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Abstract: Zircon from a pegmatite vein hosted in the rapakivi granites occurring in the Gubanov
Intrusion of the Wiborg Massif was shown by the EPMA method to contain an anomalously high
Th of 18.3 wt% ThO2 (about 161,000 ppm Th). The SIMS method obtained a close value for thorium
content—146,000 ppm. U increases to 6800 ppm. Zircon contains high values of other non-formula
elements: Y (up to 51,500 ppm), Ti (up to 12,500 ppm), P (up to 9000 ppm), Nb (up to 3500 ppm), Ca
(up to 2800 ppm) and Ba (up to 600 ppm). The average Hf value is 10,900 ppm. Total REE ranges
from 25,500 to 49,400 ppm, and the average REE is 33,300 ppm. The REE patterns show poorly HREE
fractionation over the LREE (LuN/LaN ratio average is 6.34) with well-marked negative Eu anomalies
(Eu/Eu* averages 0.10) and slight positive Ce anomalies (Ce/Ce* averages 1.16). The formation of
Th-rich zircon indicates that residual fluid-saturated pegmatite melt is saturated with Th and other
trace elements (REE, Y, U, Ti and Nb).

Keywords: zircon; thorium; rapakivi granites; pegmatites; Wiborg Massif; trace elements;
rare-earth elements

1. Introduction

Zircon is a geochronometer mineral most commonly used for approaching various
geological problems (e.g., [1–3]). The study of zircon trace elements, which has become
possible with the arrival of high-precision microanalytical methods (SIMS, LA-ICP-MS,
etc.), provides more information on petrogenesis [4–6]. Therefore, it is important to obtain
more evidence for zircon’s isomorphic capacity for trace elements and zircon crystallization
conditions when its impurity element concentrations are extremely high. The possible range
and average concentrations of impurity elements in zircon have been assessed recently,
based on strong evidence (e.g., [7–9]). However, detailed mineralogical and geochemical
studies that are currently in progress provide more information on the anomalously high
concentrations of some elements in zircon. Hf-rich zircon in rare-metal pegmatites from the
Vasin-Mylk deposit (northeastern Kola Peninsula) was shown to contain zones consisting
of hafnon. It was the fourth discovery of hafnon in the world [10]. In this study, we report
the occurrence of anomalous Th-rich zircon in a pegmatite vein emplaced in porphyritic
rapakivi granite from the Wiborg Massif. We present EPMA and SIMS data for it, which
provides a better understanding of zircon’s isomorphic capacity.

2. Geological Setting

The geology and petrology of rapakivi granites from the Fennoscandian Shield have
been the subject of detailed studies for over half a century (e.g., [11–15]). Wiborg rapakivi
granites were widely used in the architecture of St. Petersburg [16,17]. The Wiborg rapakivi
granite massif, located mainly in Finland, is a giant multi-phase intrusive body exposed
over an area of more than 19,000 km2 and formed during the consecutive intrusion of four
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portions of magma (Figure 1). Petrochemical, mineralogical and geochemical analyses of
various granite phases are indicative of melt differentiation, which took place in the primary
deep magmatic chamber during the crystallization of separate magmatic phases [18]. Avail-
able isotopic data indicate that the massif was forming for at least 20 Ma over the time span
of 1642–1622 Ma [19]. From a practical point of view, the mineralogical and geochemical
study of Wiborg rapakivi granites is essential for the assessment of the composition and
quality of the region’s underground waters (e.g., [20,21]).
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Figure 1. Scheme showing the geological structure of zone 8 at the Vozrozhdenie rapakivi granite
deposit. Legend: 1—coarse-grained ovoid-rich granites of phase II (wiborgites); 2—trachytoid
granites of phase III; 3—contact-altered granites of phase III; 4—joint sets (a—1st order, b—2nd order);
5—zircon sampling site (N 60◦50′51′′ E 28◦59′12′′). Inset shows the location of the deposit (modified
after [22]).

Zircon is one of the most common accessory minerals present in all types of rapakivi
granites. The prismatic faces of its crystals are better defined than dipyramidal faces. The
aim of the present project was to study a zircon sample with an anomalously high Th
concentration (sample 110) obtained by Prof. V.V. Gavrilenko from a pegmatite vein in the
rapakivi granites of the Gubanov Intrusion quarried in Vozrozhdenie quarry located in the
Wiborg District of the Leningrad region (Figure 2a).

The Gubanov Intrusion is a granitic intrusive body covering an area of about 20 km2

within the Wiborg Massif [18]. Vozrozhdenie facing stone deposits is its biggest exposure.
Most researchers consider the intrusion as a body formed during a third phase of intrusion
(after pyroxene-hornblende granites of phase I and ovoid biotite-hornblende wiborgites of
phase II). Wiborgite is a regional term adopted by geologists in Finland, Sweden and Russia
as a shorter synonym for the coarse-grained, ovoid-rich granites that are most common
in rapakivi massifs. The Gubanov Intrusion consists of porphyritic biotite granites. Of
note, the K-feldspar megacrysts (up to 30–40 mm) in the biotitic granites are idiomorphic
with tabular habits rather than ovoids. These granites often display a trachytoid texture,
especially near contact with host wiborgites. Feldspar ovoids, tentatively understood as
xenocrysts trapped from wiborgites upon the intrusion of phase III, occur there as well. This
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conclusion is supported by the fact that the amount of ovoids in biotite granites decreases
rapidly away from the contact.
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Figure 2. (a) View of the quarry at the Vozrozhdenie deposit. The arrow shows the location of the
pegmatite vein. (b) The site at which sample 110 was taken. A symmetrically zonal-structured
granitic pegmatite vein in porphyry-like biotite granites. The length of the hammer from the head to
the bill is 18 cm.

The pegmatites from which the zircon sample was taken occur as 10–50 cm thick
veined bodies cutting biotite granites mainly in the northern zone of the quarry (Figure 2b).
According to Prof. M.A. Ivanov (personal communication), they dip SW at 30–50◦. They
consist of K-Na feldspar (30–50 vol. %), plagioclase (An18–22, 15–20 vol. %), quartz
(30–50 vol. %) and biotite (2–5 vol. %). They also contain albite, fluorite, titanite and
muscovite; K-feldspar occasionally occurs as amazonite. Pegmatite bodies typically display
symmetrically zoned structure (Figure 2b): near the contacts, they consist of fine-grained
aggregate of biotite-quartz-feldspar composition, which is succeeded in its axial zone by
coarse (up to 5 cm in size) feldspar and quartz crystals. Fluorite and amazonite, as well as
miarolitic cavities containing idiomorphic quartz crystals, are confined to this zone.

Pegmatite veins are located inside the granites of phase III, near the contact with
earlier granites of phase II. This suggests that pegmatites crystallized from the residual melt
of granites of phase III, enriched with volatile and incompatible components. According
to textural features, zircon crystallized simultaneously with the minerals of the central
(giant-grained) part of the pegmatite vein—biotite and K-feldspar.
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3. Methods

Anomalously high Th concentration in zircon from the above pegmatite vein (sample
110) was tentatively detected using the SEM-EDS method at the Institute of Precambrian
Geology and Geochronology of the Russian Academy of Sciences on a JEOL JSM-6510LA
scanning electron microscope with a JED-2200 energy dispersion X-ray spectrometer (JEOL
Ltd., Akishima, Japan). A transparently polished, thin section was carbon-coated.

Zircon composition was measured using the EPMA (electron probe microanalyser)
method at the Institute of Precambrian Geology and Geochronology of the Russian Academy
of Sciences on a JEOL-JXA-8230 electron probe microanalyser (JEOL Ltd., Akishima, Japan)
with four wavelength dispersive spectrometers (WDS). Analyses were performed at an
accelerating voltage of 20 kV and a beam current on a Faraday cup of 20 nA. Zircon (ZrLα
and SiKα), hafnon (HfMα), ThO2 (ThMα), UO2 (UMβ), CePO4 (CeLα), DyPO4 (DyLα),
Y-garnet (YLα), LiTaO3 (TaMα), LiNbO3 (NbLα), F-apatite (PKα), spessartite (FeKα and
AlKα) and anortite (CaKα) were used as standards. To reduce grain surface damage,
measurements were made with beam diameters of 3, 10 and 15 µm. The results obtained
were similar. The ZAF method was employed for calculating corrections. The estimated
analytical precisions were better than 2% for Si and Zr; better than 10% for Hf, Y, P, Th, Ca,
Ce, Fe and Al and higher than 10% for Ta, Nb, U and Dy.

Measurements of zircon trace element composition were performed using the SIMS
(secondary ion mass spectrometry) method using an IMS-4f (Cameca, Gennevilliers, France)
ion microprobe at the Yaroslavl’ branch of the Institute of Physics and Technology of the
Russian Academy of Sciences. We mainly followed the analytical procedure described
in [23,24]. Concentrations of trace elements were calculated from the normalized to 30Si+

secondary ion intensities using calibration curves based on a set of reference glasses. NIST-
610 reference glass was used as a daily monitor for trace element analyses. The primary O2

–

ion beam spot size was ~20 µm. Each analysis was averaged over 3 measurement cycles.
The accuracy of trace element measurements was up to 10% and 20% for concentrations
of more than 1 ppm and between 0.1 and 1 ppm, respectively. The detection limit was
5–10 ppb. To construct REE distribution spectra, the composition of zircon was normalized
to that of chondrite CI [25].

4. Results
4.1. EPMA Analytical Results

The zircon grain studied is in the marginal zone of a coarse (about 1.5 cm across)
quartz crystal. It displays a well-defined xenomorphic habit (Figure 3a). The grain,
200 × 400 µm across, has an elongated shape. About half of the grain is highly brec-
ciated and is healed with colloform aggregate streaks, consisting of Fe oxides (hydroxides?)
and smaller amounts of Al and Si. The streaks vary in thickness from 10 to 30 µm. The
zircon zones surrounded by streaks display zonal structure: zircon is darker in BSE in
the centre of the zones and lighter towards the streaks. Relatively brighter areas have a
higher mean atomic number than the darker areas, and so they are constituted by relatively
heavier chemical elements on average. Micron-sized inclusions of other mineral phases of
trace and minor elements in zircon, including Th (e.g., thorite or thorianite), do not occur.

Table 1. EPMA analysis (wt%) of zircon from a pegmatite vein hosted in the rapakivi granites of the
Wiborg Massif.

Element/Spot 22 23 24 25 26 27 28 29 30 31 32 33

SiO2 16.28 20.33 16.56 17.74 15.96 16.35 16.16 17.64 16.44 19.07 16.84 19.99
ZrO2 35.63 42.11 33.82 33.08 30.37 30.98 31.44 31.95 31.47 39.56 30.03 42.11
HfO2 1.76 2.27 1.85 1.66 1.48 1.44 1.40 1.57 1.56 2.27 1.47 2.12
ThO2 9.16 4.41 9.41 14.52 18.08 18.34 17.93 8.89 9.73 6.26 18.08 3.79
UO2 0.67 0.42 0.54 0.69 0.75 0.70 0.69 0.60 0.63 0.54 0.70 0.44
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Table 1. Cont.

Element/Spot 22 23 24 25 26 27 28 29 30 31 32 33

P2O5 2.06 1.24 1.87 2.17 2.03 2.00 2.05 1.67 1.64 1.57 2.14 1.23
CaO 0.46 0.70 0.41 0.57 0.59 0.66 0.63 0.50 0.47 0.40 0.61 0.57
FeO 7.04 4.78 8.81 3.02 6.14 2.16 2.32 10.33 8.21 4.99 6.91 8.81

Al2O3 2.33 1.86 2.15 2.26 2.06 2.15 2.04 2.51 2.32 2.17 2.19 2.12
Y2O3 5.12 3.90 4.34 4.84 3.96 4.39 4.25 4.33 4.20 4.58 4.57 3.91

Nb2O5 0.24 0.27 0.34 0.30 0.26 0.30 0.30 0.24 0.39 0.20 0.27 0.13
Ce2O3 0.70 0.54 0.55 0.72 0.55 0.64 0.62 0.61 0.64 0.68 0.53 0.51
Dy2O3 0.69 0.55 0.56 0.68 0.48 0.52 0.48 0.54 0.59 0.64 0.60 0.53
Ta2O5 1.63 0.88 1.90 1.49 1.42 1.48 1.23 1.64 1.94 1.08 0.94 1.05
Total 83.76 84.25 83.09 83.74 84.14 82.11 81.53 83.01 80.22 84.01 85.87 87.30

Table 2. Trace element concentrations (ppm) in zircon from a pegmatite vein hosted in the rapakivi
granites of the Wiborg Massif.

Element/Spot 1 2 3 4 5 6 7 8 9

La 1908 1742 2173 1860 1411 2375 874 1748 1740
Ce 4454 4036 4164 6380 4157 5583 4059 5390 6882
Pr 571 520 664 807 544 708 457 717 826
Nd 2432 2179 2796 3584 2434 3116 2172 3251 3719
Sm 1155 1079 1166 1734 1177 1299 1124 1492 1902
Eu 47.6 44.8 41.3 71.3 45.9 53.6 50.1 55.1 84.9
Gd 1930 1726 1821 2824 1932 2129 1776 2346 2679
Dy 3353 3221 3794 5463 3764 4306 4053 5306 6827
Er 4083 3900 4178 6561 4289 4735 4830 6313 8416
Yb 6204 6393 6875 10,754 6903 8143 7882 10,442 14,431
Lu 697 692 863 1273 851 982 1042 1398 1868

Li 3.02 11.6 5.76 1.04 2.77 3.64 0.75 0.67 0.69
P 6286 5526 4685 7683 6260 7402 4746 8426 9047

Ca 2171 2526 1929 2796 2733 2334 2205 1974 1691
Ti 693 12,565 734 1281 1509 1144 2589 1381 2236
Sr 23.5 26.5 21.0 40.1 29.8 31.3 69.3 36.1 22.2
Y 28,282 24,927 28,724 43,717 27,670 33,159 30,917 36,185 51,524

Nb 2117 3510 1590 2384 2337 2997 2017 1497 1952
Ba 369 388 504 363 330 376 673 321 524
Hf 7421 5863 6315 11,160 6567 11,575 17,364 15,775 16,150
Th 105,603 85,635 87,848 125,257 92,994 146,245 58,613 80,589 46,399
U 3528 3488 4024 6243 4301 4659 2706 5745 6825

Th/U 29.9 24.6 21.8 20.1 21.6 31.4 21.7 14.0 6.80
Eu/Eu* 0.10 0.10 0.09 0.10 0.09 0.10 0.11 0.09 0.11
Ce/Ce* 1.03 1.03 0.84 1.26 1.15 1.04 1.55 1.16 1.39
ΣREE 26,835 25,532 28,535 41,311 27,508 33,432 28,319 38,459 49,374

ΣLREE 9366 8477 9797 12,630 8547 11,783 7562 11,106 13,167
ΣHREE 16,267 15,931 17,531 26,876 17,739 20,296 19,584 25,805 34,221

LuN/LaN 3.52 3.83 3.83 6.60 5.81 3.98 11.5 7.71 10.3
LuN/GdN 2.92 3.25 3.83 3.65 3.56 3.73 4.75 4.82 5.64
SmN/LaN 0.97 0.99 0.86 1.49 1.34 0.88 2.06 1.37 1.75

The composition of the zircon analysed typically displays low SiO2, varying from
15.96 to 20.33 wt% (on average, 17.45 wt%) (Table 1). This SiO2 value is almost twice as low
as the stoichiometric composition of 32.8 wt% SiO2 [26].

ZrO2 is also lower than a stoichiometric value of 67.2 wt%. It varies from 30.03 to
42.11 wt%, averaging 34.38 wt%. SiO2 and ZrO2 show a positive correlation (r = 0.89,
Figure 4a). Total SiO2 and ZrO2 vary from 46.33 to 62.44 wt%, averaging 51.82 wt%. Thus,
the total amount of impurities in the zircon may be over 50 wt%. Higher SiO2 and ZrO2
values were obtained for darker areas (e.g., points 22, 23, 31 and 33, Figure 3a). Their SiO2
may be over 20 wt% and ZrO2 is up to 42 wt%. The lowest SiO2 and ZrO2 concentrations
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were revealed in brighter zones (e.g., points 27, 28 and 32). They usually surround darker
zones with low major element values. Their SiO2 is 16–17 wt% and ZrO2 is 30–31 wt%.
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(EPMA method).

EPMA has shown that Th contributes mostly to the amount of trace elements. Their
ThO2 varies from 3.79 to 18.34 wt%, averaging 11.55 wt%. ThO2 in the brighter zones
(points 27, 28 and 32) is at its maximum, averaging 18.11 wt%. ThO2 in darker zones (points
22, 23, 31 and 33) is much lower, averaging 5.90 wt%. ThO2 is negatively correlated with
ZrO2 (r = −0.85, Figure 4b). UO2 is positively correlated with ThO2 (r = 0.89, Figure 4c),
varying in a relatively narrow range from 0.42 to 0.75 wt%, averaging 0.61 wt%. Both Th4+

and U4+ replace Zr4+ at the dodecahedral site of the zircon structure [27].
Zircon contains a relatively high FeO concentration, varying from 2.16 to 10.3 wt%

and averaging 6.13 wt%. The FeO value depends inversely on ThO2 (r = −0.50). In the
ThO2-richest lighter zones, FeO drops to 2 wt%. In the darker zones, which contain much
less ThO2, the FeO value is the highest.

FeO is positively correlated with Al2O3 (r = 0.49). The latter varies from 1.86 to
2.51 wt%, averaging 2.18 wt%.

Y2O3 varies from 3.90 to 5.12 wt%, averaging 4.36 wt%. Y2O3 and ThO2 do not show
a significant positive correlation (r = 0.17).

P2O5 varies from 1.23 to 2.17 wt%, averaging 1.80 wt%, correlating positively with
ThO2 (r = 0.85, Figure 4d). P2O5 is also positively correlated with Y2O3 (r = 0.60). Y-REE-
bearing zircon commonly contains P. The replacement of Zr4+ by Y3+ and REE3+ in zircon
is commonly explained by the coupled xenotime-type substitution, in which P5+ replaces
Si4+, maintaining charge balance [27].

It should be noted that the elevated Ca value in zircon has a fluid effect on the
mineral [28]. CaO varies from 0.40 to 0.70 wt% (on average, 0.55 wt%), showing a positive
correlation with ThO2 (r = 0.39). The CaO value shows either a negative or no correlation
with other trace and minor elements.

The formula element for zircon is Hf, the only one that demonstrates a positive rela-
tionship between the HfO2 and ZrO2 (r = 0.95, Figure 4e) contents. A negative correlation
was established for HfO2 with ThO2 (r = −0.86, Figure 4f).
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4.2. SIMS (TE + REE) Analytical Results

Trace and rare-earth element values in high-Th zircon were measured by SIMS at
9 points (Table 2 and Figure 3b). Th varies from 46,399 to 146,245 ppm, averaging
92,131 ppm. U is not correlated with Th (r = 0.00), varying from 2706 to 6825 ppm (on aver-
age, 4613 ppm). The Th/U ratio varies from 6.80 to 31.4, averaging 21.3. La (r = 0.63), and
Ca (r = 0.56) and Nb (r = 0.43) values are positively correlated with Th (Figure 5a–c).
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Ti in the zircon analysed is anomalously high, varying from 693 to 12,565 ppm (on
average, 2681 ppm). Hence, it cannot be used as a marker for zircon crystallization temper-
ature [29]. Ti is poorly correlated with other trace elements in zircon, showing a positive
correlation only with Li (r = 0.80) and Nb (r = 0.71).

Hf varies over a wide range from 5863 to 17,364 ppm, averaging 10,910 ppm. The
highest Hf value was obtained for the darker zircon zones (points 7 and 9) that typically
contain the lowest Th. Th is negatively correlated with Hf (r = −0.41, Figure 5d). Two
non-formula elements, Ba (r = 0.59) and Sr (r = 0.46), are positively correlated with Hf.
Ba and Sr are negatively correlated with Th (for Ba-Th r = −0.60, Figure 5e). Ba (321 to
673 ppm, averaging 427 ppm) is higher by more than one order of magnitude than Sr (21.0
to 69.3 ppm, averaging 33.3 ppm). Such a correlation is not typical of zircons enriched in
trace elements. It has been shown earlier that Ba and Sr values in anomalous zircon from
Belokurikha leucogranites are correlated both for unaltered low-Ba- and low-Sr zircons and
for zircons enriched in incompatible elements [30].

Ca varies from 1691 to 2796 ppm, averaging 2262 ppm. The Nb value is the same as
Ca, varying from 1497 to 3510 ppm (on average, 2267 ppm). It has been noted above that
Ca and Nb are positively correlated with Th.

The Y value is as high as 24,927 to 51,524 ppm, averaging 33,901 ppm. Y and P are
positively correlated (r = 0.80, Figure 5f), as are Y and Hf (r = 0.63). P varies from 4685 to
9047 ppm (on average, 6673 ppm).
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REE varies from 25,532 to 49,374 ppm, averaging 33,256 ppm. The REE distribution
spectra are poorly fractionated, so LREE is more abundant than HREE (Figure 6). The
LuN/LaN ratio varies from 3.52 to 11.5, averaging 6.34. Th is negatively correlated with
the LuN/LaN ratio (r = −0.68, Figure 7a) and separately with the SmN/LaN and LuN/GdN
ratios. In other words, Th-rich zircon zones display flatter REE distribution spectra.
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zircon (SIMS method).

The average HREE (Gd-Lu) value is twice as high as the average LREE (La-Nd). Heavy
and light REE are positively correlated (r = 0.81, Figure 7b).



Geosciences 2023, 13, 362 10 of 13

REE is positively correlated with U (r = 0.93, Figure 7c), Y (r = 0.98, Figure 7d),
P (r = 0.86, Figure 7e) and Hf (r = 0.62, Figure 7f).

The spectra for light REE are almost flat (the SmN/LaN ratio varies from 0.86 to 2.06,
averaging 1.30). All the zircons show negative Eu-anomaly (Eu/Eu* varies slightly from
0.09 to 0.11, averaging 0.10). Positive Ce-anomaly, characteristic of magmatic zircon [26], is
largely reduced (Ce/Ce* varies from 0.84 to 1.55, averaging 1.16).

5. Discussion

SIMS analysis (Table 2) has shown that only Li and Hf values are not anomalously
high. Variations in Li from 0.67 to 11.6 ppm (on average, 3.32 ppm) are consistent with the
Li value in zircon from the continental crust [32]. Hf varies from 5863 to 17,364 ppm, aver-
aging 10,910 ppm, which is even less than the average Hf value in zircon from granitoids
(12,800 ppm) [7].

Trace element values in zircon are high because the radioactive decay of Th and U
with α-particle emission damages its crystalline structure. As a result, zircon becomes
metamict, and non-formula trace elements and water easily enter the structure ([33] and
references therein).

The positive correlation of Y, REE and P and their negative correlation with ZrO2
and SiO2, confirmed by both analytical methods (EPMA and SIMS), supports a xenotime
scheme of coupled substitution (Y,REE)3+ + P5+ → Zr4+ + Si4+. On the other hand, highly
inconsistent (by about one order of magnitude) Y, REE (total on average, 67,157 ppm) and P
(on average, 6673 ppm) values, shown repeatedly for Y-rich zircons [30], suggest a different
(not xenotime) scheme of coupled substitution.

The above correlation analysis of trace element values in Th-rich zircon has revealed
two element associations, which show no positive correlation between the members of
various groups. One consists of U, Y, P, REE and the associated Hf, Ba and Sr. All or
some of these elements in zircon from rare-metal pegmatites and rare-metal granites are
often abundant (e.g., [10,30]) because parent granitic melts are enriched in incompatible
elements (LILE and HFSE) and because the melt is highly saturated with fluids [34]. In
the Th-rich zircon studied, Ba concentration dominates strongly over Sr concentration,
demonstrating melt composition and emphasizing its specific feature. Ba is a large-ion
lithophile (LIL) element compatible with K-feldspar and biotite, which are widespread in
both rapakivi granites and pegmatite veins. It seems that the superabundance of Ba, which
has not become part of K-feldspar or biotite, has become part of zircon at the final stage of
pegmatite formation.

The other element associations in the zircon studied consist of Th, Ca, Nb and Ti. Its
formation is hard to interpret. It is an association dominated by HFS elements, which are
commonly immobile in geologic processes. However, fluorine fluids contribute to their
mobility. The formation of such fluids upon rapakivi granite crystallization is observed
due to an abundance (a few percent by volume) of fluorite in the rocks. F-enriched topaz-
bearing granite stocks, recognized as phase IV of rapakivi granite intrusion, are known in SE
Finland [35]. Relatively high-to-moderate mobile element (U, Th, K and Ba) concentrations
were reported for Dongargarh A-type rapakivi granites from India [36].

We compared REE distribution spectra for Th-rich zircon with those obtained by
LA-ICP-MS for zircon obtained from the rapakivi granites of the Suomenniemi Massif,
located at the northeastern flank of the Wiborg Massif, Finland [31]. The total REE value
in Suomenniemi zircon is much lower than in Wiborg Th-rich zircon, varying from 475 to
5019 ppm (on average, 1903 ppm). Suomenniemi zircon clearly displays negative Eu-
anomaly (Eu/Eu* on average, 0.07) similar in magnitude to Eu-anomaly in Wiborg granites.
The pattern of the spectra for HREE is generally consistent with that for zircon from
both massifs, except for a low value obtained for zircon from Suomenniemi rapakivi
granites (Figure 6). In the LREE range, Suomenniemi zircon shows a wide range of
values exceeding chondrite values by two orders of magnitude. Several spectra display
a flat LREE distribution spectrum similar to those for Th-rich zircon. Other spectra for
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Suomenniemi zircon with lower LREE show a fractionated pattern in which LREE becomes
more abundant than HREE’s. Th and U (40–250 ppm for both elements) in zircon from
Suomenniemi rapakivi granites are common for granites [36]. Its Th/U ratio is much
lower than that for Th-rich zircon, varying from 0.7 to 1.4 (on average, 1.1). The Y value in
Suomenniemi zircon is 2900 ppm, which is lower by at least one order of magnitude than
that in Wiborg zircon (on average, 33,901 ppm, Table 2).

Modern estimates of Th and U in zircon from various rock types (over 2000 analyses)
show that Th in zircon for granitoids, as well as mafic and intermediate rocks, varies
from a few ppm to 9690 ppm [9]. U in zircon from granitoids reaches a maximum of
10,800 ppm. Earlier researchers [7] also referred to 12,090 ppm as the highest Th value
in zircon from granitoids. The highest U value in zircon from granitoids reported in the
contribution cited is also about the same (12,380 ppm). The comparability of possible
anomalously high Th and U values in zircon is deduced from the same thoritic-coffinitic
scheme of coupled substitution, the electronegativity of these elements, and the similarity
of their ionic radii [26]. The dissolution limit of Th in the structure was determined
experimentally as ThO2 = 5.5 ± 2.5 wt% [37].

Zircons richer in Th than those referred to in [7,9] are known. Taohuadao, Qingtian
and Laonshan peralkaline A-type granites (eastern China) contain zircon with ThO2 of
up to 10.1 wt% [38]. Magmatically derived zircon from rhyolite laccoliths in Trans-Pecos,
Texas, showed the highest ThO2 value of 6.99 wt% [39].

Li-F granites from Podlesí, Czech Republic, were found to contain single zircon grains
with up to 6.64 wt% ThO2 (58,350 ppm Th) [40]. The same rocks were shown to carry zircon
with about 14.75 wt% UO2.

Japanese granitoids were found to contain zircon with up to 6.6 wt% ThO2 and up to
11 wt% UO2 [41]. Leucocratic granite from the Weondong region, South Korea, was shown
to carry zircon with up to 24,000 ppm U and 40,000 ppm Th [42].

High UO2 values of up to 15.8 wt% have been reported only for artificial zircon from
Chernobyl “lava”, which has retained its crystallinity. It was produced by the remelting of
zirconium-bearing alloys and silicate rocks provoked by the explosion of a nuclear reactor
at the Chernobyl Nuclear Power Plant [43,44]. It is safe to assume that Th concentration in
zircon may also be as high as 14–15 wt%, as shown earlier for U in natural zircon.

6. Conclusions

The EPMA study of zircon from a pegmatite vein in Wiborg rapakivi granites has re-
vealed anomalously high ThO2 values, up to 18.34 wt%, corresponding to about
161,000 ppm if recalculated for Th. This value generally agrees with the highest Th of
146,000 ppm in the zircon analysed by SIMS. Such a high Th value in zircon means that the
find is unique. The formation of Th-rich zircon indicates an abundance of Th and other
trace elements (REE, Y, U, Ti and Nb) in residual fluid-saturated pegmatite melt, which
evolved from rapakivi granite melt.
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