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Abstract

Cathodoluminescence (CL) image analysis of zircon is a key step of mineral micro-area compositional investigation and

U-(Th)-Pb dating. We introduce a system consisting of field emission ESEM and high performance cathodoluminescence. This system has
obvious advantages in imaging resolution and CL spectrum. We acquired some zircon CL images and spectra to demonstrate the ability of
this system. Our results show that this system has a great potential application to characterize and identify the genesis of zircon.
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Zircon, as a stable mineral in physical and chem-
ical properties, plays an important role in the research
of rock genesis, diagenesis age, inclusion in (Ultra)
high pressure minerals, metamorphic histories and
the evolution of orogeny belt!!™ 1. In recent ten
years, micro-analyses of SHRIMP and LA-ICPMS
applied to U-Pb dating have greatly accelerated the
research of geosciences. However, in the process of
precise analysis, precise localization of analyzed spots
and reasonable interpretation of the results must be
based on the high quality cathodoluminescence im-
ages. Due to the restrictions of low resolution and the
sampling methods, the previous cathodoluminescence
(CL) systems cannot obtain very clear images. How
to acquire high quality images becomes an urgent
problem to be solved in geological experiments. In
this work, we introduce a high performance CL sys-
tem consisting of a field emission ESEM and a high
performance CL.. We will demonstrate the advantages
of this system in image resolution and spatial resolu-
tion!®). Using the CL system, we try to acquire high
quality CL images and spectra to improve zircon gene-
sis research.

1  Constitution and characteristic of high
performance CL system

The high performance CL system consists of a
field-emission environmental scanning electron mi-
croscopy { FEI, Quanta 200 F) and a spectrograph
including panchromatic mode and monochromatic
mode (Gatan, Mono CL3 + ). By using the technique

of field emission, the spatial resolution of the environ-
mental scanning electron microscopy (ESEM) is obvi-
ously higher than that of conventional scanning elec-
tron microscopy (SEM). Since the ESEM can work
in two different vacuum modes: low vacuum mode
and environmental vacuum mode besides high vacuum
mode, the insulated samples can be analyzed directly
without coating[ﬁ]. Thus, the samples can avoid pol-
lutions and damages. In addition, this equipment
provides the ability to record monochromatic images
at chosen wavelengths of interest. Therefore, the CL
system greatly improves the image quality and the
spectrum analysis ability.

1.1 Field emission ESEM

Field emission ESEM is a new advanced SEM in
the world. It has some main advantages in compari-
son with the conventional SEM: it has high spatial
resolution, and insulating and biological samples can
be observed directly without coating. Owing to the
new techniques of field emission gun and pressure-
limiting aperture (PLA) adopted in the ESEM, the
ability of micro-analysis has been greatly improved.

Field emission gun: The electron gun of the ES-
EM is a Schottky field emission source. The charac-
teristics of the gun are high brightness and small en-
ergy dispersion of the electron beam. Therefore, we
can obtain a high quality electron probe through a de-
magnification unit. The spot size is about 1 nm with a
high current density of 1 nA. Thus, the signal noise
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ratio and spatial resolution { <2 nm) of the image
have been improved greatly.

Pressure-limiting aperture: The ESEM uses con-
ventional differential pumping across a pressure-limit-
ing aperture to separate the high vacuum of the elec-
tron optics column from the high pressure of the spec-
imen chamber. Quanta 200F has three operating vac-
vum modes to deal with different types of samples.
High vacuum is the conventional operating mode in
conventional scanning electron microscopes. The oth-
er two application modes are low vacuum and ESEM
modes. In these modes the column is in high vacuum
while the specimen chamber is in a high pressure
range of 0.1 = 30 ¢ (Fig.1). Either mode can use
water vapour from a built-in water reservoir, or aux-
iliary gas supplied by the user gas inlet provided for
this purpose. Observation of out gassing or highly
charging materials can be made by using one of these
modes without metal coating.
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The elimination of the specimen charging is
achieved by the introduction of gas molecule (usually
water vapour) in the specimen chamber. The collision
of the electron beam with gas molecules produces pos-
itive ions near the specimen surface. These ions can
be combined with the excess electronic charges on the
surface, causing neutralization of the sample surface.
The presence of gas around the specimen has some
important advantages: the first is to suppress charge
accumulation on the insulating specimens; the second
is to preserve the natural state of the sample in the
electron detection. Fig. 2 shows the experimental re-
sults of the Zircon sample without metal coating in
different vacuum modes. We can see that the CL im-
ages and SEM images of the sample are severely
charged in high vacuum mode (Fig. 2 (a), (b))

while those in low vacuum mode are clear and have no

charging effect. (Fig. 2(c), (d)).

Fig. 2.  Comparison of SEM and CL images of Zircon without
coating in different vacuum modes. (a) CL image of Zircon in high
vacuum mode; (b) SEM image of Zircon in high vacuum; (c) CL
image of Zircon in low vacuum mode; (d) SEM image of Zircon in

low vacuum mode.
1.2 High performance CL spectrometer

The CL spectrometer {Mono CL3 + ) consists of
CL302 collection, monochromator and high sensitivi-
ty photomultiplier. The diamond turned paraboloidal
mirror {10 mm in thickness) is a key and delicate op-
tical component in the CL302 collection. There is a
hole in the mirror to be coincident with the electron
optical axis of the microscope. The CL302 allows pre-
cise positioning in the X direction with 75 mm of re-
traction compatible with the chamber vacuum.
Switchable mirrors in the 300 mm Czerny-turner
monochromator allow the system to be operated in
panchromatic or monochromatic mode. The wave-
length is in the range of 200 mm—900 nm. The
width of slit is continuously variable from 10 pm to 5
mm. The spatial resolution depends on the grating.
In panchromatic mode, the light bypasses the
monochromator and is directly coupled to the PMT
detector. In monochromatic mode, there are two op-
tions depending on the serial/parallel configuration.
We can obtain monochromatic imaging and spectrum
using the CL spectrometer.

2 CL images and CL spectra of different
geneses zircons

Zircons can be found in various rocks of different
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Fig. 3. Schematic diagram of monochromator for monochromatic
and panchromatic collections. (a) Monochromatic mode; (b)
panchromatic mode.

petrogeneses as an accessory phase. Magmatic zircons
apparently differ from the metamorphic ones due to

their different crystallizing mechanics!’.

Magmatic
zircons are formed under suspending conditions in
magmas where zircons can grow freely. As a result,
the crystals are usually euhedral to semi-euhedral pris-
matic and bipyramidic. CL imaging reveals that the
grain interior usually has oscillating magmatic crystal-
lizing zonations parallel on the growth boundaries.
The width of the zonation relates to the magma tem-
peratures and the element diffusion rates in the crys-
tallize processm. The wider oscillating zonations are
usually formed at high temperature similar to those of
zircons in troctolites and gabbros, while the narrow
and dense oscillating zonations are formed in zircons
in medium to acidic rocks like granites. In metamor-
phic rocks, zircons are formed in the recrystallization
of Zr and Si released by the decomposition of minerals
in metamorphism or influenced by metamorphic flu-
ids. Most of them are metamorphism-accreted zircons
with a magmatic core or recrystallized zircons by re-
working existing grains in protoliths besides new-
grown metamorphic zircons. Generally, zircons have
complicated interior structures. Since metamorphism-

accreted zircons grow typically in sub-solid and multi-
facial ways, they usually have various crystal forms
such as round, euhedral, semi-euhedral, and euhedral
forms. Various zonations are developed in these zir-
cons including non-zonation, and weak, misty, fan-
shaped, fir needles-like, facial, spongy, and stream-
(8] Due to the relatively strong fluores-
cent effects of zircons, CL imaging of the interior
structures becomes the most important method of dis-
criminating the genesis-type of zircons.

ing zonations

2.1 Advantages of high performance CL spectro-
scope in zircon analyzing

The CL system introduced here consists of a field
emission ESEM and a CL spectroscope. It has the
following advantages in analyzing the insulating sam-
ples such as zircons in comparison with the CL system
established on a high resolution microscope, an elec-
tronic microprobe, or a conventional SEM:

(1) CL imaging in the low vacuum mode is op-
tional. Because it is unnecessary to coat a metal film
on the sample surface, a plain polished section or a
thin section can be observed. The investigation can
also be performed directly on the naked zircons by at-
taching it on polished resin such as SHRIMP and LA-
ICPMS targets, which enhance the micro-analyzing
ability of zircons.

(2) The resolution of the CL system is essential-
ly improved due to the use of field emission ESEM.
Since a low energy electron beam was selected as the
activating source, the surface damage of our proposed
CL system decreased considerably compared with oth-
er CL systems, e.g. the surface damage is seldom
found in the resin target for SHRIMP U-Pb dating,

which guarantees the micro-analyzing of zircons.
2.2 Significance of high- quality CL. image

The precise timing of the geological processes is
the main task of geology. Based on mineral U-(Th)-
Pb isotopic system analyzing, the micro area dating of
single mineral grain is becoming more and more indis-
pensable, due to the increasingly developed micro-an-

alyzing techniques such as SHRIMP and LA-ICPMS.

U, Th, and REE-rich zircons and baddeleyites
are among the most important minerals used in U-
(Th)-Pb isotopic geochronological studies. Zircon CL
image can be used to reveal the geneses of zircons
with complicated interior structures and to recuperate
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the zircon crystallizing processes. Thus, reliable bases
can be provided for choosing the analyzing sites of mi-
cro area dating, reasonably explaining the acquired U-
Pb ages, and characterizing the geological events
probably undergone in the host rocks of zircons.
Therefore, high quality zircon CL image has been a
requirement in zircon U-Pb geochronological studies.

We investigate the CL panchromatic and
monochromatic spectra of zircons with different gene-
ses using the high-performance CL analyzing system
mentioned above. The results indicate that this CL
system basically satisfied the study of complicated zir-
con interior structures. The CL panchromatic images
of a baddeleyite (Fig. 4(a)) and a magmatic zircon
with two captured earlier zircons (Fig. 4(b)) from
Jinchuan copper-, nickel-rich ultramafic rocks in
Longshoushan block!®), a metamorphic zircon (Fig.
4(c)) from the granulite in Yushugou terrain, south-
ern Tianshan!’”), and a metamorphic zircon (Fig. 4
(d)) from the garnet peridotite in North Qaidam
UHP belt!'!) clearly reveal the complicated interior
structures of these zircons and the characteristics of
the inclusions including the captured earlier zircons,
which provides the confirmed basis for the explana-
tion of SHRIMP U-Pb dating data and their geologi-

cal implications.

40 um
Fig. 4. Baddeleyite and zircon CL images acquired using the high-
performance CL system. (a) A baddeleyite from Jinchuan copper-,
nickel-rich ultramafic rocks; (b) a magmatic zircon from Jinchuan
copper, nickel-rich ultramafic rocks; (c¢) a metamorphic zircon
from the granulites in Yushugou terrain; (d) a metamorphic zircon
from the gamet peridotite in the North Qaidam UHP belt!!!].

2.3 CL spectra of zircons with different geneses

Extensive attentions have been paid to many re-
searchers since CL images disclosed the differences in

both interior structures 812} and trace element com-

positionsm—m of zircons with different geneses. Re-
cently, we have carried out a primary comparative
study on the CL spectra of the zircons with definite
magmatic and metamorphism-accreted geneses. The
results show that the main luminescence of the zircon
emitted at 313, 351, 404 (402), 481, 548, 579,
626, 663, and 754 (755) nm (Fig. 5). The CL
spectra of magmatic zircons form sharp peaks at
481nm and 579 nm(Fig. 5(a), (b)). However, the
CL spectra of metamorphism-accreted zircons, such
as the zircons in the coesite-bearing gneisst*) (Fig. 5
(c)), garnet peridotite, and eclogite in northern
Qaidam basin Yushugou granulite!'®! (Fig. 5(d)) in
southern Tianshan orogenic belt, and garnet pyroxen-
ite in Songshugou region“ﬁ], of Qinling orogenic belt
do not form sharp peaks at these wavelengths instead
of “wide peaks” at 579 nm and 313—351 nm (Fig. 5

(c), (d)).

CL emission may be caused in three ways: (i)
Band-band luminescence, i.e. valence electron is ex-
cited to the conduction band, and then released to the
ground state with the emission of a photon (&Y),
which is the characteristic of the investigating materi-
al (Fig. 6(a)); (ii) defect luminescence, i.e. energy
relaxation (the return of the excited electron to its
ground level) is also possible via other radiative or
non-radiative transitions involving local defects (Fig.
6(b)); (iii) impurity luminescence, i.e. some cen-
ters might be excited directly in company with relax-
ation mechanisms. These centers are hardly influ-
enced by the local crystal field, which may often be
found for trivalent rare earth element (REE) centers
(Fig. 6(c))!'""). The experimental result suggests
that the high intensity sharp peaks at 481 nm and 579
nm indicate that the band-band luminescence is pre-
dominant in magmatic zircons with euhedral crystal
forms, while the prevalent “wide peaks” of zircons
with metamorphic geneses relate to the existence of a
large number of crystal-facial defects due to the multi-
facial crystal forms of metamorphism-accreted and
metamorphism-recrystallized zircons. The study of
Nasdala (2003) on the CL spectra of visible light sug-
gested that the luminescence at 481, 579, and 754
nm can be attributed to the existence of the rare earth
element Dy’*, and the luminescence at 579, 626,
and 663 nm to the existence of the rare earth element
Sm** . The apparent decrease of intensity at 481 and
579 nm in the CL spectra of metamorphic zircons may
relate to the considerable decrease of the heavy rare



Progress in Natural Science Vol.16 No.9 2006 www. tandf. co. uk/journals 923

[ @
30 r

481

Counts ( X 1000)
S

10f 548

sk 313351 404 626

663 754

1 i 1 i L " "
200 300 400 500 6100 760 800
Wavelengh (nm)
[ ®) iy

481

N W
wn O
T T

100 pm

—
(¥4
T

Counts (X 1000)
528

th
T

0 L
20 300

200 500 600 700 800
Wavelengh (nm)

351 (©)

N W
[ ]
T T

—_
h
T

Counts { X 1000)
[ =]
==

10f 579

[ 481
(5) 313 351402
+ }

i 1 i
200 300 400 500 60 700 800
Wavelengh-(nm)

Counts ( X 1000)

300 400 500 600 700 800
Wavelengh (nm)

Fig. 5. CL spectra of zircons with different geneses. (a) Magmatic zircon from the H,O-rich basic complex, northern Qinling; (b)mag-

matic zircon from the tinge gabbro at Kangksivwa fault belt, Qinghai-Tibet plateau; (c) coesite-bearing zircon from the gneiss in North

Qaidam UHP belt!*); (d) metamorphism-accreted zircon from Yushugou gneiss in southern Tianshan orogenic belt

(3] ip metamor-

phic rocks, especially the high-grade metamorphosed
rocks such as eclogites and granulites. The present
study indicates that further studies on the CL spectra
may be helpful to recognize zircon geneses and to sys-
tematically inverstigate the more complicated interior
structures.

earth element contents of the zircons
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Fig. 6. Schematic diagram of the occurrence of three types of
CL. (a) Band-band transitions; (b) band-defect transition; (c)
impurity state transitions within forbidden band gaps.

3 Conclusion

The CL system, consisting of a field emission
ESEM and a high-performance CL spectroscope, has
significant application potential in microscopic analy-
sis, crystal growth condition study, and genesis-type
identification of zircons and other minerals. The sys-
tem, when being combined with the mineral micro

[10]

area U-(Th)-Pb dating and trace element composition
analyzing techniques, will make it possible to precise-
ly determine the timing of tectonic-thermal events,
the source of sediments, and the sedimentary ages in
geological history.
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