Soleil (Scottsdale,
Arizona, USA); photo by Jeff Scovil.

more U should show an even more intense blue. That,
however, is not the case.

Another attempted assignment of the blue colour was
published by Laithummanoon and Wongkokua (2013).
They speculated that the blue colouration is due to a
change in the oxidation state of Tb (i.e. Tb** — Tb3*)
upon heating under reducing conditions. This was based
on the two observations that the colour change was
accompanied (1) by the disappearance of Tb** signals
in electron paramagnetic resonance spectra and (2)
by the concurrent appearance of a small absorption
feature near 650 nm. However, the ~650 nm feature also
was present in optical absorption spectra obtained by
Laithummanoon and Wongkokua (2013) after oxidised
heating at 600°C and 700°C, which produced nearly
colourless samples and questions the contribution of the
~650 nm feature to zircon colouration. We assign the
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broad ~650 nm band observed by Laithummanoon and
Wongkokua (2013) to U%* (cf. 15,290 cm™! or 654.0 nm
band in Figure 12b). Also, one should note that the
electronic structure of Tb3* shows a huge gap between
~20,000 and 6,000 cm™! (~500-1,667 nm wavelength;
Dieke and Crosswhite, 1963; Couwenberg et al., 1998),
which suggests that absorption of visible light is only
possible in the blue range.

CONCLUSIONS

Zircon from Ratanakiri Province in north-eastern
Cambodia is mined from secondary deposits associ-
ated with the weathering of alkali basaltic rocks. We
determined a mean 2%°Pb/23U age of 0.92 + 0.07 Ma
for the zircon. The unit cell dimensions and Raman
data indicated a very high degree of crystallinity, which
is consistent with the young age and the low concen-
tration of actinides. Our samples also had consistently
low contents of other non-formula elements (i.e. below
the 0.1 wt.% level), with the only exception being Hf
(~0.7 wt.% HfO,, which falls within the typical range
for zircon).

Ratanakiri zircon turns vivid blue (e.g. Figure 13)
upon heat treatment under reducing conditions at
900-1,000°C. Based on the new data presented here,
the authors exclude several of the potential colour
causes that have been proposed in the literature thus
far. However, we are still unable to provide convincing
explanations (1) for the blue colour of Ratanakiri zircon
and (2) for why zircon from other localities is much less,
or even not at all, susceptible to an analogous colour
change. Even though we have demonstrated that the
blue colour is due to a broad, strongly polarised absorp-
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