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Abstract: Characteristics of two types of zircon from a single rock sample from the Mt. Malosa Massif, Malawi, are presented.
According to Raman spectroscopy, the structure of a yellow hydrothermal zircon grown within a miarolitic cavity seems to be highly
disordered. However, the extent of radiation damage calculated from the Raman data exceeds the degree of disorder that can be
ascribed to the maximum possible internal radiation dose received by the crystals since their formation. Optical birefringence suggests
an ordering degree close to that of well-ordered zircon for most areas in the crystals as may be also concluded from the always sharp
electron backscattered diffraction (EBSD) patterns. Brownish zircon crystals from the wall-rock of the cavity of the same sample are
most probably magmatic in origin. These crystals display a high degree of order and common low contents of radioactive and other
substituting elements (<0.5wt% in total). The absolute ages and U and Th contents of both zircon types were verified by U–Pb
sensitive high-resolution ion microprobe (SHRIMP) analysis and the magmatic zircon is found to be significantly older (292 ± 10Ma)
than the hydrothermal one (121 ± 9Ma). The apparent discrepancies between the data obtained by various methods for the
hydrothermal zircon may be explained taking into account the unusual chemical composition and structural particularities established
as well as (re-)interpreting the physical meaning of the variations in band positions and band widths in the Raman spectra. Electron
probe microanalysis (EPMA) shows relatively high contents of yttrium (up to 4.8wt% Y2O3) and the rare earth elements (REE, up to
1.5wt% oxides in total), occasionally also of thorium (up to 0.8wt% ThO2). The charge unbalance caused by the substitution of
trivalent elements is not compensated by coupled substitution involving other elements like phosphorus, niobium or uranium. The
unusual composition and substitution is reflected by the related cathodoluminescence (CL) spectra consisting of sharp and intense line
emissions from Dy3þ, Sm3þ, Nd3þ and Tb3þ centers in zircon. The broad band emissions normally observed in well-ordered zircon
are quenched. Orientation contrast imaging (OCI) and EBSD reveal textures consisting of relatively large strained orientation domains
showing a distinct distribution pattern. We suggest that internal tensional strain induced by substitution, vacancy formation and related
domain formation may explain the data. Possible consequences of these findings for the understanding of the formation of metamict
zircon should be considered in future research.
Key-words: zircon; strain; EBSD; Raman; disorder; metamict; substitution.
1. Introduction

Due to the exceptional behavior and widespread occur-
rence of zircon, its U–Pb geochronology is of great
importance for absolute age determination in geosciences
(e.g., Davis et al., 2003; Harley & Kelly, 2007). Another
topic of long-lasting scientific interest is the use of zircon
ceramics in the storage of radioactive waste (e.g., Gentry
et al., 1982; Ewing et al., 1995; Ewing, 2001). Under both
aspects, an understanding of the phenomenon of zircon
https://doi.org/10.1127/ejm/2018/0030-2739m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
nque
metamictization (occurrence of an isotropic state of
secondary origin; Syme et al., 1977) is crucial because
metamict zircon may not retain the required original age
information (e.g., Davis et al., 2003; Kempe et al., 2015)
and is not always resistant to secondary alteration under
hydrothermal conditions (e.g., Geisler et al., 2003;
Anderson et al., 2008; Soman et al., 2010; Wang et al.,
2014). It is now generally accepted that metamictization of
natural zircon results from the accumulated a-recoil
damage occurring during radioactive decay of U and Th
0935-1221/18/0030-2739 $ 9.45
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incorporated in the zircon structure (e.g., Ewing et al.,
2003).
Beginning from the pioneering work by Nasdala et al.

(1995), a growing number of authors have made use of the
Raman microprobe technique to evaluate the degree of
metamictization of natural zircon on a local scale (see, e.g.,
Nasdala et al., 2003). Advantages of this method are the
high spatial resolution down to micrometer-scale and the
virtual absence of any sample damage at low laser powers.
Additionally, there is no need in sophisticated sample
preparation.
According to the modern concepts of zircon metamic-

tization, the loss of long-range order (periodicity of the
structure according to the lattice model) on nano- to micro-
scale accompanied by a loss of short-range order (fixed
arrangement of the nearest neighbors around single atoms/
ions) results from the growth of structural domains strongly
affected by a-recoil damage and their transformation to a
metamict (fully disordered) state (Murakami et al., 1991;
Ewing et al., 2003). This concept implies that systematic
changes in density (Holland & Gottfried, 1955; Özkan,
1976; Murakami et al., 1991), hardness (Özkan, 1976;
Chakoumakos et al., 1991; Oliver et al., 1994), birefrin-
gence (Holland & Gottfried, 1955; Sahama, 1981; Palenik
et al., 2003), and diffraction properties (Holland &
Gottfried, 1955; Murakami et al., 1991; Ríos et al.,
2000b; Nasdala et al., 2002b) as well as in infrared (IR;
Akhmatova & Leonova, 1961; Wasilewski et al., 1973;
Delines et al., 1977;Woodhead et al., 1991; Zhang& Salje,
2001), Raman (Nasdala et al., 1995; Zhang et al., 2000;
Nasdala et al., 2001; Nasdala et al., 2002b, 2003, Marsellos
& Garvers, 2010), electron paramagnetic resonance (EPR;
Nasdala et al., 2003; Kempe et al., 2010) and luminescence
characteristics (Lenz & Nasdala, 2015) are correlated with
each other and with the dose accumulated.
A zircon sample fromMt. Malosa, Malawi, investigated

here in more detail, demonstrates that this is not always the
case. Some natural zircon may display a high degree of
disorder by one method but does not show it at the same
extent when investigated by other techniques. As will be
discussed in more detail below, such findings may indicate
that other processes leading to high disorder in natural
zircon besides irradiation damage should be considered.
Earlier, this Malawi sample was included into a sample

set investigated by several spectroscopic techniques
including optical absorption (OA), electron paramagnetic
resonance (EPR), Raman, and time-resolved photolumi-
nescence (TRL) spectroscopy (Kempe et al., 2010; Kempe
et al., 2016). According to the Raman data and using the
classification proposed by Nasdala et al. (1995, 1998), the
disorder in the Mt. Malosa zircon should be estimated as
“intermediate to metamict” (Kempe et al., 2010).
However, subsequent evaluation of thin sections of this
material in transmitted light suggests that the order in these
crystals is rather well preserved with the possible
exception of some high-Th growth zones. This finding
prompted additional studies.
Several facts reported in recent publications or found

during our own research question the assumption that the
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
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theory of zircon metamictization has already reached
maturity. In particular, it was mentioned that the formation
of disordered areas in zircon is sometimes related to
hydrothermal alteration rather than to radioactive decay
(Zhirov, 1952; Rudenko, 1968; Kempe et al., 2004).
Anderson et al. (2008) reported trace element-poor, nearly
U- and Th-free zircon material in late cracks within altered,
trace element-rich metamict zircon from Nova Scotia. The
former areas were nearly amorphous according to the
absence of TEM electron diffraction patterns while the
latter showed a somewhat higher ordering degree.

Kempe et al. (2010) found a green natural zircon where
the significant shift in the position of the Raman bands was
not accompanied by related band broadening. Further-
more, an extremely U-rich, green zircon from Sri Lanka
was found to be rather well-ordered (Kempe et al., 2016).
We also reported an apparently well-ordered, extremely U-
rich zircon from Muruntau (Kempe et al., 2015).

In the following text, we will restrict our self to the case
of the Malawi zircon under consideration here. Additional
work is needed to clarify the situation in all cases
mentioned and to understand their relations to the general
phenomenon of zircon metamictization.
2. Materials and methods

2.1. Geological background

The sample studied comes from a miarolitic cavity as
typically observed in the roof zone of the alkaline granite
massif at the Mt. Malosa, Zomba plateau, Chilwa alkaline
province, southernMalawi (e.g., Eby et al., 1995; Högdahl
& Jonsson, 1999; Soman et al., 2010). The Chilwa alkaline
province is located at the southern extension of the East
African rift system (Woolley & Platt, 1986; Woolley &
Jones, 1987; Eby et al., 1995). The intrusive rocks vary in
composition from nepheline syenite and quartz syenite to
granite and include also carbonatites (Platt & Woolley,
1986; Woolley & Platt, 1986; Woolley & Jones, 1987; Eby
et al., 1995). Obviously, the formation of the complex is
related to rifting in this part of the continent (Woolley,
1987). At surface, the Zomba-Malosa complex forms a
pear-shaped body in the northern part of the province. The
central part is formed by syenite surrounded by rings of
quartz-syenite and granite (Woolley & Jones, 1987; Eby
et al., 1995). The area around Mt. Malosa exhibits many
pegmatite cavities carrying exotic Th-rich Zr–Nb–REE–
Be mineralization (Högdahl & Jonsson, 1999, Guastoni &
Pezzotta, 2007; Guastoni et al., 2009). Several stages of
hydrothermal activity close to each other in formation time
were observed according to replacement relations within
the pegmatites (Guastoni et al., 2009; Soman et al., 2010).
Similar mineralization is also present elsewhere in the area
(Platt et al., 1987).

Three types of zircon may be distinguished in the
pegmatites according to Högdahl & Jonsson (1999): (1)
translucent reddish-brownish crystals with a complex of
simple forms, (2) opaque short prismatic brownish zircon
and (3) translucent prismatic yellow crystals. The zircon
empe_2739_online.pdf



Fig. 1. Cathodoluminescence (CL) and BSE images of the two Type
1 yellowish crystals used for EMPA, CL spectroscopy, SHRIMP and
Raman spectroscopy (crystal 1) and oriented-contrast (OC) imaging,
EBSD and Raman spectroscopy (crystal 2), respectively. The
numbers and locations of the spots in Fig. 1b correspond to the
numbers of analyses obtained by EMPA, CL spectroscopy, SHRIMP
and Raman spectroscopy in other figures, tables and in the text.
SHRIMP spots are visible in the BSE image taken after SHRIMP
analysis.
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investigated in this work belongs to the first and third
types. Earlier, Soman et al. (2010) have investigated a
brownish, opaque zircon crystal of the second type
displaying significant secondary alteration features.

2.2. Sample and sample preparation

The crystals of yellowish translucent hydrothermal zircon
used in the present study were prepared from a single rock
sample from the wall of a miarolitic cavity in the alkaline
granite. Crystals formed in free space together with some
quartz and riebeckite. The growth proceeded from the
wall to the center of the cavity. All crystals exhibit simple
combinations of the {1 0 0} prism and the {1 0 1}
dipyramid and do not show any signs of deformation.
We conclude that the zircon crystals experienced only
fluid pressure and that only fluid-induced brittle but no
plastic deformation could have occurred. As mentioned
above, the degree of disorder in a yellow transparent
crystal termination used in our previous work is
intermediate to metamict according to Raman spectros-
copy (cf. classification by Nasdala et al., 1995, 1998) with
an average full-width at half maximum (FWHM) of
18.3 ± 1.0 cm�1 for the n3 (B1g) mode of the [SiO4]
tetrahedral groups (Kempe et al., 2010). Subsequent
measurements on several other crystals yielded very
similar results.
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
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Examination of several dozens of grains under a
binocular microscope showed that there is a common
growth zoning which can be paralleled to the internal
texture revealed in five crystals investigated in polished
sections by scanning electron microscopy with back-
scattered electron (BSE) and cathodoluminescence (CL)
imaging irrespective of the variable crystal sizes (Fig. 1):
(1) A core of yellow to greenish coloration with variable
internal textures including sector zoning (zone A in Fig.
1c) is surrounded by an outer zone not clearly
distinguishable under the optical microscope but clearly
visible in CL and BSE images (zone B in Fig. 1c). (2) The
next zone C is cloudy with many cracks and voids and
displays yellowish-brownish coloration and normal
growth zoning under BSE and CL. (3) The transparent
yellow upper crystal termination consists of zone D
exceptionally bright in the backscattered electron (BSE)
contrast with normal growth zoning followed by the nearly
homogeneous zone E darker in BSE and, finally, the thin
zone F with distinct oscillatory growth zoning at the rim.
Sector zoning is well expressed by thin sector G at the
{1 0 0} prism faces in BSE and CL images (Fig. 1c). In few
crystals grown sub-parallel to the wall of the cavity, the
same zoning may be also followed in the opposite
direction from the crystal core.

One crystal of this hydrothermal zircon was oriented
parallel to the c axis using a spindle stage andmounted into
a polished thin section for optical microscopy. Two other
crystals from the same sample were selected for detailed
local analysis. One of these crystals was mounted together
with other zircon in a polished section and gold coated for
BSE and CL imaging and subsequent SHRIMP analysis.
Following this procedure, the gold was removed and the
section investigated by Raman spectroscopy. Prior to the
following electron probe microanalysis and CL spectros-
copy, the sample was carbon coated to prevent build-up of
electrical charge.

The second crystal was polished with silica gel for
orientation contrast (OC) and CL imaging, electron-
backscattered diffraction (EBSD), and Raman spectros-
copy. The sample was coated with a 2 nm thick platinum
film. This film was later removed to allow subsequent
Raman measurements.

The coarse-grained host rock of the sample around the
cavity contained the second zircon type � brownish
crystals of short-prismatic habit with a combination of a
dominant {11 0} prism (occasionally also with a weakly
developed {1 0 0} prism) and a {1 0 1} dipyramid. These
crystals display normal growth zoning, sector zoning and
some recrystallisation features visible under the micro-
scope and in BSE and CL images (Fig. 2). The mode of
occurrence of this zircon type forming intergrowth with
rock-forming minerals suggests a magmatic origin. To
verify the genetic relationships between the two zircon
types, two crystals of the brownish zircon were also
analyzed. One was mounted together with one yellowish
crystal of hydrothermal zircon in a polished section for the
investigation procedure including BSE and CL imaging,
U-Pb SHRIMP analysis, Raman spectroscopy, EMPA and
empe_2739_online.pdf



Fig. 2. CL image of the brownish Type 2 crystal of magmatic zircon
from the host rock used for EMPA, CL spectroscopy, SHRIMP and
Raman spectroscopy. The location numbers of the spots in the figure
correspond to numbers of EMPA, CL, SHRIMP and Raman
analyses in the figures, tables and in the text.
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CL spectroscopy. The other brownish crystal was used for
a thin section for optical microscopy with orientation of
the c axis parallel to the sample surface.

2.3. Methods

Optical properties in transmitted light were investigated
using a Carl Zeiss Axioskop 40. The birefringence was
calculated from the interference colors as described by
Palenik et al. (2003) except that the thickness of crystal
section in the point of measurement of the thin section was
determined using the micrometer drive of the microscope
calibrated to a set of polished diamond slabs with known
thicknesses determined by a micrometer. The estimated
error in birefringence is about ± 0.002, somewhat higher
than in the work by Palenik et al. (2003).
For electron microscopy, a Jeol JSM 6400 equipped

with a Tracor/Noran Series II energy dispersive X-ray
detection system, an Oxford Mini-CL detector for CL
imaging and a Mono-CL 1 mirror system combined with a
transportable spectrograph for CL spectroscopy (Götze &
Kempe, 2008) was used. For CL and BSE imaging, the
SEM was operated at 20 kV and 0.6 nA; CL spectra were
taken subsequent to SHRIMP measurements with a
defocused electron beam (diameter about 20mm adjusted
to the diameter of adjacent spots from SHRIMP measure-
ments) at 20 kV and 3.56 nA. Calibration was done using
mercury and argon emission lines for the blue and red part
of the spectrum, respectively. The acquisition time for the
spectra was 100 s. Due to the low signal intensities, no CL
spectra could be obtained with a focused beam from a
particular Th-rich growth zone appearing bright in the
BSE images of the crystal where no larger areas without
cracks or voids could be found (cf. below). To display
orientation contrast (OC), BSE imaging was performed at
3 kV and 3.4 nA with a working distance of 8mm.
Additional OC images were obtained using a cold field
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
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emission JSM 7500F at the Jeol Demonstration Center in
Garching near Munich (Germany). A large-angle BSE
(LABE) detector operated at 1 kV and 50 pA at a working
distance of 4mm yielded an increased stereographic
contrast.

Four EBSD maps were acquired using a Nordlys S
camera mounted on a ZEISS SUPRA 55VP operated in the
high vacuum mode at 20 kV, 1.5 nA probe current and
13mmWDwith step sizes of 200 nm in variable grids. The
sample tilt was 70°. The Channel 5 (Oxford Instruments)
software was used for data acquisition and evaluation.

For SHRIMP measurements, the two chosen crystals �
one yellow of the first type from the cavity and one
brownish of the second type from the wall rock � were
mounted in epoxy resin together with reference zircon
TEMORA 1 (Middledale Gabbroic Diorite, New South
Wales, Australia; Black et al., 2003) and reference zircon
91500 (Wiedenbeck et al., 1995), polished and gold
coated. Before SHRIMP analysis, the grains were
documented by reflected and transmitted light photo-
graphs as well as CL and BSE imaging. SHRIMP
measurements were carried out at the Centre of Isotopic
Research of the Karpinsky All-Russian Geological
Research Institute (VSEGEI), St. Petersburg, Russia using
SHRIMP II. The spot size was set at 20mm and the beam
current at 4 nA. Five mass scans were collected for each
analysis. Mass resolution at the mass 254UO was 5200 at
1% peak height. Data reduction was performed using the
procedure proposed by Williams (1998) applying the
SQUID Excel Macro by Ludwig (2000). The Pb/U ratios
were normalized relative to a 206Pb/238U value of 0.0668
for the TEMORA 1 reference equivalent to an age of
416.75Ma (Black et al., 2003). Reference zircon 91500
was used as concentration reference material (81.2 ppm
U). Measured against the TEMORA 1 reference during the
same session, it showed some enhanced isotope data
scatter with a calculated Concordia age of 1062 ± 27 Ma
(n = 5; accepted value 1065.4 ± 0.4Ma).

Subsequent Raman, EMPA and CL measurements were
made as close as possible adjacent to the SHRIMP spots
with locations carefully chosen within the same growth
zones defined by optical, BSE and CL imaging. Additional
locations were also checked, especially when fine zoning
or voids and cracks in the crystal avoided SHRIMP
measurements at a 20mm scale (as in the Th-rich growth
zone mentioned above and at the crystal rim). Some
Raman measurements were also made within the SHRIMP
spots but yielded essentially identical results as in the
adjacent areas (cf. Nasdala et al., 1998).

Microprobe analysis was performed with an SX-100
microprobe (CAMECA) applying the standard method
used at the GeoForschungsZentrum, Potsdam (e.g.,
Anderson et al., 2008). The acceleration voltage was
20 kV and the beam current 40 nA. Natural and synthetic
zircon (Zr, Si), HfO2 (Hf), Yand rare earth element (REE)
phosphates (REE, Y, Sc, and P), pure metals (Ti, Nb, U,
Th), hematite (Fe), corundum (Al), wollastonite (Ca), and
vanadinite (Pb) were used as references. Counting times
were 20 s for Si Ka, Zr La, Ca Ka, and Al Ka; 30 s for Fe
empe_2739_online.pdf
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Ka, Y La, Sc Ka, and P Ka and 50 s for the other elements
(Hf Lb, Ce La, Nd Lb, Sm Lb, Gd Lb, Dy Lb, Yb La, Ti
Ka, Nb La, Th Ma, U Mb, and Pb Mb) both on the peak
and on the carefully chosen background positions on both
sides of the peaks. Iron, Hf, Ce, Nd, Sm, Gd, Dy and Yb
were measured on a LiF crystal while P, Ca, Sc, Ti, Th, U,
and Pb were measured on PET and Si, Zr, Nb, Al and Yon
a TAP crystal. The limits of detection were: Hf �
1900 ppm, Fe � 400 ppm, Al � 130 ppm, Ca � 180 ppm,
Sc � 160 ppm, Nb � 200 ppm, Th � 640 ppm, U �
840 ppm, Pb � 1100 ppm, Y � 440 ppm, Ce � 630 ppm,
Nd � 710 ppm, Sm � 720 ppm, Gd � 590 ppm, Dy �
600 ppm and Yb� 600 ppm. Phosphorus was not found in
any analysis; the somewhat overestimated theoretical
detection limit for this element was at about 340 ppm. A
search for F was also not successful. Because of the rather
high EMPA detection limits for Th, U and Pb, mainly
results from SHRIMP measurements for these elements
will be used in the following discussion.
Raman measurements were done with a Jobin Yvon

LABRAMHR800 operated in the confocal mode (pinhole
100mm) at room temperature using the 488 nm line of a
Innova 70C Coherent Arþ laser (laser power 14mWon the
sample). The laser was focused on the sample surface
using an Olympus microscope with a 100� objective. The
spectral resolution of the system was 0.6 cm�1.

2.4. Comparison of spatial resolution of Raman
spectroscopy and EBSD

Because we will compare long-range order probed by
EBSD with the short-range order checked by Raman
spectroscopy, it is useful to recall and discuss here to some
extent the spatial resolution of the two methods.
Raman spectroscopy probes a significantly larger

volume compared to EBSD. In modern Raman microp-
robes, the focused beam may approach about 1mm as a
minimum diameter constraining the lateral resolution of
the method (Bruneel et al., 2002; Nasdala et al., 2005). A
cone of the laser light is penetrating further into the sample
without sharp depth restrictions for samples transparent in
the region of the laser wavelength used as in the present
case for zircon. Depth resolution may be increased
applying confocal optics (Puppels et al., 1991; Nasdala
et al., 1998; Bruneel et al., 2002; Nasdala et al., 2003). It is
sometimes believed that depth resolution may even reach
2mm for crystalline materials (Nasdala et al., 2003, 2005).
However, closer evaluation shows that this is by far a too
optimistic value. Normally, about 7mm or more may be
expected for transparent crystalline materials (Bruneel
et al., 2002; Kranert et al., 2016). As outlined by Everall
(2000), this is mainly due to the refraction at the
air � sample interface when dry objectives are used.
Clearly, this effect is pronounced for zircon with its high
refraction indices (1.92–2.02 for crystalline and 1.75 for
metamict material). We have further verified the sampling
depth for our instrumental setup by a simple experiment
using one and the same crystal of fluorite and zircon,
respectively, to prepare a thin section (30mm thickness)
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
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from one half of the sample and a thick section (about
1mm thickness for zircon and about 3mm for fluorite
limited by the sample sizes) from the other. The sample
pairs were measured in the confocal mode (pinhole
100mm) on a T64000 (fluorite) and a Jobin Yvon
LABRAM HR800 (zircon) in one session under the same
conditions with the beam focused on the polished surface.
In both cases, the Raman signal of the fluorite and zircon
modes increased by about 50% in intensity when going
from the thin to the thick section indicating detection of
some additional Raman scattering from sample areas even
below 30mm. Recently, Presser & Glotzbach (2009)
reached very similar conclusions on local resolution and
sampling depth for zircon and other transparent materials.

Compared to Raman spectroscopy, spatial resolution of
EBSD mapping is exceptionally high. The EBSD signal
derives entirely from a near-surface zone only some nm
thick. Therefore, spatial resolution depends mostly on the
electron probe diameter, acceleration voltage, and the
average atomic number of the sample and is clearly below
40 nm in the given case, considering the relatively high
average atomic number of zircon with Z> 14 (cf.
Humphreys, 2001; Dingley, 2004).
3. Results

3.1. Polarized-light microscopy, optical absorption
and cathodoluminescence spectra

The birefringence in yellowish Type 1 zircon is nearly
constant over the whole grain (red, sometimes yellowish
of second order for sample thicknesses of about 20mm),
mostly approaching 0.050 (0.048–0.050) indicative of
well-ordered zircon. At the yellow transparent crystal
termination, there is a zone with a distinct decrease in
birefringence down to 0.031 (0.044–0.031). This zone
coincides with the mentioned Th-rich zone D appearing
bright in BSE images (Fig. 1). Palenik et al. (2003) found a
linear correlation between birefringence and radiation
dose for Sri Lanka zircons. This, in principle, opens the
opportunity to estimate received radiation doses from
birefringence measurements for samples from this
location. It is, of course, dangerous to apply this
relationship to other zircons with a different thermal
history. Provided that our crystals and Sri Lanka zircons
have not experienced significant re-heating after formation
and that the indicated disorder is related to radiation
damage only, an estimate of the received radiation dose
may be attempt basing on the measured birefringence.
For the zone under discussion, birefringence would
correspond to a received radiation dose of 3.7� 1018

a-events/g. Note, however, that at least Sri Lanka zircon
experienced some kind of secondary annealing (Palenik
et al., 2003; Nasdala et al., 2004). Therefore, such an
estimate is certainly in error and can only be seen as a very
rough approximation. At the crystal rim F, birefringence
decreases down to 0.038 (0.046–0.038) in some of the fine,
Th-richoscillatorygrowthzoneswhichwouldcorrespond to
an estimated dose of 2.2� 1018 a-events/g, respectively.
empe_2739_online.pdf



Fig. 3. CL spectra of Type 1 REE-rich yellowish hydrothermal zircon (crystal 1) from the cavity. Spot numbers correspond to those in Fig. 1b.
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In the brownish Type 2 zircon from the wall rock, the
birefringence is nearly constant around 0.054 indicating
well-ordered zircon (Holland & Gottfried, 1955; Sahama,
1981). Note that the maximum birefringence suggested by
themodel proposedbyPalenik et al. (2003) is 0.0486 at zero
dose, somewhat below the expected value of 0.055.
According to optical absorption spectroscopy (Kempe

et al., 2010, 2016), the yellow color of the zircon crystals
from the cavity is caused by an edge-like absorption
appearing at about 450 nm. Probably, this absorption is
related to charge transfer transitions involving REE that
may have variable valance states in zircon as Ce, Pr, Eu
and/or Tb. Another possible explanation is a “shift” of the
absorption edge into the visible range due to lattice defects
accumulated from radioactive irradiation (Kempe et al.,
2016). The sharp absorption lines appearing in the red part
of the spectra are related to Nd3þ and Er3þ, but they have
only negligible influence on the visible color. Remarkably,
absorption lines fromU4þwere not observed in the spectra
(Kempe et al., 2016).
Cathodoluminescence spectroscopy revealed that the

light emitted from yellowish Type 1 zircon is, if detectable,
exclusively related to sharp line emissions from REE3þ

centers (Fig. 3). Identification of the emission lines was
achieved using published luminescence spectra of
synthetic zircon intentionally doped with single rare earth
elements and considering the observed intensity relations
and fine structures in these spectra besides line positions.
Except general intensity variations, two principal types of
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
nque
spectra can be distinguished in the yellow zircon: (1) CL
spectra of the yellowish-green core region (central part and
rim; zones A and B) and of the yellow crystal area E
between the zone D with quenched luminescence on one
side and the oscillatory growth zoning at the upper crystal
rim F on the other are of the first type (spectra 1, 2 and 5 in
Fig. 3). (2) The yellowish-brown intermediate region C
between the core (AþB) and the zone Dwith quenched CL
as well as the growth sectors G of the {1 0 0} prism exhibit
the second type (spectra 3 and 8 in Fig. 3).

For the second-type spectra, CL emission is dominated
by four transitions occurring in Dy3þ, namely 4F9/2 !
6H15/2 centered at about 480 nm, 4F9/2 ! 6H13/2 (575 nm),
4F9/2 ! 6H11/2 (665 nm) and 4F9/2 ! 6H9/2 (755 nm).
Similar spectra for Dy3þ were reported by Votyakov &
Samojlov (1981), Cesbron et al. (1995), Karali et al.
(2000), Friis et al. (2010) and � for a part of the related
spectral range � by Trofimov (1962), Gaft et al. (2000),
Finch et al. (2004), Nasdala et al. (2003) and Lenz &
Nasdala (2015). Our spectra are most similar to the
spectrum published by Friis et al. (2010) obtained by
photoluminescence spectroscopy, especially considering
intensity relations and the resolved fine structure of the
lines. Besides the intense emissions from Dy3þ, there are
only weak lines from Sm3þ in these spectra at 610 nm (cf.
below) and an additional line at 545 nm (Fig. 3). The latter
signal may be interpreted to arise from Tb3þ or Er3þ.
Spectra of Er3þ were published by Votyakov et al. (1985,
X-ray luminescence), Cesbron et al. (1995, CL),
empe_2739_online.pdf



Fig. 4. CL spectra of Type 2 brownish magmatic zircon from the
host rock. Spot numbers correspond to those in Fig. 2.
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Karali et al. (2000, radio- and thermoluminescence), Gaft
et al. (2000, time-resolved photoluminescence) and partly
by Nasdala et al. (2003, photoluminescence), spectra for
Tb3þ in Iacconi & Caruba (1980, thermoluminescence),
Votyakov & Samojlov (1981, thermoluminescence),
Votyakov et al. (1985), Iacconi (1995), Cesbron et al.
(1995), Gaft et al. (2000) and, for a part of the relevant
spectral range, in Trofimov (1962, photoluminescence).
Considering published data, we assign the emission under
question to the 5D4 ! 7F5 transition in Tb3þ because: (1)
the emission in Er3þ in this range is centered at somewhat
higher wavelengths (about 550–555 nm); (2) the related
emission in Tb3þ is by far the most intense in X-ray
luminescence and thermoluminescence (normally exhib-
iting similar intensity relations and fine structures as in
CL) while this is not the case for Er3þ.
The CL spectra of the first type differ significantly from

the second type described above. In the first type of
spectra, there is a strong decrease in the relative emission
intensities of the Dy3þ lines and an increase in the intensity
of the emission lines from Sm3þ. The latter show the
typical intensity relations and fine structure transitions of
the type 4G5/2 ! 6H7/2 centered at 605 nm, 4G5/2 ! 6H9/2

(660 nm), and 4G5/2 ! 6H11/2 (703–728 nm). Fine
structure lines from the 4G5/2 ! 6H5/2 transition also
occur but overlap with the Dy emission at 580 nm. Similar
spectra were reported by Cesbron et al. (1995), Gaft et al.
(2000), Karali et al. (2000), Nasdala et al. (2003), Friis
et al. (2010) and Lenz &Nasdala (2015) and� for a part of
the range � by Trofimov (1962). Our spectra of Sm3þ

show a close similarity to the spectra reported by Nasdala
et al. (2003), Friis et al. (2010) and Lenz & Nasdala
(2015).
Dramatic changes occur in the red part of the first-type

CL spectra where strong lines appear at 810.0, 865.9, 873.7
(strongest), 879.0 (weak), 883.4, 889.4, 907.2 and
915.6 nm. We assign these emissions to the 4F5/2 ! 4I9/2
(810 nm) and 4F3/2 ! 4I9/2 (865–916 nm) transitions in
Nd3þ. Luminescence spectra of Nd3þ in natural zircon are
rarely reported in the literature because theNd content in the
mineral is normally low to very low. The photolumines-
cence spectra published by Nasdala et al. (2003) and Lenz
et al. (2013) are similar in the fine structure and line
positions but the one by the first authors differs strongly in
intensity relations from the spectrum published by Lenz
et al. (2013) and the spectra obtained in the present work.
The CL signal obtained for the brownish Type 2 zircon

from the wall rock differs from that of the yellow zircon
(Fig. 4). It is dominated by broad bands with only weak
signals from REE3þ centers, in particular from Dy3þ and
Er3þ. Remarkably, only the 4F3/2 ! 4I9/2 (404 nm) and
4F3/2 ! 4I9/2 (471 nm) transitions in Er3þ are of notable
intensity, while the transitions from lower lying levels,
especially at 530 and 558 nm, are very weak. The most
intense broad band luminescence appears in the yellow
spectral range (centered at 580 nm) while the short-living
“blue” band at about 420 nm is suppressed in intensity.
Such a CL behavior is typical of well-ordered zircon with
low REE contents (Kempe et al., 2000).
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
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3.2. Chemical composition

The EMPA, EDX analysis in the SEM and the SHRIMP
study revealed an unusual chemical composition for the
yellow zircon from the cavity, but a common one for
brownish zircon from the wall rock. Representative results
of EMPA are listed in Table 1, the positions of related
analytical spots is indicated in Fig. 1b and 2. Most
remarkable are the very high contents of Y and the REE,
occasionally including the light REE, in the yellow zircon.
The Y contents are so high that they appear in the formula
(0.01 atom per formula unit or more; Table 1).

The Th content is comparable to that of U in some areas,
but may be significantly higher, reaching several
thousands of ppm as in the broad zone D optically
indistinguishable inside the yellow transparent crystal
termination mentioned above. This zone D is clearly
visible in the SEM because it appears bright in BSE
images. In this Th-rich zone, Th is easily detected even by
EDX. On the other hand, Fe, Ca and Al contents are
always rather low to very low except some zones in the
crystal core A. The Hf concentration around 1.5wt%HfO2

may be considered as typical of zircon in granitic rocks but
is, in fact, a little enhanced compared to normal magmatic
zircon from alkaline granites.

Although we have analyzed by EMPA only the even
REE, pronounced fractionation of the REE is observed
throughout the crystal as demonstrated by chondrite-
normalized distribution patterns in Fig. 5. In the figure, Y
is plotted instead of Ho; the absence of anomaly
demonstrates that there was no significant Y/Ho fraction-
ation (cf. Bau, 1996) during fluid evolution. The first REE
distribution type (Fig. 5) is restricted to the core A. The
distribution is concave with enrichment of the light (Ce)
and heavy (Yb) REE and a relative depletion of the middle
REE. The second type is observed for the zone B
surrounding the core, the zone E in the outer yellow
transparent crystal termination adjacent to the Th-rich
zone and for a related narrow zone in the {1 0 0} growth
sector G. Here, all REE including the light, middle and
heavy groups are enriched although there is some relative
depletion of Ce and some enrichment of Yb (Fig. 5). In all
empe_2739_online.pdf



Table 1. Selected EPMA data and relevant formulae for Type 1 yellowish hydrothermal zircon and Type 2 brownish magmatic zircon from
Mt. Malosa (Malawi). Spot numbers are those shown in Figs. 1b and 2, respectively.

Hydrothermal Type 1 Magmatic Type 2

Point 1 2 3 4 5 6 7 8 1 2

SiO2 31.98 31.97 31.60 31.87 32.05 31.76 31.86 31.62 32.38 32.26
ZrO2 63.11 61.99 58.77 59.52 62.23 60.41 60.23 59.50 65.91 65.99
HfO2 1.49 1.41 1.45 1.46 1.62 1.41 1.36 1.36 0.99 1.19
Y2O3 0.33 1.79 4.76 3.29 1.19 2.79 3.07 4.24 <0.05 <0.05
Ce2O3 0.45 0.60 0.16 0.17 0.46 0.13 0.07 0.07 <0.07 <0.07
Nd2O3 0.08 0.38 0.04 0.04 0.57 0.04 0.06 <0.04 <0.04 <0.04
Sm2O3 <0.08 0.15 <0.08 0.08 0.18 <0.08 <0.08 <0.08 <0.08 <0.08
Gd2O3 0.06 0.17 0.28 0.43 0.26 0.39 0.30 0.33 <0.06 <0.06
Dy2O3 <0.05 0.14 0.44 0.52 0.19 0.37 0.32 0.41 <0.05 <0.05
Yb2O3 0.07 0.15 0.44 0.24 0.13 0.25 0.33 0.59 0.05 <0.05
UO2 <0.08 <0.08 <0.08 0.10 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08
ThO2 <0.05 <0.05 0.09 0.75 0.11 0.49 0.43 <0.05 <0.05 <0.05
Nb2O5 0.28 0.24 0.13 0.23 0.23 0.17 0.13 0.03 0.02 0.02
TiO2 0.07 0.02 0.02 0.01 0.01 0.01 0.01 <0.01 <0.01 <0.01
Total 98.20* 99.01 98.18 98.71 99.23 98.15 98.22 98.17 99.35 99.46
Contents in wt%

Formula units (apfu) calculated on a two-cation basis
Zr 0.965 0.941 0.899 0.909 0.945 0.925 0.921 0.910 0.992 0.993
Hf 0.013 0.013 0.013 0.013 0.014 0.013 0.012 0.012 0.009 0.010
Y 0.006 0.030 0.079 0.055 0.020 0.047 0.051 0.071 <0.001 <0.001
Ce 0.005 0.007 0.002 0.002 0.005 0.002 0.001 0.001 <0.001 <0.001
Nd 0.001 0.004 0.001 <0.001 0.006 <0.001 0.001 <0.001 <0.001 <0.001
Sm <0.001 0.002 <0.001 0.001 0.002 <0.001 <0.001 <0.001 <0.001 <0.001
Gd 0.001 0.002 0.003 0.005 0.003 0.004 0.003 0.003 <0.001 <0.001
Dy <0.001 0.001 0.005 0.005 0.002 0.004 0.003 0.004 <0.001 <0.001
Yb 0.001 0.001 0.004 0.002 0.001 0.002 0.003 0.006 <0.001 <0.001
U <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Th <0.001 <0.001 0.001 0.005 0.001 0.004 0.003 <0.001 <0.001 <0.001
Nb 0.004 0.003 0.002 0.003 0.003 0.002 0.002 <0.001 <0.001 <0.001
Ti 0.002 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Zr position 0.998 1.004 1.008 1.001 1.002 1.003 1.000 1.007 1.001 1.003
Si 1.002 0.995 0.991 0.998 0.998 0.997 0.999 0.992 0.999 0.996

* Including 0.17wt% FeO and 0.09wt% CaO

Fig. 5. REEþY distribution patterns of yellowish hydrothermal
zircon according to EMPA. Type 1 distribution is found in the
greenish-yellowishcore (analyticalpoint 1 inFig. 1b).Type2 is typical
of the rim zone of the core (point 2) and the zone preceding the
oscillatory zoningat the rim(point 5).Type3distributionwas found in
the remaining zones (points 3, 4, 6, 7 and 8). Chondrite normalization
according to Anders & Grevesse (1989) See text for discussion.
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other zones including C with a yellowish-brownish
coloration, the related zone in the {1 0 0} growth sector
G, the Th-rich zone D, and the rim zone F with narrow
growth zoning, the light REE are relatively depleted and
heavy REE are strongly enriched as normally found in
natural zircon and favored by the zircon structure (Speer,
1982).
Table 2 compiles U and Th contents defined by

SHRIMP. One EMPA analysis from the Th-rich zone D is
also included. The U and Th contents and Th/U ratios of
0.6 found in the core (zones AþB) are in a range typical
of magmatic zircon from granitic rocks (cf. Ahrens, 1965;
Ahrens et al. 1967; Hoskin & Ireland, 2000; Hoskin &
Schaltegger, 2003). In the other zones, however, there is a
strong increase in Th and Th/U ratios up to 6.500 ppm and
7.5, respectively, indicating that the core and the rest
of the crystal may have a different origin. On the other
hand, the transition between these two ranges is relatively
smooth, hinting for a common origin of the whole crystal.
The magmatic zircon from the host rock also displays
enhanced Th/U ratios (2.3–3.9) at normal Th contents
possibly reflecting the Th enrichment in the alkaline rocks.
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
nque
A conspicuous feature of the EMPA analyses of yellow
zircon from the cavity are the low analytical totals ranging
between 97.9 and 99.2wt%. Totals for the wall-rock
empe_2739_online.pdf



Table 2. Contents of U and Th, U/Th ratios, calculated received radiation doses according to defined SHRIMP ages and line widths (FWHM)
of the n3 (B1g) Raman mode fitted with a single line for Type 1 (hydrothermal) and Type 2 (magmatic) zircon from Mt. Malosa (Malawi).

Hydrothermal Type 1 Magmatic Type 2

Point 1 2 3 4*1 5 8 1 2 3

Element contents
U 114 194 130 882 196 55 74 76 24
Th 67 110 393 6591 1452 176 291 230 55
Th/U 0.59 0.57 3.02 7.47 7.41 3.26 3.93 3.03 2.29
Calculated radiation dose
(120Ma) 0.05 0.09 0.09 0.96 0.21 0.04 0.06 0.05 0.01
(290Ma) 0.13 0.20 0.21 2.34 0.52 0.09 0.14 0.12 0.04
Raman line broadening
FWHM*2 6.2 13.9 18.1 20.3 13.4 19.2 3.7 3.4 2.9

U and Th in ppm. Dose in 1018 a-events per g.
*1 Results for U and Th from EMPA.
*2 FWHM (in cm�1) of the n3 (B1g) Raman mode fitted with one band and corrected for apparatus function. The error from the fits is between
±1.2 cm�1 (point 1) and ±3.8 cm�1 (point 4) for Type 1 and ±0.8 cm�1 for Type 2 zircon.

Table 3. Results of U–Pb SHRIMP analyses for Type 1 (yellowish hydrothermal) and Type 2 (brownish magmatic) zircon from Mt. Malosa
(Malawi). Errors for calculated ages are one sigma. Th is calculated from the Th/U ratio.

Spot U ppm Th ppm Th/U Common
Pb206 %

238U /206Pb
uncorrected

207Pb/206Pb
uncorrected

206Pb/238U age
Ma (204Pb corr.)

206Pb/238U age
Ma (207Pb corr.)

Yellow hydrothermal zircon
1 114 67 0.59 59.3 22.14 ± 0.35 0.4870 ± 0.0073 129.2 ± 4.5
2 194 110 0.57 14.9 50.46 ± 0.76 0.0867 ± 0.0024 120.5 ± 1.9
3 130 393 3.02 49.4 50.70 ± 1.00 0.0693 ± 0.0030 122.6 ± 2.5
5 196 1452 7.41 16.4 50.12 ± 0.80 0.0589 ± 0.0023 125.7 ± 2.1
8 54 176 3.26 91.0 48.10 ± 1.20 0.1288 ± 0.0067 119.2 ± 1.2
Brownish magmatic zircon
1 74 291 3.93 4.5 21.53 ± 0.37 0.0536 ± 0.0020 279.7 ± 5.9 292.1 ± 4.8
2 76 230 3.03 3.1 21.34 ± 0.36 0.0607 ± 0.0021 292.1 ± 4.9 292.1 ± 4.9
3 24 55 2.29 6.1 22.01 ± 0.48 0.0587 ± 0.0033 269.5 ± 8.5 284.1 ± 6.3
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zircon (99.4–99.7wt%) and other zircons measured within
the same session lie in the normal range between 99.5–
100.1wt%. The deficient results may be partly explained
by the presence of other REE not measured during EMPA,
especially La and Er. However, a calculation using the
REE distribution patterns for rough estimation of the
contents of all REE (excluding Eu) yields still too low
analytical totals between 99.3 and 99.6wt%. This
phenomenon will be discussed in more detail below.

3.3. SHRIMP analysis and absolute age relations

The SHRIMP analysis was conducted to verify the age
relationships between the two types of zircon and to obtain
a data base for dosage calculations. The results are
compared with the values obtained for birefringence and
with data from EMP, Raman and CL measurements in one
and the same crystal area. We have not aimed at a precise
absolute age determination. Five points were analyzed in
the hydrothermal zircon crystal from the cavity and three
in the magmatic zircon from the wall rock. The results are
listed in Table 3 and plotted in Fig. 6. Most of the
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
nque
analytical points plot close to or on the Concordia. The
data for the hydrothermal zircon are more discordant and
there is considerable common lead which is an additional
hint at its hydrothermal origin. If all five analytical points
for this zircon are used for calculation without any
assumptions for the composition of common lead, an age
of 122 ± 2Ma (MSWD 1.7) can be obtained (Fig. 6). When
the common lead composition is “anchored” according to
the model by Stacey & Kramers at 0.83 207Pb/206Pb initial
ratio, an age indistinguishable within error from the first
one (125 ± 7Ma; MSWD 1.8) is found. The Concordia age
for the three most concordant points lies also in the same
range (126 ± 5 Ma; MSWD 0.13). These data are in
remarkable accordance with zircon ages reported by
Högdahl & Jonsson (1999, 2002, cited in Soman et al.,
2010) and Soman et al. (2010) for zircon from the
pegmatite cavities at Mt. Malosa ranging between
117 ± 1Ma and 123 ± 4Ma, and with the chemical age
calculated by the latter authors for weakly altered thorite
inclusions in zircon (122 ± 5Ma). The K–Ar amphibole
ages of 111 ± 3 and 115 ± 3Ma reported earlier by Eby
et al. (1995) are also similar though somewhat younger.
empe_2739_online.pdf



Fig. 6. Reverse Concordia plot of U–Pb SHRIMP data obtained for
yellowish hydrothermal Type 1 zircon (crystal 1) and brownish
magmatic Type 2 zircon from Mt. Malosa (Malawi). Error ellipses
are two sigma. The strongly discordant point for Type 1 zircon
corresponds to the core and displays high common Pb content.
Nevertheless, calculations including or excluding this point with or
without “anchored” common Pb composition yielded indistinguish-
able results for the calculated ages. See text for further discussion.

Fig. 7. Raman spectrum of yellowish hydrothermal Type 1 zircon
with significant band asymmetry. Both the n3 (B1g) and n1 (A1g)
modes cannot be adequately fitted with one band (999.7 ± 0.8 and
967.2 ± 1.1 cm�1 with FWHM 20.3 ± 4.2 and 25.6 ± 4.5 cm�1,
respectively), especially at the peak flanks. This particular spectrum
can be satisfactorily fitted with four bands (from the right to the left:
1001.7 ± 0.5, FWHM 11.1 ± 2.1; 994.5 ± 0.5, FWHM 24.0 ± 2.8;
963.7 ± 0.7, FWHM 8.2 ± 2.5 and 947.8 ± 1.2, FWHM
36.9 ± 4.7 cm�1). Note that despite the large uncertainties of the
fit, the pairs of both modes at higher and lower wavenumbers show
comparable bandwidths. The spectrum was taken in the area of point
5 in Fig. 1b. See text for further discussion.
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The few U–Pb data for the host-rock zircon studied here
demonstrate that the formation age of that zircon and the
related intrusion age of the granite should be significantly
higher. The calculated U-Pb age for the crystal investigat-
ed is 291 ± 11Ma (MSWD 1.9; Fig. 6). The age data
obtained for both zircon types were used for radioactive
dose calculations listed in Table 2.

3.4. Raman spectroscopy

As in our previous study (Kempe et al., 2010), all Raman
measurements on the two sections of Type 1 zircon yielded
spectra with significantly broadened Raman bands.
Another, previously unnoted feature is the appearance
of an appreciable asymmetry for the n3 (B1g) mode. The
latter mode is commonly used to assess the degree of local
disorder (Nasdala et al., 1995, 2001, 2003). Significant
asymmetry may also be seen for the neighboring n1 (A1g)
mode (Fig. 7). As demonstrated in Fig. 7, it was commonly
not possible to fit these two peaks adequately with one
band, respectively. Some fitting results are listed in
Table 2. In this table, band widths for yellow Type 1 zircon
are given for a fit using only one band for each mode,
respectively, in order to allow comparison to other work
(cf. Palenik et al., 2003). In the classical approach, such
large Raman bandwidths (from 6.2 cm�1 in the core, but
closer to the maximum value of 20.3 cm�1 in the rest of the
crystal) clearly point to a high degree of radiation damage
in the hydrothermal zircon. In contrast, Raman spectra of
brownish Type 2 zircon show only very weak band
broadening, typical of well-ordered zircon (Table 2).
Similar Raman measurements were conducted on the

second sample of hydrothermalType 1 zircon.Additionally,
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
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two measurement series along profiles with a step width
of 10mm were made. As shown below, these profiles
crossed two types of internal textures revealed by OCI.
Results for the fits of the Raman spectra are plotted in
Fig. 8 and the locations of the profiles are marked in
Fig. 9b. The Raman measurements in this second crystal
were made after EBSD. One profile (number 2) was
partly located inside an area studied by EBSD while the
other probed a “pristine” region. In general, the Raman
results for the second crystal were very similar to that for
the first except that the bandwidths tend to be somewhat
lower in the second crystal. When the n3 (B1g) mode is
fitted with one band, the corrected FWHM varied
between 8.3 and 14.3 cm�1. However, the n3 (B1g) mode
of all spectra could be successfully fitted only with two
bands as in crystal 1. Fit results for the two profiles in
Fig. 8 show that in the “pristine” area (profile 1), the
behavior of both fitted bands is similar with a clear
change both in line position and band width when
crossing from one types of texture to the other, indicating
more “disordered” states in the pronounced texture closer
to the core. Changes in the band width of the higher
frequency band are less well pronounced, however. In the
second profile, the bands are moved to lower wave-
numbers and the bandwidths are increased compared to
profile 1. The texture closer to the core was additionally
affected by EBSD. As can be seen from Fig. 8, the trend
inside this area is not as clear as in profile 1. This result
demonstrates the influence of electron irradiation
empe_2739_online.pdf



Fig. 8. Results of fits using two bands for the n3 (B1g) mode in the Raman spectra taken along two profiles in crystal 2 of yellowish
hydrothermal zircon. Comparison of the area closer to the crystal core affected by previous EBSD analysis (shaded gray) in profile 2 (right) to
profile 1 (left) demonstrates that the clear trend visible for the “pristine” area in profile 1 was distorted by the electron beam. Error bars defined
for the fit are 2s. Locations of the profiles are shown in Fig. 9b.
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(normally occurring at high doses during EMPA or EBSD
because high beam currents focused in small spots are
needed for these analyses) on the measured Raman
characteristics of zircon. Similar effects were noted
earlier by Nelson et al. (2000) and Nasdala et al. (2002b).

3.5. Orientation contrast imaging (OCI)

The OCI revealed a complex domain structure which
shows no obvious relation to growth zoning visible in CL
and BSE images (Fig. 9). The domain structure is well
expressed in the central part of the crystal and weakens
toward the prism faces and the crystal termination (Fig.
9b). Investigation with the cold field emission SEM
revealed, however, that the domain structure is also
present in these crystal areas (Fig. 9c), though it is not
clearly discernible with conventional SEM (Fig. 9b). The
domain size may reach several tens of micrometers. On the
other hand, there is a “domain in domain” structure with
the smallest visible domains measuring several dozens to
hundreds of nanometers in size down to (or possibly
below) the limit of resolution of the OC images (Fig. 9c).
The orientation contrast commonly changes gradually
within the domains, indicating high internal strain. In some
places, domain walls are marked by abrupt contrast
changes, which may be additionally outlined by cracks.
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
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3.6. EBSD results

The location of the EBSD grids is shown in Fig. 10a. Two
maps were obtained from the two areas shown in Fig. 9.
Two additional areas were probed in the growth sector
{1 0 0} and the Th-rich zone, respectively. The EBSD
analysis shows that the observed OC is related to gradual
changes in the lattice orientation as well as to abrupt
changes at small angle boundaries (Fig. 10b and c). Note
that indexing of EBSD patterns failed only in pits and
cracks although the local resolution of the method is of the
order of a few tens of nanometers, just in the range
assumed for the extent of a-recoil tracks in zircon (Ewing
et al., 2003). This result demonstrates that the long-range
order in the crystal is well preserved. Misorientation angles
at domain boundaries vary from the order of several tenths
(mostly at the crystal termination) up to about 10° (in the
central part of the crystal), occasionally reaching 20°. The
main rotation axis may be defined along [0 1 3] with some
orientation distribution around it. Orientation distribution is
more clearly seen for rotation angles below 5°.

Band contrast (BC; height of the diffraction peaks above
the background signal in the Hough space) varies in a
similar manner as the orientation contrast in the OC
images. In general, the BC depends on crystal perfection,
phase orientation and several experimental parameters
empe_2739_online.pdf



Fig. 9. Oriention contrast images (OCI) of the yellowish hydro-
thermal zircon (crystal 2): (a) CL image of the crystal with the
location of the OCI (b and c). (b) OCI of a central region of the
crystal obtained with conventional SEM (tungsten emitter). The
locations of the two profiles investigated by Raman spectroscopy are
marked on the figure. (c) OCI of a region closer to the crystal
termination taken with a SEM equipped with a cold field emission
gun and a large-angle BSE detector.
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(Humphreys, 2001). Experimental parameters were kept
constant in our case. The average BC value is the same in
the central part of the crystal (map 1) and at the crystal
termination (map 2) and in the other maps. On the other
hand, variations in BC are much larger in the first case. We
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
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may conclude that the long-range order is of about the
same (high) degree in all areas probed and that variations
in the BC are dominated by the orientation distribution.

The band slope (BS) parameter is determined by the
width of the peaks in the Hough transform describing the
maximum intensity gradient at the Kikuchi band margins.
The band slope depends on the long-range order,
crystallite size, internal strain and the same experimental
parameters as BC. The BS parameter displays large
variations in the central part of the crystal but only
restricted distribution and higher average values at the
crystal termination. Considering conclusions on BC, we
interpret the variations in BS mainly as a result of
distributions in internal strain and crystallite (domain)
sizes rather than in long-range order.
4. Discussion

It is clear from the above results that the correlation
between U and Th concentrations, age, birefringence,
Raman spectroscopic behavior and structural changes
normally reported for natural zircon and well explained by
the radiation-damage model is not observed for the
yellowish hydrothermal zircon from Malawi, although it
holds for the well-ordered brownish magmatic zircon from
the same rock sample. Several aspects of this apparent
contradiction are discussed in more detail below.

4.1. Degree of disorder

The main problem arising with the interpretation of the
data concerns the degree of disorder in the yellowish
hydrothermal zircon. While a high degree of (short-range)
disorder is indicated by Raman spectroscopy, birefrin-
gence suggests a high degree of short-range order (ordered
orientation of covalent bonds) except for the Th-rich zones
(Table 4). From dose calculations based on UþTh
contents and U–Pb SHRIMP ages, only weak radiation
damage is expected except for some enhanced values in
the Th-rich zone (Table 4). No significant distortion of the
long-range order is seen by EBSD in all areas investigated.
We conclude from the data that there is a high degree of
long-range order in both the magmatic and hydrothermal
zircon crystals studied.

The Raman data, namely the FWHM defined for the n3
(B1g) mode fitted with a single band, may be plotted in a
diagram together with the dose (calculated here from the
SHRIMP data; Fig. 11) as proposed by Nasdala et al.
(2001). The diagram shows that the disorder indicated by
Raman spectroscopy for the hydrothermal zircon is much
higher than can be expected from internal radiation in any
realistic time interval considering the U and Th contents.
All but one data point (calculated for an unrealistic high
age) plot well above the linear array defined by Nasdala
et al. (2001) as a calibration line for zircon samples with
no evidence for annealing after crystallisation. Deviations
from this line are frequently observed for zircon that
experienced annealing well after formation. In this case,
empe_2739_online.pdf



Fig. 10. Results of EBSD analysis of the yellowish hydrothermal zircon (crystal 2). (a) CL image of the crystal with the location of the
mapped areas (1–4). (b) EBSD map of region 1 (band contrastþ texture contrast) illustrating the orientation domain textures. (c)
Misorientation profile through region 2. (d) Misorientation profile through region 1.
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data points plot below the calibration line and projection
on this line by recalculation to other ages is sometimes
used to estimate the original dose and/or the (hydro-)
thermal event responsible for recrystallisation (Nasdala
et al., 2001; Geisler et al., 2003; Dziggel et al., 2005;
Tichomirowa et al., 2005). However, this method is not
applicable in our case. Other approaches are needed to
explain the observed apparent discrepancies between the
data obtained by various methods.
4.2. BSE contrast and CL intensity

In an earlier work, we noted two types of zircon
considering BSE and CL contrast: (1) “normal” zircon
with inverse behavior of BSE and CL intensity and (2)
zircon with low CL signal paralleled by “anomalous” low
BSE (Kempe et al., 2000). These relations were further
explored by Nasdala et al. (2006, 2009). The cited authors
found for zircon of the first type analytical totals close to
100 % (Nasdala et al., 2009). Surprisingly, the BSE
intensity was found to correlate well with the broadening
of the Raman peaks in their samples rather than with the
average atomic number as normally assumed in electron
microscopy (Nasdala et al., 2006). The zircon of the
second type showed low analytical totals but there was no
clear correlation with the Raman characteristics (Nasdala
et al., 2009). In our case, the brownish zircon from the host
rock belongs to the first group � CL and BSE contrast are
inversely correlated, the BSE signal is at a “normal” level
and all microprobe analyses show good analytical totals.
The Raman peaks are rather sharp. However, the yellowish
hydrothermal zircon does not fit into a “two-type” schema.
Except for the core region A in some crystals (e.g., in
crystal 1), the CL and BSE signals are inversely correlated,
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
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but the analytical totals are always low when the trace-
element content is high. In general, the BSE signal
intensity in the crystals is at the same level as in the
brownish zircon crystal (i.e. as in “common” zircon). The
Raman peaks in the spectra from the yellowish zircon are
always considerably broadened as further discussed
below. The core region in the first crystal studied in more
detail is somewhat similar to zircon of the second type
characterised by Nasdala et al. (2009) because the CL is
quenched while the BSE signal is low (Fig. 1) and Fe and
Ca appear in detectable quantities (Table 1). This
conclusion is also supported by SHRIMP analysis
indicating high common lead (Table 3) and a significant
discordance of the U–Pb system (Fig. 6).

4.3. Element substitution, charge balance,
stoichiometry, and analytical totals

A striking peculiarity of hydrothermal zircon from the
cavity is the high contents of Y and the REE substituting
for Zr as suggested by the microprobe analyses and
formulae calculations shown in Table 1. It is well
established that these elements substitute at the dodecahe-
dral Zr site which is coordinated by eight oxygen atoms
(Speer, 1982; Hoskin & Schaltegger, 2003). However,
replacement of tetravalent Zr by trivalent Yand REE needs
charge compensation. According to the literature, the most
common compensation mechanism is the coupled
substitution of P for Si in the tetrahedral site (see Speer,
1982; Finch et al., 2001; Hoskin & Schaltegger, 2003 and
Harley & Kelly, 2007 for summaries). This mechanism
cannot be operative in our case because P could not be
detected by EMPA. An alternative way of charge
compensation is the coupled substitution of pentavalent
empe_2739_online.pdf



Table 4. Comparison of estimated doses (in 1018 a-events per g) for hydrothermal (Type1) and magmatic (Type2) zircon from Malawi
according to (1) chemical composition and age, (2) Raman spectroscopy using the linear array defined by Nasdala et al. (2001) in the plot
FWHM for the n3 (B1g) Raman mode vs. dose calculated from chemical composition and age and (3) birefringence using the linear relation
defined by Palenik et al. (2003) for Sri Lanka zircon.

Point Dose calculated from age and UþTh (1) Dose estimated from Raman spectroscopy (2) Dose estimated from birefringence (3)

Yellowish hydrothermal Type 1 zircon (120Ma)
1 0.05 0.30 < 1.5
2 0.09 0.88 < 1.5
3 0.09 1.11 < 1.5
4 0.96 1.33 2.2–3.5
5 0.21 0.84 < 1.5
8 0.04 1.25 < 1.5
Brownish magmatic Type 2 zircon (290Ma)
1 0.14 0.14 < 1.5
2 0.12 0.12 < 1.5
3 0.04 0.07 < 1.5

(Note that the relationships obtained between calculated dose and Raman characteristics or birefringence, respectively, were originally not
proposed for dose calculations. This is because such relationships would apply only for cases when the thermal history of the measured and
the reference samples was the same after crystal formation. In the case of Raman, the linear array applies for zircon not re-heated after
formation (Nasdala et al., 2001) as found for magmatic zircon in our case. The linear relationship found for birefringence rests on
measurements on Sri Lanka samples certainly re-heated after formation. See text for further explanations.)

Fig. 11. Plot of the FWHM of the n3 (B1g) mode in the Raman
spectra versus dose calculated from SHRIMP data (cf. Table 2)
according to Nasdala et al. (2001). For hydrothermal zircon, doses
for both U–Pb SHRIMP ages (120 and 280Ma) were calculated and
plotted in the figure. The points of the magmatic zircon calculated
for an age of 280Ma plot on the calibration line defined by Nasdala
et al. (2001) for zircons not annealed after formation.
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Nb and Ta for tetravalent Zr and Hf (Vinokurov et al.,
1964; Solntsev & Shcherbakova, 1974; Di Gregorio et al.,
1980; Speer, 1982; Smith et al., 1991; Hoskin &
Schaltegger, 2003). Although Nb is present in measurable
quantities in the zircon studied, the content is too low to
compensate the charge unbalance fromYand the REE (see
Table 1). A third possibility of charge compensation often
overlooked is incorporation of pentavalent U at the
zirconium position known from doping experiments
(Vance & Mackey, 1978). The presence of pentavalent
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
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U in natural zircon is well established by absorption
spectroscopy in the near-IR range (Vance & Mackey,
1974; Zhang et al., 2003). In our case, however, the U
content is also by far too low to account for compensation
although the lack of U4þ lines in the optical absorption
spectra and of UO2

2þ in the luminescence spectra suggests
that nearly all U in this zircon is present in the pentavalent
state. Other suggestions for charge compensation not
applicable in our case were reviewed by Speer (1982) and
Smith et al. (1991) and include charge compensation by
divalent elements (Ca, Fe) or by Al, replacement of
oxygen by hydroxyl groups and formation of holes trapped
on oxygen. Note that no water or OH could be found by
Raman spectroscopy in our case. Finch et al. (2001),
Ushikubo et al. (2008) and Soman et al. (2010) showed or
assumed that Li is a possible compensator. It is still unclear
which position Li should take in the zircon structure and
we have no hints for Li mineralization at our sampling
location as stated above. Note, however that Li is
frequently present in enhanced concentrations in Zr–
Nb–REE mineralisation. In the case of the Jack Hills
zircon studied by Ushikubo et al. (2008), the Li was found
in zircon in alteration zones apparently formed during
weathering. Lithium together with P could not maintain
charge balance in that case. Lithium was also noted by
Smith et al. (1991) in zircon from Thor Lake (Canada)
where its content has also been estimated to be too low for
charge compensation. Although we assume that Li does
not fit well into the zircon structure, the role of Li in zircon
merits further investigation.

Summarising, charge unbalance from trivalent elements
replacing Zr and Hf is apparently not compensated by
coupled substitution with other cations in our zircon. In a
comprehensive study on zircon from various localities in
the Alps, Rizzo et al. (2000) have also found a significant
number of cases, where YþREE substitution was not
empe_2739_online.pdf



Fig. 12. Evaluation of results of EMPA (data from Table 1):
comparison of apparent site occupancy on the Zr position with the
content of REEþY.
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compensated by P or other elements measured. They
concluded that significant distortions in the mineral
structure should result. We assume here, considering the
absence of measurable F, that one possible explanation is
charge compensation by oxygen vacancies, a mechanism
widely unnoticed or neglected (Finch et al., 2001) in the
literature.
There are also hints for further deviations from the ideal

structure which cannot be, however, proven here due to the
low precision level of the microprobe analysis. All non-
formula elements detected (including U, Th and Ti;
Solntsev & Shcherbakova, 1972; Speer, 1982; Harley &
Kelly, 2007) substitute for Zr and Hf. It is, therefore,
interesting to look whether or not stoichiometry is
maintained between the Si and Zr sites. Apparently, there
is a tendency for an increased deviation from stoichiome-
try with increasing contents of trivalent elements (Fig. 12).
If this is not related to an analytical artefact (e.g., to a
systematic overestimation of the Y content for what we
have presently no hint) this deviation from stoichiometry
indicates the occurrence of some additional vacancies on
the tetrahedral (Si) position which, in turn, should result in
an increasing number of oxygen vacancies for charge
compensation. Interestingly, similar non-stoichiometry
effects were noted by Finch et al. (2001) for synthetic
crystals doped with REE and P. We have noted earlier
another type of deviation from zircon stoichiometry
observed for Hf-rich zircon with an anomalous low BSE
contrast and with low contents of other non-formula
elements. In that case, reversely, a deficit on the Zr position
was apparent (Kempe et al., 1997).
As shown above, our analyses of the Y- and REE-rich

zircon yielded analytical totals below 100wt%. Similar
low totals for trace-element rich zircon were reported by
Čern�y & Siivola (1980) and Pointer et al. (1988) for
hydrothermally altered zircon from the Tanco pegmatite
(Canada) and the Ririwai granite (Nigeria), respectively,
and by Smith et al. (1991) for hydrothermal zircon from
Thor Lake (Canada). These authors assumed an additional
presence of “water” and a role of sub-microscopic voids in
their samples.
The problem of low analytical totals frequently met for

natural zircon was explored by Pointer et al. (1988), Smith
et al. (1991), Pérez-Soba et al. (2007) and is recently
reviewed and further evaluated by Nasdala et al., (2009,
2010). The conclusion by the first two authors favouring
the incorporation of water or OH groups and/or the
existence of sub-microscopic voids was corroborated by
the data obtained by the latter authors. According to these
models, voids and possible water uptake occur in zircon by
recrystallisation of metamict crystal areas during hydro-
thermal alteration. In our case, however, low analytical
totals cannot be explained by sub-microscopic voids partly
filled with water. Although there are areas in the
investigated crystals rich in such voids down to a few
hundreds of nanometres or less in diameter which are often
observed in high-resolution FE SEM imaging, large parts
of the crystals lack such voids. No systematic relation
between low analytical totals and the appearance of voids
m http://pubs.geoscienceworld.org/eurjmin/article-pdf/30/4/659/4500547/ejm_30_4_0659_0679_k
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in the respective areas could be found. In general, areas
with voids were avoided during our EMPA and SHRIMP
measurements. This point merits further research.

4.4. Interpretation of Raman spectra

The original interpretation of line broadening and shift in the
Raman spectra of zircon was based on the observation that
changes in the spectra may be correlated with similar
changes in the position and line widths in X-ray powder
diffraction patternsmeasured for the same samples (Nasdala
et al., 1995). Theweakness of this approachwas in its purely
empirical nature. In a later discussion,Nasdala et al. (2002a)
suggested that line broadening observed for the internal n3
vibration results from irregular distortion and tilting of
individual [SiO4] tetrahedra resulting fromstrain inducedby
point defects (produced by radioactive irradiation) and from
the presence of an amorphous phase, while the Raman band
shift reflects the lattice expansion established by XRD
analysis. Similar conclusions were reached earlier by
Woodhead et al. (1991) applying IR analysis and by Knittel
&Williams (1993) after high-pressure Raman experiments,
but they are in conflict with an XRD single-crystal study on
moderately metamict zircon that demonstrated that changes
in the [SiO4] tetrahedra are negligible (Ríos et al., 2000a).

As revealed by OCI and EBSD, the Raman laser probed
heterogeneous crystal areas (domains) of the hydrothermal
zircon from Malawi with distribution of (1) lattice
orientation, (2) domain sizes, and (3) internal strain. In
general, Raman spectra may be affected by all three factors
(Burns & Scott, 1970; Sanjurjo et al., 1983; Frey & Payne,
1996). However, orientation distribution cannot be
accounted for band shifts here because Raman-active
modes in zircon are not polarized. The influence from
phonon confinement effects within the domains should
also be negligible because the domain sizes are mainly
well above the critical value of 20–30 nm (e.g., Nasdala
et al., 2002a). We propose that the variations in the Raman
spectra may be directly linked to internal strain, an effect
well known from other crystalline materials (e.g.,De Wolf
et al., 1992). In this interpretation, the direction and extent
of the line shifts are a measure of the kind and extent of the
empe_2739_online.pdf
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strain while the line widths characterise strain distribution.
As shown by De Wolf et al. (1992), tensional strain
occurring e.g. at grain boundaries causes mainly line shifts
to lower frequencies while compression shifts the lines to
higher values excluding for “soft”modes. Shifts of Raman
lines to higher values related to compression were
previously reported from high-pressure experiments on
zircon (Knittel & Williams, 1993; Nasdala et al., 2008)
and for zircon enclosed in sapphire (Wang et al., 2006).
We further note that changes in the band position and
widths are also observed for external (lattice related)
modes and are not restricted to the internal modes of the
[SiO4] tetrahedron (see also Nasdala et al., 1995). We may
conclude that line shifts to lower Raman frequencies
observed in our case reflect tensional strain in the
hydrothermal zircon under consideration as suggested
by OC imaging and EBSD.
The internal tensionmaybe explained in severalways.At

least in part, the strain is simply related to the substitution of
larger elements into the Zr site (Solntsev & Shcherbakova,
1974; Hoskin & Black, 2000; Finch et al., 2001).
The influence of substitution into the Zr site on the

Raman spectra of synthetic zircon was studied for the
cases of Hf, Y and U by Hoskin & Rodgers (1996),
Nasdala et al. (2003) and by Geisler et al. (2005) for
Chernobyl “lava” zircon, respectively. For Hf, a weak
increase in the Raman shift for internal stretching modes
and some decrease for internal rotational and external
modes was observed. No significant changes in the line
widths were reported (Hoskin & Rodgers, 1996).
Substitution of Y or U causes an increase in band widths
and the occurrence of band asymmetry (Nasdala et al.,
2003) as well as a shift to lower wavelength numbers
(Geisler et al., 2005). Note, however, that the maximum
spectral changes observed in synthetic zircon, even for a
substitution of about 12mol % USiO4 as for the U-rich
Chernobyl zircon, are well below the changes found in our
study. To give an example, the FWHM in the U-rich
Chernobyl zircon approaches 6.7 cm�1 for the n3 (B1g)
mode, while up to 20.3 cm�1 were found for Malawi
zircon. We assume that the effect of line shift and
broadening is further enhanced by vacancy formation and
the problem to compensate for these structural changes by
ordering processes, twinning etc. promoting local strain
domain formation. Note that the zircon structure is very
rigid as reflected by the unusually low thermal expansion
and compressibility of zircon (Özkan & Jamieson 1978;
Hazen & Finger, 1979; Speer & Cooper, 1982).
Reddy et al. (2006, 2009) assigned similar internal

textures detected by EBSD to deformation events induced
by external stress. Growth in open space and lack of any
signs of deformation preclude such an interpretation in our
case. Summarizing, we favour internal (structural)
mechanisms to be responsible for the occurrence of
tensional strain.
The suggestions made here on the role of internal strain

are corroborated by the results obtained from the Raman
measurements along the two profiles crossing two textural
areas of orientation distribution in the second crystal
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(Fig. 8 and Fig. 9b). The extent of domain misorientation
measured by EBSD correlates with the extent of assumed
tension and strain distribution indicated by the Raman
spectra. Partial relaxation of strain between the two areas
seen in the Raman spectra after intense electron irradiation
during EBSD analysis (Fig. 8) may be explained by local
heating effects and by electron trapping in the zircon
structure. namely, oxygen vacancies can act as excellent
electron traps.

Remarkably, the observed domain structure with related
tensional strain distribution may also explain the band
asymmetry observed in the Raman spectra. As shown
above, the resolution of Raman spectroscopy and the
domain sizes are of comparable order. That means that two
or more domains may be present within a single Raman
spot. The resulting effect leading to the appearance of
asymmetric Raman bands in the spectra was earlier
demonstrated by Nasdala et al. (2005) by an intentional
measurement on a boundary between two areas with quite
different degrees of metamictization in a single zircon
grain. The asymmetry may be also related to strain
distribution within single domains.

No asymmetry was observed in our previous study on
single crystals of hydrothermal zircon from the Malawi
sample (Kempe et al., 2010). In that work, the volume
probed by the Raman measurements was further enlarged
by focusing the laser beam below the sample surface with
a resulting signal averaged over a much greater number of
domains. We assume that high statistics in strain
distribution yielded symmetric broad bands in the
resulting composite spectra.

Note that in a conventional study, the Raman spectrosco-
py of the hydrothermal zircon fromMalawiwould suggest a
high degree of metamictization. Such samples are com-
monly avoided in geochronological studies. However, no
general analytical problems except enhanced contents of
common lead were met during our SHRIMP analysis.

4.5. CL spectroscopy

While the CL spectra of the magmatic zircon reflect the
well-ordered structural state of this zircon with common
broad-band emissions accompanied by some weak line
emissions related to the REE3þ, the CL spectroscopy of
the yellow hydrothermal zircon underlines its unusual
character. The strong REE3þ line emissions correspond to
the high contents of the REE in the crystals. Remarkably,
there are crystal areas with even more intense emissions
from the light REE than from the heavy one. Comparable
intense Nd3þ emission were not yet reported in the
literature for natural zircon. Note that heavy REE fit easier
into the zircon structure than light REE. Accordingly,
higher local distortion may be expected from the very high
light-REE contents. On the other hand, comparison of the
Dy3þ emission in well-ordered brownish magmatic zircon
and in the yellowish hydrothermal one does not show any
significant line broadening (cf. Fig. 3 and Fig. 4). Although
this may be related to some extent to the resolution of the
fine structure in our spectra, this observation may also
empe_2739_online.pdf



Fig. 13. Similarity in orientation distribution of (a) domains in the
hydrothermal zircon from Malawi illustrated by the central part of
the [1 0 0] EBSD pole figure (this work) and (b) for Moroto zircon
(Ríos & Salje, 1999) illustrated by diffuse X-ray scattering of the
(4 0 0) reflection in the reciprocal space.
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indicate preservation of long-range order (resulting in only
weak variations in the crystal field around the REE) in the
hydrothermal zircon despite significant substitution of
non-formula elements (cf. Lenz et al., 2013; Lenz &
Nasdala, 2015). However, the more sensitive, common
broad-band emissions related to the defect structure in
well-ordered zircon (Kempe et al., 2000, 2010) are
completely absent in the hydrothermal zircon indicating
that some kind of disorder should be present. We assume
here that the quenching of intrinsic broad band lumines-
cence results mainly from the high vacancy concentration
discussed above.

4.6. Possible consequences for the model of zircon
metamictization

Although the yellowish hydrothermal zircon discussed
above is certainly a very rare and extreme case, we assume
that our findings may also contribute to the general
understanding of the phenomenon of disorder in zircon
and zircon metamictization. Besides the accepted model
assuming radioactive decay as the leading process, there
may be other mechanisms operative and resulting in the
effects observed. One assumption made previously for
metamic minerals in general was that metamictization may
be related to the formation of very small, metastable and
partially ordered domains with high defect densities within
the crystals which show a misorientation distribution
(Pyatenko, 1970; Graham & Thornber, 1974, 1975). The
formation of such domains may or may not be accelerated
by radioactive irradiation. It was further assumed that the
formation of such domains may be induced by a complex
composition, substitution of large cations and/or charge
unbalances (Aleksandrov, 1960; Graham & Thornber,
1974). Note that metamictization most often occurs in
complex oxides where ordering processes are complicated
by the complex chemical composition and in structures
with highly charged cations (Graham & Thornber, 1974,
1975). Meldrum et al. (1999) noted as a result of TEM
investigations on zircon that a polycrystalline structure is
observed in natural metamict zircon which is not
reproduced by ion irradiation. Slightly misoriented
microcrystallites about 100 nm in size were also found
by Bursill & McLaren (1966) in a TEM study on another
metamict zircon. In Fig. 13, we compare the orientation
distribution in the EBSD pole figure [1 0 0] of our Malawi
sample with the orientation distribution reported by Ríos
& Salje (1999) for diffuse X-ray scattering of the (4 0 0)
reflection in the reciprocal space of a slightly metamict
sample from Moroto (Uganda). The similarity is striking.
The latter authors explained their results by an intrinsic
mosaic of the sample and swelling of defective areas.
Note that according to our interpretation of the line

broadening and shift, Raman spectroscopy of partly
metamict zircon indicates always tensional strain for the
damaged and undamaged crystalline parts present there
along with amorphous regions, according to the accepted
model for zircon amorphization (see Chakoumakos et al.,
1987; Salje et al., 1999; Zhang et al., 2000). In contrast,
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compression is expected according to the amorphization
model in highly metamict zircon when the volume swelling
is mainly related to the volume increase by formation of
amorphous regions (Weber & Maupin, 1988), i.e. beyond
the second percolation point (Salje et al., 1999).

In conclusion of this discussion, we would stress the
convergence between both mechanisms of amorphization,
namely complex substitution and radioactive irradiation,
because the a-recoil during the decay of U and Th
produces mostly oxygen vacancies (Bursill & McLaren,
1966; Park et al., 2001; Ewing et al., 2003) which are
responsible for strain and misorientation distribution in the
present case of the Malawi zircon. In the Malawi zircon,
however, oxygen vacancies were rather formed by charge
compensation for trivalent elements substituting into the
zirconium site.

4.7. Hydrothermal activity and cooling history of
the Mt. Malosa complex

Our results may also shed some light on the magmatic and
hydrothermal history of the Mt. Malosa complex.
Although more geochronological work is needed, the
age defined for the apparently magmatic zircon in our
sample indicates that alkaline magmatism at least in the
Zomba-Malosa massif may be significantly older than
previously assumed (Eby et al., 1995). As a consequence,
K–Ar ages for amphibole and fission track ages for apatite
and zircon reported by the latter authors may reflect
hydrothermal reset ages rather than cooling ages.
5. Conclusion

The example of the unusual hydrothermal zircon from Mt.
Malosa, Malawi suggests that Raman spectroscopy of
partly or strongly disordered zircon may reflect internal
strain due to misorientation domain structures of variable
size. Changes in the spectra may not directly be linked to
the damage of the long- and short-range order in the crystal
caused by radioactive irradiation. This fact again raises the
problem of the nature of the disorder frequently observed
in natural zircon.
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