The phenomenon of deficient electron microprobe totals
in radiation-damaged and altered zircon
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Abstract
The phenomenon of deficient electron microprobe analyses, with sums of analyzed constituents often below 95 wt'%, is
assigned to the analysis of altered, porous minerals, With the example of three zircon populations we show that low totals
are related to textural features (i,e" numerous pores of tens to hundreds of nanometers size) as well as to the chemical com
position (i,e., water content well within the wt% range, which may affect partial sample degradation under the electron beam).
The formation of the spongy texture is explained by the alteration of a previously radiation-damaged and, thus, volume
expanded material in a fluid-driven replacement reaction. The smaller volume of the reaction product (crystalline, non vol
ume-expanded zircon) accounts for the formation of numerous voids and pores, which are perfect candidates for the incor
poration of water. The alteration has also resulted in uptake of non-formula elements such as AI, P, Ca, Fe, Y, and REEs
whereas Si and Zr are depleted. In one case, strong uptake of non-radiogenic Pb in altered zircon was observed. Because por
ous, low-total zircon has formed in secondary alteration process, its occurrence can be considered as an indicator of a sec
ondary alteration history of the host rock. Low-total zircon is easily recognized by very low electron back-scatter
intensities, which are closely related to the two main causes of the analytical shortfall (i.e., water content and porosity)
and often lowered furthermore by the presence of light non-formula elements (especially P and Fe) up to the wt% range.

1. INTRODUCTION

served for minerals of the zircon-thorite orthosilicate group
(zircon, ZrSi04; coffinite, USi04; thorite, ThSi04) and

It has commonly been reported that electron microprobe
analyses of radiation-damaged accessory minerals may
yield

analytical

totals

that

are

significantly

orthophosphates (CeP04-YP04). However, the majority
of such analyses have been reported for zircon.

below

Causes of the deficient microprobe results are still under

100 wt%, in some cases even well below 90 wt% (e.g.,

debate. Low analytical totals have mostly been ascribed to

Medenbach, 1976; Speer, 1982; Tornroos, 1985; Pointer

elevated concentrations of molecular water and/or hydro

et aI., 1988a; Smith et aI., 1991; Forster, 1998; Mathieu

xyl groups (e.g., Tornroos, 1985; Smith et aI., 1991; Geisler

et aI., 200 I ). Such deficient totals were, for instance, ob-

et aI., 2003a). Correspondingly, the variation of analytical
sums from 100 wt'Yo was sometimes assigned to a hypothet
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ical "H20'" (e.g., Johan and Johan, 2005; Utsunomiya
et aI., 2007). This, however, appears to be somewhat
questionable, as the assignment is based on an assumption

without analytical verification. Also, calculated H20. val
ues of as high as 18.4 wt% (Johan and Johan, 2005) would
imply that the water content of that particular zircon sam
ple has exceeded 50 mol%, which appears unlikely. Rubin
et al. (1989) suggested that hydrous species may contribute
to low totals not only because they are not analyzed in the
electron microprobe but also by causing mineral degrada
tion under the electron beam. Breiter et al. (2006) con
cluded that low totals cannot solely be explained by the
presence of water but might also be due to fluorine and
other elements not analyzed. Other interpretations include
the presence of sub-Ilffi-sized voids (Pointer et aI., 1988b)
and structural vacancies (Kempe et aI., 2000). Perez-Soba
et al. (2007) proposed that the presence of notable quanti
ties of divalent (such as Ca, Fe) and trivalent cations (such
as rare earth elements) in low-total zircon may be accompa
nied, and charge-compensated, by oxygen defects, which
also contribute to analytical deficiencies.
Interestingly, there is an accompanying phenomenon:
Low totals were always detected in interior regions of zircon
crystals that appeared notably darker in back-scattered elec
tron (BSE) images than neighbouring regions of the same
crystal (Peterman et aI., 1986; Pointer et aI., 1988b; Smith
et aI., 1991; Kempe et aI., 2000; Willner et aI., 2003). As
above, the causes of the anomalously low BSE intensity have
remained controversial. In the present study, we have inves
tigated three zircon samples with deficient electron micro
probe totals. Apart from chemical analyses and imaging by
electron microprobe, the structural and micro-textural state
of samples was studied using transmission electron micros
copy (TEM) and micro-spectroscopic techniques. With this
present study we tried to address both the low totals and
the "unusual" BSE intensities. We aim to contribute to the
understanding of the physical causes of the deficient totals
and unusually low BSE intensities as well as the formation
of zircon samples exhibiting these phenomena.
2. SAMPLES AND PREPARATION

We have investigated three populations of zircon grains
that frequently have low analytical totals. The first sample
consists of late Archaean (age ,,-,2.65 Ga) zircon crystals
(>500 Ilffi fraction) from a late monzogranite (Sample No.
W64), which has intruded tonalitic gneisses at the southern
rim of the Jack Hills in the northern Yilgarn Craton, Wes
tern Australia (for geological setting and geochronology see
Pidgeon and Wilde, 1998). A second population of zircon
grains (80-120 Ilffi fraction) was separated from an upper
Riphean (Sample No. 32) and a middle Riphean sandstone
(Sample No. 40), located about 100 km southwest of the
city of Beloretsk (southern Ural; for more details see Will
ner et aI., 2003). These authors reported notably discordant
207PbP06Pb zircon ages compatible with crystallization in
the age range 1.8-2.3 Ga. The third group of zircon crystals
(Sample No. 87165; <250 Ilffi fraction) comes from a
Hercynian, coarse-grained leucogranite of the La Pedriza
pluton in the Spanish Central System batholith, located
about 50 km north-northwest of the city of Madrid (Per
ez-Soba et aI., 2007). Perez-Soba (1992) reported a Rb-Sr
isochron age of 307 ± 3 Ma for the La Pedriza pluton.

For comparison, "regular" zircon crystals (i.e., those
with "normal" BSE intensities and analytical totals close
to 100 wt%) were also subjected to electron microprobe
imaging. These samples included primary zoned, unaltered
zircon crystals from a granite in the Jack Hills, Western
Australia (Sample No. W34, courtesy of RT. Pidgeon;
for details and age see Pidgeon, 1992), zircon grains from
a monzonite near the city of Freital, Meissen massif, Sax
ony, Germany (Sample No. Frei 10, courtesy of T. Wenzel;
for details see Wenzel et aI., 1997; Nasdala et aI., 1999), zir
con grains from a charnockite-granite near the village of
Kliprand, Namaqualand, South Africa (Sample No.
Nam12, courtesy of A. Moller; for geological setting see
Robb et aI., 1999), and zircon crystals from a leucogranite
north of the village of Dannemora, Adirondack Mountains,
New York State (Sample No. JHADK996, courtesy of J.M.
Hanchar; for rock description see McLelland et aI., 2001).
Zircon grains were embedded in araldite epoxy, ground
to about half of their thicknesses to expose their internal
textures, and polished. In the case of the Jack Hills zircon
crystals, which are considerably larger in size than individ
ual grains from the other localities, doubly polished thin
sections (30 Ilffi thickness) attached to a glass slide were
produced. Mounts were coated with carbon prior to elec
tron microprobe imaging and analysis. For TEM analysis,
site-specific TEM foils (sizes ,,-,10 Ilffi, final thicknesses
'"'-'0.11lffi ) were cut out of the above sample mounts using
a FEI FIB200 (for details of the focused ion beam tech
nique see Wirth, 2004). For Sensitive High mass-Resolution
Ion MicroProbe (SHRIMP) analysis of the isotopic compo
sition, flat, polished sample mounts containing unknowns
and the CZ3 reference zircon (Pidgeon et aI., 1994) were
prepared and coated with gold. For transmission infrared
absorption analyses of La Pedriza zircon crystals, doubly
polished plates (thickness 30 Ilffi) parallel to the crystallo
graphic c-axis were produced from single crystals and at
tached to an aluminium sample holder with a rectangular
hole (40-180 Ilffi size). Raman analyses were done on the
electron microprobe and ion microprobe mounts after
repolishing. However, analyses were placed at least
'"'-'1 0 Ilffi away from the EMPA and SHRIMP spots, respec
tively, to avoid biased results due to potential structural
changes caused by the electron or ion beam.
3. EXPERIMENTAL TECHNIQUES

Analysis of the chemical composition, and back-scat
tered electron (BSE), secondary electrons (SE), and
cathodoluminescence (CL) imaging to visualize internal
textures of crystals, were done using a JEOL 8900 RL elec
tron probe microanalyser (EPMA). The BSE and CL
images were obtained at 20 kV and 20 nA. Chemical analy
ses were done with the EP:MA operated at 20 kV and a
beam current of 80 nA. The electron beam was either fo
cused to a '"'-'21lffi spot, or defocused (15 Ilffi spot diameter).
The calibrant materials included synthetic ZrSi0 4 (for Zr,
Si), HfSi04 (for Ht), MgO (for Mg), Al,03 (for AI), Y-Al
garnet (for Y), REE-CAS glasses (for REE; rare earth ele
ments), ThSi04 (for Th), and VO, (for V); and natural apa
tite (for P), wollastonite (for Ca), rhodonite (for Mn), and

hematite (for Fe). Counting times were varied between 15 s
(peak) and 2 x 5 s (lower and upper background) for the
Ko line of Si, and 300 s (peak) and 2 x 150 s (backgrounds)
for the Mc< lines of U and Th. Data were reduced using the
CITZAF routine in the JEOL software, which is based on
the <!J(pZ) correction method (Armstrong, 1991, 1995).
Oxygen was, as it is usual in silicate mineral analysis
with the electron microprobe, calculated by stoichiometry.
However, to check whether this has caused uncertainties
(e.g., due to different oxidation states of the cations or the
presence of water), it was appropriate to actually analyze
oxygen. A number of samples were analyzed again includ
ing wavelength-dispersive X-ray analysis of oxygen. Oxy
gen measurements were performed using a W-Si
multilayer detector (LDEI) with 2d-spacing of 60 A (see
Anustrong, 1988; Rybka and Wolf, 1995). Operating con
ditions were 20 kV and 20 nA beam current measured at
the Faraday cup. Synthetic ZrSi04 was used as the oxygen
calibrant. Calibrants and samples were simultaneously
coated with carbon (note that due to the high mass-absorp
tion coefficient of carbon on O-Kc< X-rays, uniform coating
thickness of reference and sample is crucial for reliable oxy
gen measurements in the EMPA). Counting times for 0- Ka
were 30 s (peak) and 2 x 15 s (lower and upper back
ground). Multiple measurements (n = 12) of the synthetic
ZrSi04 yielded la uncertainties of 0.011 (0), 0.004 (Si),
and 0.008 (Zr) per formula unit (based on a total of six ions
per formula unit).
Analyses of U and Th concentrations and the Pb isoto
pic composition were made on a SHRIMP II at Curtin Uni
versity of Technology, Perth. This system is operated by a
consortium consisting of Curtin University, the University
of Western Australia, and the Geological Survey of Wes
tern Australia. A primary, mass-filtered (02) beam
("'-'1 nA) was focused to a '"'-'10 Il1l1 spot to sputter the sam
ple surface. Data for each spot were collected in sets of
eight scans through the mass range of Zr20+, 204Pb+, back
38
48
08
ground, 2 06Pb+ , 207 Pb+ , 2 Pb+ , 2 U+ , 2 ThO+ , and
254 UO+. For more experimental details see De Laeter and
Kennedy (1998). Data were calibrated versus the CZ3 refer
ence zircon (Pidgeon et aI., 1994). The correction for com
mon Pb was made from the observed 204Pb count rate.
Transmission electron microscopy was performed at
Helmholtz-Zentrum Potsdam, using a FEI Tecnai G2 F20
X-Twin system operated at a voltage of 200 kY. The beam
current was 0.5 nA. The TEM analytical work included en
ergy-dispersive chemical analyses, electron diffraction, elec
tron energy loss spectroscopy (EELS), and bright field, high
angle annular dark field (HAADF), and high-resolution
electron microscopy (HREM) imaging.
Infrared (IR) absorption spectroscopy (transmission
mode) was done with a Bruker Tensor 27 Fourier-trans
form infrared (FTIR) system equipped with Hyperion
microscope. Spectra were recorded in the transmission
mode, in the range 600-7000 cm 1. The spectral resolution
was 2 cm 1. Pairs of spectra were obtained with the E vec
tor of the infrared light oriented parallel and perpendicular
to the crystallographic c-axis. Raman spectra were obtained
in quasi back-scattering geometry using an edge-filter based
Renishaw RMlOoo system equipped with Leica DMLM

optical microscope. The Leica 50x objective was used,
and the system was operated in quasi-confocal mode;
resulting in a lateral resolution of '"'-'4-5 1l1l1. The spectral
resolution was determined at 2.2 cm 1. Spectra were excited
with the 632.8 nm emission of a He-Ne laser ('"'-'8 mW at the
sample surface).
4.

GENERAL CHARACTERIZATION OF LOW
TOTAL ZIRCON

4.1.

Chemical composition

A range of images of zircon crystals showing their inter
nal textures is presented in Fig. 1 a-g. Results of electron
microprobe analyses are listed in Tables 1-3. All samples
yielded, at least in some of their interior regions, analytical
totals that were significantly deficient, i.e., in the range 9197 wt%. In samples W64 (Jack Hills) and 32/40 (Ural) these
interior regions are rather small whereas zircon crystals
from sample 87165 (La Pedriza) were commonly found to
be entirely affected by the phenomenon of low totals.
Low analytical totals were always detected in micro-areas
characterized by very low BSE contrast (Fig. la-g); this
observation will be discussed in more detail below.
In general, all samples are rich in actinides and contain
comparably high levels of non-formula elements. Low-total
areas in all samples contain higher levels of light elements
(i.e., especially P and Fe, also AI, Ca; Table 1) as well as
Y and some of the REEs, compared to neighbouring, un-al
tered areas of the same crystals. In contrast, heavy non-for
mula elements including Hf, Th, and U did not show such
general trend. For instance, U and Th were found to be
higher (Ural) and lower (Jack Hills), respectively, in the al
tered, low-BSE areas than in neighbouring unaltered areas.
The main elements Si and Zr are considerably depleted in
low-total areas.
Results presented in Table 1 are tainted with the impor
tant uncertainty that deficient totals are oxide sums which
are not based on oxide analysis but merely cation analysis,
with oxygen being calculated according to the concentra
tion and valence of the cations. In order to get more reliable
information, some samples were analyzed including the
wavelength-dispersive analysis of oxygen (Table 2). Analo
gous to the routine electron microprobe analysis, oxygen
was calculated from the observed cations (equivalent 0 in
Table 2). These values were generally lower than measured
o concentrations, with differences (excess 0 in Table 2) up
to as high as 7.8 wt%. We assign the excess oxygen, at least
for a significant part, to water (see below); excess oxygen
values were therefore transformed to hypothetical water
(H20.) concentrations (Table 2). The calculated excess 0
(Fig. 2) and H20. values (Table 2) show inverse correlation
with Zr (and substitutes) and Si (and substitutes), respec
tively. This seems to support earlier hypotheses according
to which low-total zircon was assumed to be notably hy
drous. However, calculated analytical totals considering
H20., for altered, low-BSE zircon, are still slightly (sample
87165) to strongly deficient (sample W64). We interpret the
still deficient totals to indicate that water alone may be
insufficient to explain the analytical shortfall.

One potential reason for further deficiencies is seen in
the fact that the impact of the electron beam is likely to
cause dewatering and local disintegration of hydrous,
low-total zircon. Aiming to check for such effects, analyses
of crystal W64-11 were done with different energy densities

of the electron beam but under othelVlise uniform condi
tions (Table 2). After defocusing the electron beam to a
1 5 Illl1 spot diameter, considerably higher 0 concentrations
(and hence higher calculated H20. values) but still deficient
totals were detected in low- BSE zircon areas. These obser-

vations are explained by the consideration that the sample
may have experienced local dewatering when analyzed reg
ularly with a fully focused beam.

grows whereas altering fluids are likely to bring more Pb
into the system. This effect is in addition probably inversely
correlated with temperature (Watson et aI., 1997).

4.2.

4.3.

Ph isotope composition

In SHRIMP analyses of the Pb isotopic composition of
zircon crystals from sample 87165 (La Pedriza) we found
that bright-BSE areas are virtually free of non-radiogenic
(i.e., common) Pb whereas porous, low-BSE areas contain
significantly more common lead, with f206 values up to
'"10% (Table 3, Fig. 3). This is consistent with previous
observations that zircon virtually excludes Pb in primary
magmatic or metamorphic growth. The majority of Pb in
zircon is normally implanted, resulting from the decay of
unstable parent nuclei in the U and Th chains. In contrast,
common Pb is mostly in the ppb range (e.g., Krogh, 1993;
Wiedenbeck et aI., 199 5). We determined common Pb con
centrations of 100-250 ppm for porous, low-BSE areas in
crystals from sample 87165 (Table 3).
Natural zircon with such high, and even higher, concen
trations of common Pb have been studied before. All of
these samples were found to be affected by secondary alter
ation processes (for instance, see Corfu, 1987; Mathieu
et aI., 2001) whereas, to the best of our knowledge, en
hanced common Pb has never been observed in primary,
unaltered zircon. From experiments to synthesize Pb-bear
ing zircon, Watson et al. (1997) concluded that P may
charge-balance Pb2+ in zircon. This seems to be supported
by our results, as enhanced common Pb is associated with
high P concentrations (Table 3). However, variation of
the P content in the La Pedriza zircon is rather moderate,
in view of the extensive variations of common Pb, whereas
the Ural samples did not contain notable quantities of com
mon Pb (Willner et aI., 2003) but occasional very high P
(Table 1). This suggests that the presence of P (or, alterna
tively, H +; Watson et aI., 1997) can be associated with, but
is not sufficient to allow for incorporation of Pb into zircon.
Our results and previous results indicate that the enhanced
occurrence of common Pb is limited to zircon affected by
secondary, fluid-driven alteration. This is perhaps explained
by the strong trend that more Pb is incorporated in a wet
than a dry environment, and normally low abundances of
Pb in natural environments from which primary zircon

The incorporation of hydrous species

To check our and previous assumptions that low-total
zircon is hydrated, analysis of hydrous species was first
done by EELS spectra obtained in the TEM. A shoulder
near ",528 eV at the oxygen K-edge (Fig. 4a) is characteris
tic of OH/H20 (Wirth, 1997), which points to hydration of
samples. However, both the assignment to either hydroxyl
or molecular water and the quantification of the hydrous
species from the EELS band integral are still problematic
(Wirth, 1997). Therefore we applied IR absorption spec
troscopy as a complimentary technique. Due to the rather
limited spatial resolution of IR when compared to EELS,
infrared spectroscopy can only be used if samples show
the phenomenon of deficient totals over relatively large
areas (i.e., several tens of Il1l1 across). This is the case for
some crystals from sample no. 87165 (Fig. Id).
Spectra (Fig. 4b) show the intense, asymmetric O-H
band without notable directional dependence that is typical
of strongly radiation-damaged zircon (Caruba et aI., 1985;
Aines and Rossman, 1986; Nasdala et aI., 2001b; Zhang
et aI., 2002). The assignment of this band, i.e., discriminat
ing between either (OH) groups or H20 molecules, is still
controversial. The integrated area of the O-H band (or
more exactly, of the stretching fundamentals of hydroxyl
groups and/or water molecules) in IR absorption spectra
can be used to quantify the concentration of the hydrous
species in unknown crystals. Using the equations of Lib
owitzky and Rossman (1996, 1997), remarkably uniform
"water" concentrations in the range 5.0-6.8 wt% were deter
mined for six La Pedriza zircon crystals. The accuracy of
these IR-based "water" values, however, is tainted with
uncertainty: Nasdala et al. (2001 b) found that in the case
of radiation-damaged zircon, "water" concentrations deter
mined from IR band intensities may differ appreciably from
those determined by thermogravimetry (weight loss on
heating) and moisture evolution analysis. The above
"water" concentrations are hence only considered to indi
cate "semi-quantitatively" that hydrous species in the
wt% range are present.

Fig. 1. (overleaf) Compilation of images, photomicrographs, and Raman spectra (stacked) of zircon crystals yielding low totals (a g) and
"regular" zircon crystals (h k). (a) BSE image and cross-polarized light photograph of a zoned zircon crystal from the Jack Hills granite. Low
total regions (red arrows) show higher birefringence. (b) BSE and CL image of a large zircon from the Jack Hills. Low-total areas are marked with
arrows. (c) BSE image o f a heterogeneous zircon crystal from the La Pedriza granite, Spain (cf. Perez-Soba et ai., 2007). Areas yielding low totals
(arrow) are particularly lowly intense in BSE; large euhedral xenotime inclusions appear bright. (d) BSE and CL image of another zircon from the
La Pedriza piu ton with numerous xenotime inclusions. Low totals were measured in all areas of this zircon. (e) Zircon grain from a sandstone
from the south-western Urals (cf. Willner et ai., 2003) with a large alteration patch that yielded low totals (arrow). (f) BSE image and Raman
spectra of another zircon from the SW Urals. Small patches yielding low totals (A) are darker in the BSE and more radiation damaged than the
"regular" host (B). (g) BSE and CL image o f a zircon grain from the SW Urals. Small interior regions yielding low totals (arrows) are low in BSE
and CL. (h) BSE, CL, and cross-polarized light image of a zoned zircon crystal from the Jack Hills granite, Western Australia. The crystalline
zone (bright interference colours) has the darkest BSE and bright CL. (i) BSE and CL image of a zircon grain from a monzonite in the Meissen
massif, Germany. (j) BSE and CL image and two Raman spectra of a zircon grain from a charnockite-granite, Namaqualand, R.S.A. Areas that
are bright in the BSE image (B) are strongly radiation-damaged whereas less damaged areas (A) are rather moderately damaged. (k) BSE and CL
image of a zircon from the Adirondack Mountains, New York state. USA note that in all four cases (h k) BSE and CL images show inverse
intensities.

Table 1
Analytical results for zircon samples: BSE, electron microprobe data including calculated alpha doses, and Raman data.
Area/spot

No.a BSEb Electron microprobe results (wt%)
Ah03 Si02

Cl:

dose (Xl018/g) FWHMc (cm 1)

P20S CaO FeO Y203 Zr02 Tb203 DY203 H0203 Er203 Tm203 Yb203 LU203 Hf02 Th02 DO, Total

Sample W64: Jack Hills. Western Australia (Archaean)

W64
W64
W64
W64

lOa
lOb
6a
6b

5
5
5
4

dk.
reg.
dk.
reg.

0.24
0.19
0.81
0.13

30.3
31.9
28.3
32.0

0.19
0.12
0.86
0.10

0.95
0.76
0.62
0.82

0.20
0.25
7.24
0.35

0.39
0.38
3.47
0.36

60.6
62.5
47.2
62.3

(bdJ)
(bdJ)
(bdJ)
(bdJ)

0.22
0.05
0.19
0.05

(bdJ)
(bdJ)
(bdJ)
(bdJ)

0.27
0.20
0.36
0.19

(bdJ)
(bdJ)
(bdJ)
(bdJ)

0.07
0.07
0.27
0.08

(bdJ)
(bdJ)
(bdJ)
(bdJ)

1.34
1.31
1.67
1.73

0.21
0.31
0.07
0.08

0.78
0.92
0.34
0.87

95.9
99.1
91.7
99.2

85
102
37
92

0.57
(bdJ)
0.64
(bdJ)
0.42
(bdJ)
0.36
0.10

0.51
(bdJ)
0.51
(bdJ)
0.56
0.05
0.36
0.12

2.53
0.10
2.41
0.11
1.73
0.25
1.38
0.39

62.6
67.2
58.8
66.4
59.5
66.0
60.6
65.6

0.07
(bdJ)
0.05
(bdJ)
(bdJ)
(bdJ)
(bdJ)
(bdJ)

0.43
(bdJ)
0.42
(bdJ)
0.28
(bdJ)
0.21
0.06

(bdJ)
(bdJ)
(bdJ)
(bdJ)
0.11
(bdJ)
(bdJ)
(bdJ)

0.20
(bdJ)
0.23
(bdJ)
0.15
0.09
0.15
0.07

(bdJ)
(bdJ)
(bdJ)
(bdJ)
(bdJ)
(bdJ)
(bdJ)
(bdJ)

0.21
(bdJ)
0.25
(bdJ)
0.17
0.08
0.15
0.06

0.07
(bdJ)
(bdJ)
(bdJ)
(bdJ)
(bdJ)
(bdJ)
(bdJ)

1.31
1.50
1.63
1.57
1.15
1.36
1.28
1.37

0.03
(bdJ)
0.03
(bdJ)
0.17
(bdJ)
0.15
0.07

0.15
0.05
0.14
0.03
0.14
0.10
0.15
0.07

97.0
101.4
96.6
101.2
96.6
101.3
96.2
100.9

11
3.7
10
2.3
8.7
5.1
9.0
4.2

22.5
14.4
24.0
21.1
26.9
18.7
22.2
12.5

1.43 1.03 2.19
0.21 0.65 0.96
1.19 0.50 2.52
0.41 0.51 1.57

54.4
58.7
56.0
57.2

(bdJ)
(bdJ)
(bdJ)
(bdJ)

0.29
0.23
0.34
0.37

(bdJ)
(bdJ)
(bdJ)
(bdJ)

0.27
0.16
0.36
0.32

(bdJ)
(bdJ)
(bdJ)
0.06

0.51
0.44
0.58
0.66

0.09
0.09
0.11
0.14

2.22
3.90
2.07
4.00

0.27
0.09
0.35
0.14

1.72
0.78
1.80
1.05

94.1
97.3
95.7
96.8

16
7.2
17
9.8

(>30)
(>30)
(>30)
(>30)

0.13 0.04

0.04

0.10

0.05

0.06

0.06

0.06

0.04

0.03

0.03

(>30)
(>30)
(>30)
(>30)

Samples 32 and 40: Southwest Urals (Riphean)

32
32
32
32
40
40
40
40

3 3a
3 3b
3 9a
3 9b
10 3a
10 3b
8 2a
8 2b

2
2
6
6
2
2
3
3

dk.
reg.
dk.
reg.
dk.
reg.
dk.
reg.

0.52
(bdJ)
0.60
(bdJ)
0.83
(bdJ)
0.56
0.21

25.9
32.3
28.4
32.8
30.0
33.2
30.0
32.5

1.93
0.18
2.44
0.13
1.30
0.16
0.82
0.15

25.0
15.5
27.5
22.0

24.0
13.3

Sample 87165: La Pedriza. Spain (Hercynian)

87165
87165
87165
87165

la
1b
lOa
lOb

3
3
3
3

dk.
dk.
dk.
dk.

Average detection limit�

0.75
0.04
0.49
(bdJ)
0.04

27.3
30.1
27.4
29.2

1.54
0.97
1.96
1.11

0.08 0.06

0.03

0.06

0.09

bdl not detected, or average below the detection limit quoted in the bottom row.
a Number of single analyses per interior region.
b BSE: reg. regular high intensity, med. medium, dk. dark (i.e., unusually low intensity).
Full width at half maximum of the v3(Si04) Raman band of zircon.
� Average detection limit (wt% oxide, 20" error by counting statistics of the background signal).
=

=

C

=

=

Table 2
Electron microprobe analyses of selected zircon samples including oxygen analysis.
Calculated values (wt%)d

Area/spot Spot"- (J.lm) No.b BSEc Measured electron microprobe data (wt%)
0

Al

Si

P

Ca

Fe

Y

Zr

Yb

Hr

Th

U

Total 0 equ. o exc. H20� Total

15.0
15.0
13.3
13.1

0.04
0.03
0.39
0.43

0.71
0.44
0.46
0.46

0.38
0.28
3.73
3.15

0.35
0.21
2.96
3.31

45.0
45.8
34.5
34.0

0.11
0.07
0.27
0.33

1.63
1.77
1.68
1.57

0.09
0.04
0.25
0.19

1.02 100.1 34.0
0.56 99.7 34.0
0.31 93.3 30.6
0.42 95.6 30.3

Sample W64: Jack Hills. Western Australia

W64
W64
W64
W64

lla 2
lla 15
11b 2
11b 15

3
3
3
3

reg.
reg.
dk.
dk.

35.6
35.4
35.1
38.1

0.11
0.04
0.39
0.55

1.6
1.5
4.5
7.8

1.8
1.6
5.0
8.8

100.3
99.9
93.9
96.6

98.0 31.7
99.3 32.1

4.8
4.8

5.4
5.3

98.6
99.9

15.3 (bdl) (bdl) (bdl) (bdl) 49.7 (bdl) (bdl) (bdl) (bdl) 100.1 34.9

0.1

0.1

100.1

Sample 87165: La Pedriza. Spain

87165 12a 2
87165 12b 2

2
2

dk.
reg.

36.5
0.31 13.1 0.62 0.94 0.36 1.82 40.2 0.48 1.87 0.24 1.60
36.9 (bdl)
13.7 0.61 0.22 0.33 1.58 40.8 0.54 3.50 0.18 0.96

Synthetic reference

2

ZrSi04

12

Average detection limit·

35.0 (bdl)
0.11

0.01 0.02 om 0.01 0.01 0.03

0.06 0.03 0.02 0.01 0.01

bdl not detected, or average below the detection limit quoted in the bottom row.
"- Diameter of the electron beam focal spot.
b Number of single analyses.
BSE: reg. regular intensity, dk. dark (i.e., unusually low intensity).
d 0 equ. "equivalent" oxygen content calculated according to the content and valence of cations (Fe assumed to be Fe2+, U assumed to be
if�, 0 exc. "excess" oxygen (measured 0 minus 0 equ.), H20. hypothetical water content calculated from 0 exc., Total analytical
sum assigning the excess oxygen to H20.
Average detection limit (wt%, 2a error by counting statistics of the background signal).
=

C

=

=

=

=

=

=

•

Hydrous species with concentrations of several wt%, or
even higher, has, to the best of our knowledge, never been
observed for unaltered zircon, which typically contains up
to a few tenths of wt% H20 (e.g., Woodhead et aI., 1991;
Nasdala et aI., 2001b). Altered zircon, in contrast, is obvi
ously able to store much higher amounts of water. Our
IR spectra did not allow us to distinguish unambiguously
between hydroxyl groups and water molecules. The near
IR range above 4000 cm 1 (where potential combination
modes involving OH and/or H20 vibrations are expected)
was difficult to interpret, perhaps due to the simultaneous
detection of electronic absorption bands in this range (com
pare Nasdala et aL, 2001 b; Zhang et aL, 2002). Even though
there is no clear analytical evidence, we assign the "water"
in altered, hydrous zircon to molecular H20, rather than to
(OH) groups, for two reasons. First, Mumpton and Roy
(1961) found that analyses of hydrated zircon plot in the
Si02-Zr02-H20 triangle generally near the ZrSi04-H20
line, but not along the ZrSi04-Zr(0H)4 line (the latter
should be the case if hydroxyl groups were the dominant
hydrous species). Second, zircon analyses with "water" con
tent as high as 14 wt% (Smith et aL, 1991) and 16 wt%
(Coleman and Erd, 1961) have been reported. If these
amounts of "water" was present as hydroxyl groups, these
zircon samples must have contained about 40 mol%
Zr(OH)4 (disregarding the presence of a hypothetical silicon
hydrate). This is most unlikely and inconsistent with the
other analytical values reported by above authors.
4.4.

Structural state and SUb-J.lID texture

To quantify the (theoretical) self-irradiation dose, time
integrated alpha fluences were calculated using the equation
of Murakami et aL (1991). Calculated values (Table I) are

>2 X 10 18 alpha events per gram, a value that is sufficient to
cause significant damage of the crystal structure: Note that
,...1.. 0 19 alpha-events per gram are sufficient to transform
tetragonal ZrSi0 4 into an amorphous state (Zhang et aI.,
2000; Nasdala et aL, 2002).
It is, however, well known that self-irradiation since the
time of crystal growth on the one hand, and the presently
observed degree of structural damage on the other hand,
do not correlate in many cases (Meldrum et aI., 1998; Nasd
ala et aI., 2001a). This is due to that fact that the accumu
lation of structural radiation damage is strongly controlled
by temperature and hence by the post-growth thermal his
tory of the sample. To quantify the present radiation dam
age, Raman micro-spectroscopy was employed (Nasdala
et aL, 1995). For this, we evaluated the FWHM (full width
at half maximum) of the internal v3 (Si0 4) vibrational mode
(Table 1). This parameter increases from <2 cm 1 for crys
talline zircon to >30 cm 1 in the case of severely radiation
damaged zircon. Our samples are generally characterized
by moderate to strong radiation damage (FWHMs gener
ally >12 cm 1; Table 1). Zircon crystals from samples
W64 (Jack Hills) and 87165 (La Pedriza) yielded spectra
in which the Raman signal of the remnant crystalline frac
tion was extremely broadened (estimated FWHM
>30 cm 1); reliable band fitting was impossible due to very
low band intensities in these cases. Such extensive Raman
band broadening points to elevated radiation damage, with
amorphous fractions well above 90 vol% (Nasdala et aI.,
2003). Strong radiation damage is also indicated by the very
low birefringence of these samples (Holland and Gottfried,
1955; note the grey interference colours in Fig. la) and the
strong broadening and virtual lack of any orientational
dependence of O-H bands in the IR spectra (Fig. 4b). In
spite of generally high degrees of present damage, most
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samples are still notably less metamict than would be ex
pected from their calculated self-irradiation doses. For in
stance, Jack Hills and La Pedriza zircon crystals should
be fully amorphous if all of the predicted radiation damage
was present (see very high alpha doses in Table 1); this was
not observed. This observation points to a recrystallization
or thermal annealing event in the post-growth history of
samples.
Elevated levels of metamictization, but not complete
amorphization, was also observed in the TEM. Electron
diffraction patterns of all samples appeared at least some
what blurred, in some cases even with a polycrystalline
appearance (Fig. 5a), which also points to a secondary
recrystallization process. More importantly, bright field
and HAADF images of zircon samples showed a spongy
texture, with numerous pores being several hundred nano
metres or smaller in size (Figs. 5b and c). This sub-Ilffi-scale
texture corresponds to what had already been proposed by
Pointer et al. (1988b), namely, the occurrence of a signifi
cant volume fraction of sub-Ilffi-sized voids in low-total
zircon.
It is well known that in the electron microprobe analysis
of porous materials, in comparison to fully dense analogs,
there is always a significant deficit of emitted X-rays. This
deficit leads to apparent deficiencies of analysis sums when
routine EPMA correction procedures are employed (Lakis
et aI., 1992). Tretyakov et al. (1998) assigned the X-ray
emission deficit to charge trapping effects caused by the
insulating character of the material. Sorbier et al. (2000)
found that porous, in contrast to dense Ah03 yielded defi
cient analytical totals, and assigned this to a combination of
charge trapping and geometrical effects of the porosity. Sor
bier et al. (2004) proposed that surface roughness and en
ergy loss at interfaces inside porous samples may also
contribute to the analytical shortfall. The porosity of our
samples is therefore interpreted as the main cause of the ob
served analytical shortfall. In addition, the numerous pores
are considered to be perfect candidates for the incorpora
tion of water. We have discussed above that the high water
contents of several wt% of the low-total zircon, calculated
indirectly from oxygen measurements (Table 2) and esti
mated from IR absorption intensities, contribute also to
the analytical shortfall of these zircon crystals.
5. UNUSUALLY LOW BSE OF THE LOW-TOTAL
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It is well known (e.g., see Corfu et aI., 2003; and ref
erences therein) that most natural zircon crystals are
characterized by inversely correlated BSE and CL inten
sities, i.e., micro-areas that are brightest in BSE are nor
mally particularly low in CL, and vice versa. Four
examples of the "normal" inverse behaviour of BSE
and CL in zircon are shown in Fig. Ih-k. Note that mi
cro-areas with elevated levels of accumulated self-irradia
tion damage, which can easily be recognized from their
lowered interference colours (Fig. Ih) or broadening of
vibrational bands (Fig. Ij), always yield enhanced BSE
intensity and lowered CL when compared to neighbour
ing, less radiation-damaged areas.
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Fig. 2. Excess oxygen (difference between measured 0, and calculated 0 equivalent to contents and valences of cations), plotted versus sums
of intennediately sized (a) and small (b) cations per formula unit (ef. data presented in Table 2). Excess oxygen, which is mainly assigned to the
incorporation of water, correlates inversely with cation deficiencies.
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Fig. 3. Heavily altered, generally U-rich zircon grain from La
Pedriza (crystal 87165 3; BSE image) with large xenotime inclusion
(bright). Note that altered, micro-porous areas (dark grey BSE) are
enriched in common Pb whereas the bright gray BSE area (centre)
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Pb, calculated from the observed
Pb).
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The inverse behaviour of BSE and CL is explained by
the consideration that chemical variations (i.e., Z contrast;
Hall and Lloyd, 1981) have only minor effects on the BSE
of regular zircon (Nasdala et aI., 2006) whereas both BSE
and CL of zircon are strongly affected by radiation damage.
The CL decreases upon self-irradiation of zircon (for in
stance caused by the enhancement of non-radiative transi
tions in the disturbed electronic band structure) and can
easily be recovered through annealing (Nasdala et aI.,
2002). The BSE intensity, in contrast, increases upon dam
age accumulation. Structural disorder results in an increase
of the fraction of back-scattered electrons and their rem
nant energy, which is commonly referred to as electron
channelling contrast (see for instance Mitchell and Day,
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Fig. 4. (a) Electron energy loss spectrum of a low-total area in a
zircon from the Jack Hills, Western Australia. The oxygen Kedge
shows a shoulder at ",529 eV, which indicates the presence (of
rather moderate amounts) of hydroxyl or water (compare Wirth,
1997). (b) Oriented IR absorption spectra of a low-total zircon
from the La Pedriza pluton, Spain, show large amounts (estimated
6.6 wt%) of hydrous species. Spectra are sho\Vll with vertical offset
for more clarity.

1998). The strong correlation of zircon BSE intensity with
the degree of accumulated radiation damage, without nota
ble Z contrast, has been demonstrated in an annealing study
(Nasdala et aI., 2006). The efficiency of structural damage
in increasing the back-scattering of electrons was recently
reconfirmed by ion implantation experiments (Nasdala
et aI., 2007).
Zircon crystals affected by the phenomenon of low to
tals, however, generally deviate from the "normal" inverse
correlation of BSE and CL intensities (see pairs of images in
Figs. 1 b and g; see also Kempe et aI., 2000). Deficient elec
tron microprobe totals were obtained in micro-areas that
showed very low BSE and CL intensity. Low-total zircon
areas are virtually non-luminescent. In some CL images
these areas appear even darker than the surrounding, lowly
luminescent araldite epoxy (see Figs. 1 b and d). Their gen
erally low CL intensities are explained by (i) moderate to
strong levels of radiation damage (compare Nasdala
et aI., 2002) and (ii) the presence of notable quantities of hy
drous species in the low-total areas, which is known to low
er the CL emission of solids (e.g., Gutzov and Peneva,
1995). In contrast, observed very low BSE intensity of
low-total areas appear to be in apparent contrast to the
moderate to strong radiation damage of these areas (com
pare Raman FWHMs in Table 1). See, for instance, zircon

#40-8-2 (Fig. It): Even though the low-total area (marked
"A") is significantly more radiation damaged than the unal
tered host zircon, which should normally have resulted in
brighter BSE, the BSE of this area is much lower than that
of the surrounding zircon (marked "B" in Fig. If).
The low BSE intensity of low-total areas is first assigned
to Z contrast (Hall and Lloyd, 1981; see also Smith et aI.,
1991; Geisler et aI., 2003b): Our samples show much stron
ger chemical variations and hence stronger Z variations
than "regular" zircon. However, the BSE of the low-total
areas was often described as "anomalously" low (see
Kempe et aI., 2000; and references therein). Pointer et al.
(1988b) argued that the BSE of low-total areas in zircon
crystals from Ririwai, Nigeria, was much too dark to be ex
plained by their chemical composition alone. These authors
explained the dark BSE by the presence of sub-microscopic
voids. They argued that because large voids and textural
holes appear dark in BSE images, numerous small voids
in surficial regions of an imaged sample are also likely to
lower the detected BSE. Our results therefore suggest that
the very low BSE of the low-total zircon is due to a combi
nation of reasons, involving chemical composition (i.e.,
lower Z) and textural features (i.e., porosity).
These effects on zircon BSE also allow us to understand
the non-uniform appearance of electron microprobe spots

Fig. 5. Transmission electron microscopy images of low-total interior regions. (a) Bright field image of a zircon from the Jack Hills, with two
corresponding electron diffraction patterns. Two darker areas (A) are moderately distorted single-crystals, which are embedded in a brighter,
polycrystalline (crystal size in the nanometer-range) matrix with pronounced porous texture (B). (b) HAADF image obtained from a detrital
zircon from the SW Urals, showing numerous sub-micrometer sized pores. (c) HREM image of one pore.

in BSE images. In the case of "regular" zircon, electron
microprobe analysis points are normally visible as slightly
darkened spots in BSE images. This is explained by the en
hanced electron back-scattering of radiation-damaged sol
ids and the fact that the energy impact of the electron
beam during the analysis causes partial structural recovery
(Nasdala et aI., 2003). In BSE images of low-total zircon, in
contrast, microprobe spots are notably brighter than their
surrounding area (for instance, see Fig. 2c in Smith et ai,
1991). This may perhaps be assigned to dewatering (2 in
crease) resulting from the electron microprobe analysis.
6. FORMATION OF LOW-TOTAL ZIRCON BY
FLUID-DRIVEN ALTERATION

All samples showed the phenomenon of deficient analyt
ical totals in interior regions that are interpreted as being
affected by secondary alteration. Our assignment is based
on the textural position of low-total areas (see areas marked
with red arrows in Figs. 1 a-g) and the results of chemical
analyses (Tables 1-3). Also, low-total areas contain inclu
sions of minerals that are typically formed during zircon
alteration. For instance, large xenotime inclusions in the
La Pedriza zircon (Fig. 1c and d) might be an alteration
product, although Perez-Soba et al. (2007) interpreted them
as co-crystallised with zircon in a late-magmatic environ
ment. Low-total areas are enriched in (predominantly light)
non-formula elements (such as P, AI, Y, Fe; also Ca, Yb,
somme of the REEs; Tables 1-3) that are typically incorpo
rated in secondary alteration processes rather than during
primary zircon growth (e.g., Geisler et aI., 2003a; see Table
1). This may either be due to elevated incorporation of non
formula elements into zircon in a low-temperature, hydro
thermal overprint, or the presence of unrecognised, sub-mi
cron sized additional phases. The latter is perhaps indicated
by correlating Y and P concentrations in sample 87165
(pointing to xenotime inclusions; Tables 1-3) and the
unusually high Fe content of area W64-6a (pointing to a
Fe-phase; Table I).
All of our observations seem to concur very well with
previous observations, as low totals were always reported
from altered zircon (e.g., Pointer et aI., 1988b; Smith
et al.. 1991). [rber et al. (1997) and Perez-Soba et al.
(2007) stated that zircon samples yielding deficient analyti
cal totals are typically characterized by non-stoichiometric
composition. These authors interpreted this as the result
of secondary alteration that was likely accompanied by
hydration. In contrast, the phenomenon of deficient analyt
ical totals has, to the best of our knowledge, never been ob
served in primary, unaltered zircon. The conclusion that the
formation of low-total zircon must be related to a second
ary, fluid-driven alteration process is further supported by
the observation of deficient microprobe totals after the
experimental hydrothermal alteration of zircon (Geisler
et al. 2003b).
All of the low-total areas found in the present study ap
peared porous at high magnification, which is an indicator
of a fluid-driven replacement reaction (compare Putnis,
2002; Putnis et aI., 2007) rather than a diffusional alteration
process. This assignment is also supported by the observa-

tion of sharp boundaries between unaltered and altered
areas (Fig. le-g), which mark the locations where the chem
ical alteration along a slowly progressing reaction front had
stopped. In contrast, a diffusive ion exchange process
should have resulted in rather diffuse boundaries of alter
ation patches. However, no fluid inclusions were found un
der the optical microscope. Putnis (2002) stated that even if
a mineral phase with a higher molar volume than that of its
starting material is formed in a fluid-driven replacement
reaction, the newly formed phase is always porous. An
example is the replacement of leucite by analcime (with
the latter having a larger molar volume; Putnis et aI.,
2007). This indicates that such replacement processes are
likely to have a negative mass balance, i.e., there is some
loss of material taken away by the transporting fluid. In
our case, radiation-damaged (and hence volume expanded;
Holland and Gottfried, 1955) zircon is replaced by newly
formed and thus non-expanded zircon. It is likely that the
somewhat negative mass balance of the replacement reac
tion, along with the smaller volume of the newly formed zir
con, results in a particularly clear volume decrease. This
finally results in the formation of a texture with particularly
high porosity.
The numerous pores perfectly support the incorporation
of water. This could either already occur during the replace
ment reaction; the ingression of the transporting fluid might
then result in a slow-down of the reaction. Water incorpo
ration could also have occurred at a significantly later stage,
after self-irradiation and heterogeneous expansion has ta
ken place again.

7. CONCLUSIONS

Deficient analytical totals of zircon were always found in
altered samples that show extensive porosity. Numerous
sub- Iffil-sized voids in the analyzed material affect the
EMPA analyses, for instance by increasing the penetration
of the primary electron beam into the sample, increasing the
absorption of generated X-ray quanta, and charging effects.
In addition, water seems to have a significant additional ef
fect. In contrast to primary, un-altered zircon, porous al
tered zircon formed in a fluid-driven replacement reaction
may be virtually "wet", with water concentrations well in
the wt% range. This water obviously contributes to the sig
nificant analytical shortfall for two reasons. First, hydrous
zircon is likely to dehydrate and disintegrate under the elec
tron beam. Second, water remains mainly non-analyzed in
the electron microprobe. The latter is potentially true for
other elements non-analyzed in the electron microprobe,
such as Li and F.
The very low BSE intensity of the low-total zircon is clo
sely related to the analytical shortfall; it is assigned to a
combination of textural effects and chemical composition.
First, the presence of numerous sub-micrometer sized voids
(Fig. 5; note that not necessarily all of them are being
"filled" with water) lowers the electron back-scattering.
Second, the incorporation of light elemental species (espe
cially hydrous species, P, and Fe) on the order of several
wt% results in a clear 2 decrease.

The formation of low-total zircon (and most probably
also of other actinide-bearing, accessory minerals yielding
deficient totals) is related to the metamictization process.
However, low totals cannot solely be assigned to radiation
damage alone. Accumulation of self-irradiation damage
does not result in low totals; even heavily damaged (i.e.,
nearly amorphized) but unaltered zircon yielded "normal"
analytical totals close to 100 wt% (e.g., Murakami et aI.,
1991; Zhang et aI., 2000; Nasdala et aI., 2002). The forma
tion of zircon yielding deficient totals and very low BSE re
quires alteration of previously radiation-damaged zircon in
a fluid-driven replacement reaction that results in volume
loss and thus the formation of a spongy, perhaps hydrated
material, and subsequent hydration. The observation of
deficient electron microprobe totals, accompanied by very
low BSE intensities resulting in a deviation from the regular
inverse correlation of BSE and CL, in unknown zircon crys
tals may therefore be considered an indicator for a second
ary alteration history.
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