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Abstract: The present study contains the detailed ion microprobe data on trace and rare earth
elements distribution in the large zircon crystal about 10 × 6 mm in size with distinct growth and
sector zonings from Ilmen Mountains feldspathic pegmatite. The zircon crystal morphology is a
combination of a prism {110} and a dipyramid {111}. It is found out that the growth sector of the
prism {110} generally contains higher concentrations of Th, U, REE, Y, and Nb and exhibits a more
gently sloping HREE distribution pattern and a steeper LREE distribution pattern, in contrast to zircon
from the growth sector of the dipyramid {111} development. Such a sector zoning pattern was formed
at a late stage in crystal growth, when the prism {110} began to prevail over the dipyramid {111}. The
zircon studied displays the growth zoning formed of alternating bands in back-scattered electron
(BSE) image: wide dark and thin light bands. The last ones contain elevated Th, U, REE, Y, Nb, and
Ti concentrations, Th/U ratio and Ce/Ce*. This growth zoning is most probably due to simultaneous
crystallization of other minerals that concentrate trace elements, e.g., apatite and monazite, and the
lack of equilibrium between zircon and fluid (melt).

Keywords: zircon; crystal zoning; trace elements; REE; ion microprobe; Ilmen Mountains

1. Introduction

Numerous studies have been done on the heterogeneity of mineral crystals. They show
that as crystals grow, all minerals attain a zonal-sectorial structure. Various authors assume
that crystal sector zoning is due to a difference in “crystallization force”, the relative growth
rates of the faces of various forms, the ratio of crystal growth rate to element diffusion near
the surface layer of the crystalline lattice [1,2], and a difference in cation adsorption on the
face surface [3]. A difference in the growth mechanisms of the faces of various forms has
been also assumed (e.g., [4]).

Many accessory minerals, e.g., apatite [5–9], titanite [10], fluorite [11], xenotime and
florencite [12,13], zircon [14–17], and rock-forming minerals, e.g., calcite [18,19], orthopy-
roxene [20], clinopyroxene [21], and garnet [22], were shown to differ in trace and rare-earth
element (REE) distribution within a crystal.

Zircon is a striking example of variation in mineral composition in various growth
zones and sectors. The study of sector zoning in zircon has revealed 1.5–3.5-fold variations
in U and Th concentrations and Th/U ratio, depending on a crystal form [23].

In accordance with images of cathodoluminescence (CL) and scanning electron mi-
croscopy (BSE) study, degree of color intensity of zircon sector zones clearly indicates
difference in zone compositions in the growth sectors of dipyramid {111} and prism {110}.
According to [24], granitic melt with low U, Th, Y, REE, and P concentrations is responsible
for crystallization of prism {100} in comparison with that of prism {110}, and vice versa.
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The delayed growth of the faces of dipyramid {211}, in comparison with those of other
forms, is probably due the adsorption of impurity elements on dipyramid faces.

Some authors (e.g., [17,25,26]) attribute the sector zoning of zircon to the composition,
temperature, and cooling rate of parent melt. Another contributor is crystal growth rate: the
fastest-growing sector is enriched in P but depleted in REE in contrast to the slowly growing
sector (prism) [27]. A difference in P and REE behavior is due to the ratios of these elements
in zircon and co-existing melt: the melt is commonly richer in P than zircon but is poorer
in REE. Therefore, P diffusion proceeds from the zircon surface into the melt, while REE
diffusion proceeds from the melt toward a crystallizing zircon crystal. Eventually, diffusion
limits the concentrations of these elements in growing zircon. The recent experimental
study of zircon has shown that sector zoning causes significant dispersion in the population
of zircon compositions even for those grown from a homogeneous melt [28].

Zircon from pegmatites, which is often big in size and displays a variety of consec-
utive oscillatory zoning and forms of crystals, is a good example for the study of zircon
composition in the growth zones and sectors of the faces of various forms. Earlier studies
of zircons from Uralian pegmatites, including those from the Ilmen Mountains, showed
considerable variations in the compositions of trace elements (Hf, REE, Nb, and Ta) that
increase in concentration from early to middle generations and drop rapidly in the latest
generation, except for Hf, whose concentration in zircon rises during the formation of
pegmatite [29].

The early (internal) area of zircon crystals from Ilmen feldspathic pegmatite were
found later to display elevated U, Th, Sc, Ta, Y, and REE and low Hf concentrations, in
contrast to peripheral area [30]. In this case, Yb concentration in the growth zone of
prism {100} tends to be higher than that in the growth zone of dipyramid {111}. However,
no specifically focused studies of REE distribution relative to the sector zoning for Ilmen
zircon by modern in situ methods have yet been undertaken.

The aim of this research is to identify the reason for the trace element variation in
specific growth sector forms of zircon and its significance for geochronological studies.

2. Geological Setting

A coarse (about 10 × 6 mm in size) zircon crystal from feldspathic pegmatite, sampled
at the eastern exocontact of the Ilmen alkaline Southern Urals massif was used for study.
The investigated crystal is the largest of all the selected zircons. In addition, in this crystal,
the faces of crystallographic forms have received a distinct development and oscillatory
zoning are clearly demonstrated, which made it possible to study it with a high degree
of detail.

The Ilmenogorsk nepheline syenite massif, 18 km in length and 50 km2 in plain view,
looking like a drop in plain view which increases in width southwards (Figure 1). The
massif consists dominantly of banded biotite-K-feldspathic nepheline syenite (miaskite).
Its marginal zones are composed of plagiomiaskite and plagiosyenite. Typical Ilmenogorsk
miaskites are largely K-feldspathic rocks that contain 25–40% nepheline, 10–15% oligoclase-
albite (nos. 10–15), 5–10% biotite (annite), 1–3% calcite and accessory ilmenite, titanite,
zircon, pyrochlore, allanite-(Ce), fluorapatite, etc. [31]. Such miaskites make up ~40% of
the massif. Biotite-amphibole, amphibole and pyroxene-amphibole varieties also occur;
plagiomiaskites and muscovitic, bimica, scapolitic and antiperthitic miaskites were reported
more recently. The syenite exocontact zone of the massif is ~50 m wide in the south and
400–600 m wide in the north; syenites alternate with fenites.

The Ilmenogorsk alkaline massif, especially its exocontact portion, exhibits early to late
pegmatite fields of various ages: granitic pre-miaskitic→ feldspathic (syenitic)→miaskitic
→ corundum-feldspathic→ alkaline-ultramafic→ carbonatitic→ granitic post-miaskitic
→ granitic amazonitic [32].
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Figure 1. Sketch map of the Ilmenogorsk alkaline massif [33]: (1) central miaskite body; (2) eastern 
miaskite body; (3) northern framing of miaskite bodies and syenite zones; (4) alkaline metasoma-
tites (fenites). 

All types of pegmatite contain zircon, which is commonly polygenerational and dis-
plays various parageneses. As the shape, color, and size of zircon vary considerably, Ilmen 
pegmatites are considered favorable for various studies. Zircon from mica-feldspar peg-
matites is large, up to 3 cm [30] columnar prismatic, dipyramidal-prismatic of yellow-
brown and brown color. On a cut, zircon is often homogeneous, contrasting zonal-secto-
rial areas are observed during irradiation. Zircons from miaskite and syenite pegmatites 
are characterized by a brownish tint, subisometric appearance, dipyramidal-prismatic or 
dipyramidal habit, crystals up to 2 cm in size [30]. Preliminary data on the composition of 
zircons show that many of its constituents vary markedly [34,35]. Syntactic zircon-xeno-
time intergrowths are encountered. A single find of hafnon has been reported. Some green 
metamict zircons contain high uranium and thorium concentrations. In some pegmatites, 
pinacoid {001} faces in zircon are well-developed and the crystals look like cubes. Some 
granitic pegmatites have many zones with very fine zircons, revealed only at considerable 
magnification. Of great interest are synchronous intergrowths of zircon with pyrochlore, 
xenotime, monazite, samarskite, ilmenorutile, columbite, garnet, magnetite, apatite, cal-
cite, albite, amazonite, topaz, and other minerals. Such intergrowths are used to check 
whether available geothermometers and geobarometers are good enough for physico-
chemical modeling of mineral formation. 

To date, various results have been obtained for the dating of zircon from feldspar 
pegmatites of the Ilmenogorsk massif by the local U-Pb method (SHRIMP-II)—240 ± 5 Ma 

Figure 1. Sketch map of the Ilmenogorsk alkaline massif [33]: (1) central miaskite body; (2) eastern
miaskite body; (3) northern framing of miaskite bodies and syenite zones; (4) alkaline metaso-
matites (fenites).

All types of pegmatite contain zircon, which is commonly polygenerational and
displays various parageneses. As the shape, color, and size of zircon vary considerably,
Ilmen pegmatites are considered favorable for various studies. Zircon from mica-feldspar
pegmatites is large, up to 3 cm [30] columnar prismatic, dipyramidal-prismatic of yellow-
brown and brown color. On a cut, zircon is often homogeneous, contrasting zonal-sectorial
areas are observed during irradiation. Zircons from miaskite and syenite pegmatites
are characterized by a brownish tint, subisometric appearance, dipyramidal-prismatic or
dipyramidal habit, crystals up to 2 cm in size [30]. Preliminary data on the composition of
zircons show that many of its constituents vary markedly [34,35]. Syntactic zircon-xenotime
intergrowths are encountered. A single find of hafnon has been reported. Some green
metamict zircons contain high uranium and thorium concentrations. In some pegmatites,
pinacoid {001} faces in zircon are well-developed and the crystals look like cubes. Some
granitic pegmatites have many zones with very fine zircons, revealed only at considerable
magnification. Of great interest are synchronous intergrowths of zircon with pyrochlore,
xenotime, monazite, samarskite, ilmenorutile, columbite, garnet, magnetite, apatite, calcite,
albite, amazonite, topaz, and other minerals. Such intergrowths are used to check whether
available geothermometers and geobarometers are good enough for physico-chemical
modeling of mineral formation.

To date, various results have been obtained for the dating of zircon from feldspar peg-
matites of the Ilmenogorsk massif by the local U-Pb method (SHRIMP-II)—240 ± 5 Ma [36].
A considerable variation in age from 231 to 282 Ma was obtained by studying various min-
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erals of the Ilmen-Vishnevogorsk alkaline complex [37]. The U-Pb age of pyrochlores from
miaskite-pegmatites was calculated to be 231 ± 29 Ma (TIMS), of zircons—279 ± 10 Ma
(SHRIMP II) and 282 Ma (LA-ICP-MS). One more U-Pb age of zircon from feldspar peg-
matites of the Ilmenogorsk massif is 273 ± 14 Ma (unpublished author’ data by S.G.
Skublov). Thus, the age of the feldspar pegmatites of the Ilmen Mountains can be estimated
to fall within the interval of 230–280 Ma.

A zircon crystal from feldspathic pegmatite at site 20, in which pegmatitic aggregate
consists of coarse microcline and albite-oligoclase and is locally intergrown with biotite
and apatite, was analyzed in this study. Zircon occurs as coarse crystals in one of the late
feldspar crystal zones throughout the entire pegmatite vein. Host rocks are represented by
medium-grained aegirine and biotite syenites and fenites [31].

3. Materials and Methods

A coarse (about 10 × 6 mm in size) zircon crystal from feldspathic pegmatite was
collected at site 20 in the Ilmen Mountains to analyze the variable chemical composition
of zircon in each growth zone and sector. The zircon used in our study was extracted
following a standard method using heavy liquids from the sample of pegmatite. The
prism {110} and dipyramid {111} faces in the zircon crystal are well-developed. The zircon
preparation method employed is similar to the one described in [38]. The zircon crystal was
cut along the elongation axis L4 [001], mounted onto standard epoxy mount. The central
cross-section of the crystal was brought approximately onto the surface of the mount.

The major element composition of zircon was analyzed using the SEM-EDS method at
the Institute of Precambrian Geology and Geochronology of Russian Academy of Sciences
by a JEOL JSM-6510LA scanning electron microscope with a JED-2200 energy dispersal
attachment (JEOL Ltd., Akishima, Japan). The internal structure of zircon was studied in
a compositional contrast regime (back-scattered electrons, BSE). A polished sample was
carbon-coated. Point determinations of mineral compositions were performed with an
electron beam at an accelerating voltage of 20 kV and a current of 1 nA; the point was
3 µm in size. The accumulation time of each spectrum was 50 s. Natural minerals, pure
oxides, and metals were used as standards. ZAF algorithm was used for correction of a
matrix effect. A total of 116 point analyses of zircon and 11 analyses of co-existing minerals
were carried out for their identification. Analysis of zircon by the EDS method revealed
no impurity elements, except for Hf and Th and one zircon point with Al and Fe impurity
due to their low content (the detection limit for trace elements is 0.1 wt.%). As Hf and
Th concentrations were measured precisely by an ion microprobe, the analytical results
obtained by the EDS method are not reported in the present paper. Zircon was studied
by an electron microscope both prior to its analysis by an ion microprobe to mark the
future craters relative to the particular portions of the growth sectors and growth zones of
zircons and after analysis for the accurate tying of analytical craters to the internal structure
of zircon.

Analysis of rare earth and trace elements in the zircons was carried out by secondary-
ion mass spectrometry on a Cameca IMS-4F ion microprobe (Cameca, Gennevilliers, France)
at the Yaroslavl Branch of the Institute of Physics and Technology, Russian Academy of
Sciences. Analytical procedures are mainly described in [39–42]. The primary O2

– ion beam
was accelerated to about 14.5 keV and focused to a spot size of ~20 µm. The ion current
was 5–8 nA. Each analysis was carried from 3 cycles of measurements with a discrete
transition between mass peaks within the given set of elements. The total measurement
time of one point is on average about 30 minutes and varies depending on signal intensity
and was determined automatically by statistical control. The absolute concentrations of
each element were calculated from the measured intensities of positive atomic secondary
ions, which were normalized to the intensity of secondary 30Si+ ions, using calibration
curves based on a set of reference glasses [43,44]. NIST-610 reference glass [45] was used
as a daily monitor for trace element analyses. The following isotopes were measured:
7Li+, 29Si+, 31P+, 42Ca+, 49Ti+, 88Sr+, 93Nb+, 89Y+, 138Ba+, 139La+, 140Ce+, 141Pr+, 143Nd+,
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149Sm+, 153Eu+, 154Gd+, 156Gd+, 158Gd+, 162Dy, +163Dy+, 165Ho+, 167Er+, 174Yb+, 175Lu+,
178Hf+, 232Th+, 238U+. Procedure of subtraction was used to correct the signals of 31P+,
88Sr+, 89Y+, 93Nb+, 138Ba+, 139La+, 140Ce+, 141Pr+, 153Eu+, 158Gd+, 174Yb+, 167Er+ describe
on [39,41,42,46]. Accuracy of the trace element measurements for most elements with a
concentration >1 ppm is 10–15% and 15–20%—for the concentration range 0.1–1 ppm;
mean detection limit is 5–10 ppb.

To construct REE distribution spectra, the composition of zircon was normalized for
that of chondrite CI [47]. Zircon crystallization temperature was estimated with a Ti-in-Zrn
thermometer [48]. As no Ti-minerals in the feldspathic pegmatite sample analyzed were
revealed, the estimate presented indicates a lower zircon formation temperature limit. The
median value, most valid in an uncertain type of statistical distribution of data on zircon
composition, was used as a mean value when discussing analytical data [49]. A total of
55 point analyses of trace and rare earth elements were carried out (Figure 2, Table S1), of
which 22 points were placed within the growth sector of the prism {110}, 33 points are in
the growth sector of the dipyramid {111} (16 points are on one the face (111) and 17 points
on the other face (111). In this case, the analytical points form six profiles from the center to
the margin of the crystal perpendicular to growth zoning. Three profiles are located within
the prism and three within the dipyramid. A trace element distribution pattern in zircon in
one growth zone can thus be compared, but in the growth sectors of various forms, on the
one hand, and in various growth zones within each of forms presented, on the other.
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Figure 2. BSE image of zircon crystal from Ilmen Mountains feldspathic pegmatite. White circles encircle the craters of the
ion microprobe, indicating the sequence number of analytical points. Red lines indicate the boundaries of growth sectors on
the crystal.

4. Results
4.1. Internal Zircon Structure

The zircon crystal studied is intergrown with albite, K-feldspar, and apatite. The
latter is 500 µm in size in cross-section. Fine monazite grains within apatite were revealed.
There are no other mineral phase inclusions found in the zircon crystal. One common
internal structural feature of the crystal is the presence of thin bands that display a light
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color in a BSE-image. The bands resemble oscillatory growth zoning which often occurs in
zircon and is typical of zircons of igneous origin [50]. The light bands are morphologically
complex. They commonly vary in thickness from several microns to 10–20 µm. The light
color varies in intensity over the entire band until it disappears completely. Sometimes
they combine to form light bands up to 40–50 µm in width. Light bands over the entire
area of the crystal (from the center to the margin) form a thickening. There are five such
thickening areas. The thickness of thickening areas of light-colored bands is variable from
200–650 µm (Figure 2). Between such thickening areas, there are darker zircon bands with
either no or thin light bands. The dark bands are 500–700 µm thick. The internal structure
of zircon can be subdivided into three parts.

Part I is the innermost portion of the crystal, which occupies about 15–20% of its
entire cross-section along L4-axis. The growth sectors of the prism {110} and dipyramid
in the form of the face (111) are located in this portion. The face length of the prism is
commensurable with that of the dipyramid and is slightly greater. A 200–300 µm thick
wide light band marks the external boundary of this portion. The band is thinner along
the prism face than along the dipyramid face. The light band along the dipyramid face
falls into two thicker monolithic light bands that rim the light band. There are brighter
points within the light band which are due to the formation of a coarse sculpture on the
faces during the growth. The integrity of the thin light bands is occasionally destroyed,
and their fragments form irregular aggregates and clusters. The arbitrary boundary of the
first portion of zircon is traced by analytical points 7, 15, 23, 42, and 51 (Figure 2, Table S1).

The second portion of zircon occupies an intermediate position in the crystal and
comprises two dark bands separated by a relatively thin (up to 20 µm) light band which
is more distinct in the growth sector of the dipyramid. The light band, which is external
for this portion, is up to 80 µm thick in the dipyramid sector and no more than 50 µm
in the prism sector. A remarkable feature of the second portion is that the face (111) of
the dipyramid {111} was formed from zero and eventually became about 1 mm long. The
length of the face (111) of the dipyramid {111} varies slightly within this portion up to about
2 mm. The area of the second portion of zircon is slightly greater than that of the internal
portion. Both make up about 40% of the total area of the zircon crystal. The positions of
analytical points 5, 13, 21, 28, 35, 40, and 49 are referenced against the boundary of the
second portion of zircon (Figure 2, Table S1).

The suppression of the face (111) and the considerable increase of the face (111) of the
dipyramid {111} are typical of the third, external, portion of zircon which occupies over
1
2 of the crystal. Toward the crystal edge, the face length of the crystallographic form of
the dipyramid, estimated from the length of the light bands, is no more than 150 µm for
(111) and about 4 mm for (111). The length of the face (110) of the prism is up to 8 mm. The
intensity of the light bands in the third portion of zircon decreases and the thickness of the
dark portions of zircon increases to 800 µm.

4.2. General REE Distribution Pattern

The total REE concentration in zircon varies from 120 to ~2300 ppm, averaging about
400 ppm. The REE distribution spectra in the zircon studied are shown in Figure 3a. Inter-
estingly, the individual spectra are absolutely parallel to each other. Only at points 5 and 7
(Figure 2) LREE (La, Ce, Pr, Nd), especially La and Ce, concentrations are markedly higher,
with the SmN/LaN ratio of less than 1 (0.55 and 0.17, respectively, Table S1), which is not
typical of zircon (Figure 3a). In the MREE (Sm, Eu) and HREE (Gd-Lu), the spectra for these
points coincide with other spectra, suggesting that the elevated LREE concentration is due
to apatite (LREE concentrating mineral) microinclusions which penetrate into the analytical
field and are indiscernible in BSE. This assumption is favored by slightly elevated Ca and
P concentrations at these points.
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Figure 3. REE distribution spectra in zircon: (a) all points; (b) points of the prism face (110); (c) points of the dipyramid
face (111); (d) points of the dipyramid face (111). The dotted line (b–d) shows the compositions of the zircon areas which is
light in BSE.

The REE distribution spectra exhibit a well-defined positive Ce-anomaly (Ce/Ce*
averages 30.0 for dark zircon portions and 45.9 for light portions, Table 1) and a poorly-
defined Eu-anomaly (Eu/Eu* averages 0.8, regardless of the type of zircon). Their common
feature is a differentiated LREE to HREE distribution pattern common for zircon [51].
The REE distribution trend in zircon from feldspathic pegmatite is generally similar to
that in zircon from the carbonatites and miaskites of the Ilmen-Vishnevogorsk alkaline
complex [52].

Table 1. The mean (median) values of composition (ppm) of the zircon from Ilmen Mountains feldspathic pegmatite.

Dark Color Light Color

Prism Dipyramid (111) (111)
All

Points Prism Dipyramid (111) (111)
All

Points

n = 15 n = 22 n = 12 n = 10 n = 37 n = 7 n = 11 n = 4 n = 7 n = 18

La 0.09 0.08 0.08 0.05 0.08 0.42 0.36 0.18 0.49 0.39
Ce 12.9 7.68 6.44 9.59 11.0 149 102 55.5 132 130
Pr 0.17 0.04 0.04 0.04 0.11 1.35 0.94 0.41 1.05 1.08
Nd 1.90 0.29 0.26 0.36 1.18 16.1 11.0 4.91 13.0 13.0
Sm 2.38 0.59 0.46 0.63 1.37 18.1 12.4 6.48 13.8 14.4
Eu 1.25 0.30 0.26 0.35 0.69 6.92 6.06 3.34 6.98 6.65
Gd 9.82 3.09 2.32 3.17 6.37 49.3 44.2 25.3 51.9 47.6
Dy 39.0 13.5 12.2 15.3 28.9 186 156 97.6 172 172
Er 89.9 35.4 33.2 39.2 68.6 357 302 204 309 327
Yb 207 94.3 84.0 97.4 159 719 568 427 585 667
Lu 35.7 16.9 15.1 17.5 27.3 116 94.0 71.0 94.8 108
Li 0.04 0.03 0.03 0.04 0.04 0.12 0.18 0.12 0.20 0.13
P 66.1 58.4 25.3 78.0 44.7 60.0 56.2 49.8 83.8 58.1

Ca 28.4 24.5 24.4 27.5 25.4 29.7 31.8 25.6 38.3 30.7
Ti 4.12 3.37 3.37 3.33 3.84 12.0 16.0 12.4 16.9 13.4
Sr 0.82 0.84 0.78 0.86 0.83 1.23 1.17 0.95 1.36 1.20
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Table 1. Cont.

Dark Color Light Color

Prism Dipyramid (111) (111)
All

Points Prism Dipyramid (111) (111)
All

Points

n = 15 n = 22 n = 12 n = 10 n = 37 n = 7 n = 11 n = 4 n = 7 n = 18

Y 458 174 163 199 335 1945 1718 1104 1831 1850
Nb 82.6 25.2 24.2 26.4 40.9 364 491 220 568 462
Ba 1.91 1.76 1.70 1.79 1.78 2.18 2.36 2.10 2.65 2.35
Hf 6867 7063 7124 7054 7004 6918 7381 7323 7381 7284
Th 134 68.4 45.3 85.3 98.7 1479 2385 1075 2569 2043
U 60.0 33.9 28.7 37.2 48.6 220 235 236 183 220

Th/U 2.02 1.90 1.55 2.17 1.96 7.11 9.52 4.55 12.0 9.46
Eu/Eu* 0.78 0.73 0.72 0.74 0.76 0.79 0.79 0.79 0.79 0.79
Ce/Ce* 26.4 38.5 24.8 47.6 29.9 34.0 46.0 47.4 43.5 45.9
ΣREE 405 173 154 184 304 1915 1291 893 1382 1507

ΣLREE 15.0 8.52 6.75 10.1 12.0 168 113 60.3 147 152
ΣHREE 382 164 147 173 291 1428 1160 825 1214 1302

LuN/LaN 3128 2559 2318 4041 2634 3605 2609 3470 2136 2784
LuN/GdN 29.1 47.0 51.9 44.9 40.5 19.0 16.5 22.3 15.3 17.8
SmN/LaN 38.1 14.9 10.8 18.9 19.0 78.0 61.0 63.4 61.0 63.7
T(Ti), ◦C 670 655 655 654 665 760 786 762 791 769

The zircon portions, dark and light in BSE, differ considerably from each other in total
REE concentration (about 1500 and 300 ppm, respectively). This difference is traceable
on individual plots for each form (Figure 3b–d): REE spectra for light zircon portions
are not overlapped by REE spectra for the dark portions of zircon. REE spectra for light
zircon portions are generally less differentiated in the HREE region than those for dark
portions (LuN/GdN ratio averages 18 and 41, respectively) and are steeper in the LREE
region (SmN/LaN ratio averages 64 and 19, respectively).

The zircon portions, light and dark in BSE, also differ markedly from each other
(Table 1) in Ti concentration (13 and 4 ppm, respectively), Y (1850 and 335 ppm), Nb (462
and 41 ppm), Th (2043 and 99 ppm), U (220 and 49 ppm), and Th/U ratio (9.5 and 2.0).
Elevated Hf (7284 and 7004 ppm), P (58 and 45 ppm, Table 1), Li, Sr, and Ba concentrations
are less conspicuous in the light portions of zircon than those in the dark ones.

LREE versus HREE, as well as Y versus total REE concentrations in zircon are in-
dicative of a strong positive correlation (Figure 4a,b) which emphasizes the combined
isomorphism of these elements. In this case, the composition points of the light and dark
zircon portions do not overlap. In P versus REE, there is no correlation (Figure 4c). Ad-
ditionally, there is no correlation between the Eu and Ce anomalies. (Figure 4d). Positive
Ce-anomaly is more conspicuous (Ce/Ce* ratio averages 46 and 30, respectively) in the
light zircon portions than in the dark ones. The Eu-anomaly values for two types of zircon
practically coincide (Eu/Eu* ratio averages 0.79 in light zircon portions and 0.76 in dark
portions, Table 1).

Th concentration generally correlates positively with U concentration. This pattern is
more conspicuous for dark zircon portions than for light ones (Figure 5a). If the Th/U value
and U concentration are compared (Figure 5b), then light zircon portions display the
elevated values of both characters, but no correlation for individual light and dark zircon
portions has been revealed. Y concentration correlates positively with Nb concentration
(Figure 5c). This correlation is disturbed only for dark zircon portions related to the
prism. Ca and Ti concentrations do not show a correlation (Figure 5d). Light zircon
portions differ completely in Ti concentration from dark ones, but intersect with the latter
in Ca concentration.
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4.3. REE Distribution in the Separate Growth Sectors of the Dipyramid {111} and the Prism {110}

To compare the distribution of trace elements in different growth sectors, the average
compositions of the growth sector of each form can be used. As has been shown in the
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previous section, one should consider a type of zircon (a light and or a dark bands), because
differences in composition between them are more considerable than those in the growth
sector of one form.

It has been shown for zircon from the bands which are light in BSE that the zircon
related to the face (111) of the dipyramid is richer in the average concentrations of most
trace elements (Li, P, Ca, Ti, Y, Nb, Th, and REE) than the zircon located within the face (111)
of the same form (Table 1). Hf concentration within the various faces of the dipyramid
practically coincides (7381 and 7323 ppm). Zircon from the face (111) of the dipyramid
contains higher U concentration (236 and 183 ppm, respectively) than zircon from the
face (111), which, in principle, is not what could be expected, but the growth zones are
hard to synchronize precisely. If the composition of the light-band zircon of the prism is
compared with similar zircon (of the same zone) from the growth sector of the dipyramid,
then we can see that prism contains more REE and Y, its positive Ce-anomaly is less
conspicuous, the spectrum in the LREE region is more differentiated (SmN/LaN ratio is
higher) and its Hf concentration is smaller (Table 1). Zircon from the light bands within the
growth sector of the prism is in the composition variation range for zircon from the light
bands of the growth sector of the dipyramid, based on the concentrations of other elements.

Comparison of the composition of zircon from dark bands of various forms is more
informative, because the thickness of light bands is comparable with the size of the analyti-
cal crater. Therefore, when analyzing light bands, one should bear in mind that “poorer”
zircon substance from dark bands can penetrate into the analytical field. The amount of
such an impurity would be hard to estimate.

Zircon from the dark bands of the face (111) of the dipyramid contains greater average
quantities of P, Y, Th, U, and REE than zircon from the dark bands of the face (111) of the
same form (Table 1). Zircon of the face (111) of the dipyramid displays a higher Ce-anomaly
value (average value is 48), Th/U ratio, maximum REE differentiation (LuN/LaN ratio
averages 4041), and maximum P concentration (average value is 78 ppm, Table 1). Zircon
from the dark bands of the prism contains more Ti, Y, Nb, Th, U, and REE than zircon from
both faces of the growth sector of the dipyramid. It displays higher LREE (SmN/LaN ratio
averages 38) but lower HREE differentiation (LuN/GdN ratio averages 29). Zircon from
the dark bands of the prism also contains low Hf concentration (Table 1).

As the zircon crystal grew, the ratio of the pyramids of forms changed considerably:
the role of the prism and faces (111) of the dipyramid increased from the center of the
crystal toward the edge, while face (111) of the dipyramid was suppressed. Therefore, the
compositions of the growth sectors of forms within one grown zone, equidistant from the
center of the crystal, were compared. Four growth zones, represented by wide dark bands,
were selected to rule out possible compositional heterogeneity caused by the penetration
of light bands into the analytical field.

The first growth zone, in which the compositions of the forms of zircon are compared,
comprises six points: 6 and 14 (prism), 22 and 29 (face (111) of the dipyramid), 41 and 50
(face (111) of the dipyramid). This growth zone is the closest to the center of the crystal, and
face (111) of the dipyramid within it is not well developed yet (Figure 2). The prism zircon
(points 6 and 14) contains lower Th, U, Y, and REE concentrations than the dipyramid and
displays a minimum LuN/GdN value. The forms differ most clearly in U concentration
(Figure 6a). In zircon from the prism, the growth sector of the face (110) contains an average
of 49 ppm U, zircon from the growth sector of the face (111) of the dipyramid 66 ppm, and
zircon from face (111) of the dipyramid 122 ppm. The growth sector of the prism contains
small LREE and HREE concentrations (Figure 6b). This trend is less conspicuous for Y:
a similar concentration in the prism (an average of 344 ppm) and at the points from the
growth sector of the dipyramid (337 and 366 ppm, Figure 6c) has been revealed. No regular
patterns for Nb concentration are observed, and the normal correlation of these elements
is disturbed (Figure 6d). Zircon of the face (111) of the dipyramid has greater Th and U
concentrations and a much greater Ce-anomaly value than zircon from the face (111).
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A second growth zone is represented by points 4, 12, and 20 (the face (110) of the
prism), 27 and 34 (the face (111) of the dipyramid), 39 and 48 (face (111) of the dipyramid).
The growth zone is located in the central portion of the crystal; the dipyramid faces within
it are already equally long (Figure 2). In comparison with the first growth zone, the rare
element distribution pattern changes considerably: the points within the growth sector of
the prism {110} contain elevated Y, Nb, Th, U, and REE concentrations. Only the LuN/GdN
value, which shows a more gently sloping HREE distribution pattern, remains minimal
for zircon from the prism. The composition points within the prism and dipyramid do
not form a common trend in the Th/U ratio; they occur as clusters spaced wide apart
(Figure 7a). The scatter of figurative points in LREE, HREE, Y, and Nb concentrations
is more considerable; a positive correlation is obvious, but zircon from the prism in the
second growth zone contains elevated concentrations of these elements (Figure 7b–d). The
composition of zircon from the face (111) of the dipyramid differs in low Th, U, and REE
concentrations and an elevated Ce-anomaly value from that of the face (111). However,
these differences are less conspicuous than those in the composition of the growth sectors
of the prism and the dipyramid within the zircon crystal studied.

Points 3, 11, and 19 (110), 26 and 33 (the face (111) of the dipyramid), and 38 and 47
(face (111) of the dipyramid) in the third growth zone, which is even closer to the edge of
the zircon crystal. In this zone, the length of face (111) of the dipyramid is twice the length
of the face (111) (Figure 2). Zircon from the growth sector of the prism contains elevated
Y, Nb, Th, U, and REE concentrations (Figure 8a–d) and displays a more differentiated
LREE spectrum (elevated SmN/LaN ratio) and a gently sloping HREE spectrum (low
LuN/GdN ratio). The prism zircon exhibits a minimum Ce-anomaly value. It should be
pointed out that in two out of three prism points (3 and 19, Table 1), P concentration is
below the sensitivity limit of the ion microprobe. Zircon of the face (111) of the dipyramid
contains a maximum P concentration.
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The fourth growth zone, selected for comparison of the compositions of the forms,
is located on the zircon margin. Three points (1, 9, and 17) are in the prism and another
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three (25, 31 and 36) are in the face (111) of the dipyramid (Figure 2). As the face (111) of
the dipyramid is practically reduced, there is only one point (45) in it. As in the previous
growth zone, zircon from the growth sector of the prism differs from zircon from the
dipyramid in elevated Y, Nb, Th, U, and REE concentrations, an elevated SmN/LaN ratio
and a low LuN/GdN ratio (Figure 9a–d). Two out of three points within the prism P
concentration is minimal (at point 17 it is below detection limits and at point 1 it is 15 ppm).
An interesting feature of the marginal growth zone is inversion in the composition of the
faces (111) and (111) of the dipyramid. In contrast to two previous growth zones, zircon
from the growth sector of the face (111) contains more Y, Th, U, REE, and P than zircon
from the growth sector of the face (111) and displays an elevated Ce-anomaly value.

Geosciences 2021, 11, x FOR PEER REVIEW 14 of 21 
 

 

 
Figure 9. (a) Th versus U; (b) LREE versus HREE; (c) Y versus REE; (d) Y versus Nb in the fourth 
growth zone of zircon (points 1, 9, 17, 25, 31, 36, и 45). 

In the growth sector of the face (110) of the prism, such a profile consists of eight 
points. The initial points of the profile (16 and 15) are in the dark bands of zircon, while 
the other six (14–9) are in the light portions. Figure 10 shows the distribution of the ele-
ments in the zircon in the growth sector of the prism. As has been noted above, the initial 
points within the light bands display a considerable enrichment in HREE, LREE, Y, Nb, 
Th, and U. Toward the external portion of the profile within the dark bands Y, HREE, 
LREE, U, and Nb concentrations decrease in a stepwise manner and then vary slightly 
over the entire profile. Nb concentration tends to rise steadily from 37 to 93 ppm toward 
the crystal margin after a drop from a concentration of about 500 ppm. Th concentration 
varies irregularly from 100 to 265 ppm after a drop from over 2200 ppm. Ti concentration 
declines gently from the center of the crystal to its margin from 12 to 4 ppm and then 
remains unchanged toward the crystal margin. There is a drop in concentration down to 
about 3 ppm at point 14, the first in a sequence of dark portions of zircon that follow the 
light bands. At the same point, a minimum Ca concentration (~2 ppm) correlates with a 
drop in Ti concentration. On the contrary, Са concentration at the beginning of the profile 
is as low as 8 ppm in the light bands (points 16 and 15). Ca concentration rises to 45–40 
ppm toward the crystal margin (points 9 and 10). At points 14 and 13, Р concentration 
drops (below detection limits from about 50 ppm), as does Sr concentration. Sr concentra-
tion, in principle, persists along the profile at about 1 ppm but decreases to 0.3 ppm at 
points 14 and 13. This correlation in the behavior of Р, Са, and Sr within the profile in 
zircon suggests apatite crystallization simultaneous with the crystallization of the corre-
sponding growth zone of zircon where points 14 and 13 are located. Another decline in Р 
concentration (down to 38 ppm) at point 11 is less considerable. Ca concentration de-
creases there to 28 ppm. Point 11 is located in the dark band of zircon intergrown with 
apatite crystals identified by typical hexagonal cross-sections (the right portion of Figure 
2). Therefore, it is safe to assume that combined crystallization with apatite in this portion 
of growth zoning affects the trace element content of zircon. 

Figure 9. (a) Th versus U; (b) LREE versus HREE; (c) Y versus REE; (d) Y versus Nb in the fourth
growth zone of zircon (points 1, 9, 17, 25, 31, 36,

Geosciences 2021, 11, x FOR PEER REVIEW 11 of 21 
 

 

The first growth zone, in which the compositions of the forms of zircon are compared, 
comprises six points: 6 and 14 (prism), 22 and 29 (face (111) of the dipyramid), 41 and 50 

(face ( 111 ) of the dipyramid). This growth zone is the closest to the center of the crystal, 
and face (111) of the dipyramid within it is not well developed yet (Figure 2). The prism 
zircon (points 6 and 14) contains lower Th, U, Y, and REE concentrations than the dipyr-
amid and displays a minimum LuN/GdN value. The forms differ most clearly in U concen-
tration (Figure 6а). In zircon from the prism, the growth sector of the face (110) contains 
an average of 49 ppm U, zircon from the growth sector of the face (111) of the dipyramid 

66 ppm, and zircon from face ( 111 ) of the dipyramid 122 ppm. The growth sector of the 
prism contains small LREE and HREE concentrations (Figure 6b). This trend is less con-
spicuous for Y: a similar concentration in the prism (an average of 344 ppm) and at the 
points from the growth sector of the dipyramid (337 and 366 ppm, Figure 6c) has been 
revealed. No regular patterns for Nb concentration are observed, and the normal correla-

tion of these elements is disturbed (Figure 6d). Zircon of the face ( 111 ) of the dipyramid 
has greater Th and U concentrations and a much greater Ce-anomaly value than zircon 
from the face (111). 

 
Figure 6. (a) Th versus U; (b) LREE versus HREE; (c) Y versus REE; (d) Y versus Nb in the first 
growth zone of zircon (points 6, 14, 22, 29, 41, и 50). 

A second growth zone is represented by points 4, 12, and 20 (the face (110) of the 

prism), 27 and 34 (the face (111) of the dipyramid), 39 and 48 (face ( 111 ) of the dipyramid). 
The growth zone is located in the central portion of the crystal; the dipyramid faces within 
it are already equally long (Figure 2). In comparison with the first growth zone, the rare 
element distribution pattern changes considerably: the points within the growth sector of 
the prism {110} contain elevated Y, Nb, Th, U, and REE concentrations. Only the LuN/GdN 
value, which shows a more gently sloping HREE distribution pattern, remains minimal 
for zircon from the prism. The composition points within the prism and dipyramid do not 
form a common trend in the Th/U ratio; they occur as clusters spaced wide apart (Figure 

45).

4.4. Trace Elements Distribution in Growth Zones

The growth zoning pattern of zircon can be traced along several profiles oriented
perpendicular to growth zoning. The local character of the ion microprobe is the reason
why the zoning, composed of intricately alternating light and dark zircon portions, cannot
be reconstructed in detail. However, an attempt to describe a general growth zoning
pattern, especially in the dark wide portions of zircon, can be made.

In the growth sector of the face (110) of the prism, such a profile consists of eight
points. The initial points of the profile (16 and 15) are in the dark bands of zircon, while the
other six (14–9) are in the light portions. Figure 10 shows the distribution of the elements
in the zircon in the growth sector of the prism. As has been noted above, the initial points
within the light bands display a considerable enrichment in HREE, LREE, Y, Nb, Th, and U.
Toward the external portion of the profile within the dark bands Y, HREE, LREE, U, and Nb
concentrations decrease in a stepwise manner and then vary slightly over the entire profile.
Nb concentration tends to rise steadily from 37 to 93 ppm toward the crystal margin after
a drop from a concentration of about 500 ppm. Th concentration varies irregularly from
100 to 265 ppm after a drop from over 2200 ppm. Ti concentration declines gently from the
center of the crystal to its margin from 12 to 4 ppm and then remains unchanged toward
the crystal margin. There is a drop in concentration down to about 3 ppm at point 14, the
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first in a sequence of dark portions of zircon that follow the light bands. At the same point,
a minimum Ca concentration (~2 ppm) correlates with a drop in Ti concentration. On the
contrary, Ca concentration at the beginning of the profile is as low as 8 ppm in the light
bands (points 16 and 15). Ca concentration rises to 45–40 ppm toward the crystal margin
(points 9 and 10). At points 14 and 13, P concentration drops (below detection limits from
about 50 ppm), as does Sr concentration. Sr concentration, in principle, persists along the
profile at about 1 ppm but decreases to 0.3 ppm at points 14 and 13. This correlation in
the behavior of P, Ca, and Sr within the profile in zircon suggests apatite crystallization
simultaneous with the crystallization of the corresponding growth zone of zircon where
points 14 and 13 are located. Another decline in P concentration (down to 38 ppm) at
point 11 is less considerable. Ca concentration decreases there to 28 ppm. Point 11 is
located in the dark band of zircon intergrown with apatite crystals identified by typical
hexagonal cross-sections (the right portion of Figure 2). Therefore, it is safe to assume that
combined crystallization with apatite in this portion of growth zoning affects the trace
element content of zircon.
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Figure 10. Trace elements zoning of zircon in the growth sector of the prism.

Within the face (111) of the dipyramid, the profile discussed consists of seven points
(29–24). All the points, except for the fifth from the center of the crystal (point 25–2
in the light band), are in dark zircon (Figure 2). At point 25–2 REE, Y, Nb, Th, and U
concentrations increase considerably and also rise gradually at point 26 (Figure 11). Ti
concentration increases slightly to 11 ppm, as compared to 4 ppm at neighboring points.
If the growth zoning pattern is discussed without considering the effect of the presence
of a light band rich in trace elements, then REE, Y, Nb, and Th seem to display a decline
in concentration from the center of the crystal toward the margin within face (111) of the
dipyramid. The behavior of U, Ca, Ti, and Sr displays no well-defined regular pattern. P
concentration tends to increase from the center of the crystal toward the margin. Three
points, at which P concentration is extremely low (below detection limits at points 29 and
28 and about 1 ppm at point 26), coincide in position with the points in the profile of the
prism (points 14, 13, and 11) which are also depleted in P. However, no decline in Ca and
Sr concentrations in the profile within the face (111) of the dipyramid, complementary to
drops in P, has been revealed.
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The profile within the growth zone of the face (111) of the dipyramid consists of ten
points (53–44) four of which are in the light bands of zircon (points 52, 51, 49, and 46,
Figure 2). REE, Y, Nb, Th, and U concentrations in the light bands increase markedly,
as they do in the profile for the face (111) of the pyramid (Figure 12). Ti concentration
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the margin) persist for the points within the dark bands and for the profile within the
face (111). U, Ca, and Ti distribution in the dark zircon portions of the profile is generally
uniform. P concentration increases toward the crystal margin, and there are no drops in P
concentration below detection limits of the ion microprobe over the entire profile observed
for the profiles within the growth zones of other faces.

1 
 

 
Figure 12. Trace elements zoning of zircon in the growth sector of the face (111) of the dipyramid.



Geosciences 2021, 11, 7 16 of 20

5. Discussion

Growth zoning is the main factor responsible for the composition of zircon from Ilmen
Mountains feldspathic pegmatite. This zoning of zircon is formed of alternating wide
and BSE-dark bands with numerous thin and BSE-light bands (Figure 2). As has been
shown above (Table 1, Table S1), zircon from the light bands is considerably (even by an
order of magnitude) enriched in Th, U, REE, Y, Nb, and Ti (increase in the level of Li and
P content is less significant) in comparison with zircon from the dark bands. BSE-light
zircon displays elevated Th/U (~9.5) and Ce-anomaly (Ce/Ce* an average of 46) values.
Zircon from BSE-dark bands differs only in elevated HREE differentiation (LuN/GdN ratio,
Table 1). The reason for this zoning is hard to explain. On the one hand, it differs from a
typical magmatic oscillatory zoning described in detail in [50]. On the one hand, oscillatory
zoning, associated with the crystallization of zircon from melt, is neither characteristic of
pegmatitic zircon nor common. On the other hand, the zoning of the zircon discussed differs
completely from the zoning revealed in zircon of hydrothermal-metasomatic type [53]. The
latter is due to the re-equilibration of zircon composition upon the disequilibrium of fluid
and large-scale dissolution-reprecipitation of zircon. Zircon with a metasomatic zoning
typically displays an irregular and spotted structure and rugged zone boundaries to which
abundant accessory mineral microinclusions are commonly confined.

A zoning, morphologically similar to the one described above, was revealed in zircon
from Elba igneous granitoid complex Elba [54]. In zircon, narrow BSE-light bands contain
elevated U, Th, Y, and HREE concentrations and low Hf concentration. Conversely, much
darker bands are depleted in the above elements but enriched in Hf. The authors propose
several reasons for this zoning. The main reason is the compositional alternation of the melt
from which zircon is crystallized, from equilibrium with monazite composition (depleted
in LREE and, correspondingly, enriched in HREE and Y and the elements which correlate
with them) to non-fractionated for REE distribution. In this case, light bands in zircon
result from non-equilibrium resorption [54]. In this case, the presence or absence of trace
element enriched BSE-light bands in zircon, also depends most probably on a regime in
which accessory minerals (apatite, monazite, etc.) are crystallized together with zircon.
Our assumption is supported by the study of growth zoning in individual forms. On the
diagram of growth zoning in the prism (Figure 10), a drop in the concentrations of some
elements is consistent with crystallization of the dark bands of zircon which is in contact
with apatite and monazite.

Sector zoning, understood as joint crystallization of the prism {110} and dipyra-
mid {111}), is well-defined in the zircon studied. Compositions were compared first for
dark zircon to rule out the non-uniform penetration of light bands, much richer in trace ele-
ments, into the analytical field. Zircon from the prism {110} generally contains more Th, U,
REE, Y, and Nb, displays a more gently sloping HREE distribution spectrum and a steeper
LREE spectrum, in contrast to zircon from the dipyramid {111} (Table 1). Concentrations of
other elements in zircon from the various growth sectors of the forms are roughly identical.

The above relationship is valid for three growth zones which are closer to the crystal
margin (Figures 7–9). There, the growth sector of the prism dominates over the faces of
the growth sector of the dipyramid. The length of the face (111) of the dipyramid in them
is about two-three times smaller than the face (110) of the prism, and the face (111) of the
dipyramid is suppressed (Figure 2).

In the growth zone of zircon, which is the closest to the center of the crystal, the trace
element distribution shows an inverse pattern: zircon from the prism is depleted in Th,
U, REE, and Y (Figure 6). This inversion of properties is due to the rapid growth of the
face (111) of the dipyramid in comparison with that of the prism upon crystal formation.
This assumption is also supported also by the abundance and thickness of the light bands
in the growth zone of the face (111) of the dipyramid, while in the prism, they are poorly
evolved (Figure 2). In this growth zone, zircon from the face (111) of the dipyramid contains
more Th and U than zircon from the face (111) of the same form. As the face (111) of the
dipyramid grows due to the shortening of the face (111), their composition does not differ
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considerably. For zircon from the dark bands of the face (111) of the dipyramid, we have
estimated the maximum value of positive Ce-anomaly (Ce/Ce*) and the degree of the total
differentiation of the REE spectrum (LuN/LaN ratio) in comparison with zircon from the
face (111) of the dipyramid and that (110) of the prism (Table 1).

Attempts to compare zircon composition with a sectorial zoning were made earlier.
For example, it was shown for Lewisian gneiss that zircon from a prism {100} is enriched in
Y and depleted in Hf in comparison with zircon from another prism {110} [55]. However,
as the zircon crystal was cut perpendicular to the elongation axis L4 [001], the authors
succeeded in comparing only the compositions of the growth sectors of tetragonal prism.
Furthermore, 35 analytical points by the microprobe were all placed on the crystal margin.
Therefore, the probable growth zoning of zircon was not described.

It has been shown for zonal zircon from the Bishop Tuff [56] that a difference in
concentrations of some trace elements in a prism and a dipyramid in the same growth zone
can be two-fold. Th, Nb, U, LREE, and Ti concentrations in the dipyramid are greater than
those in the prism. On the contrary, P concentration in the prism is greater than that in
the dipyramid.

Zircon from Ilmen Mountains feldspathic pegmatite exhibits no significant positive
correlation in P and REE concentrations (Figure 4b), as suggested by the scheme of het-
erovalent isomorphism of xenotime type (Zr + Si)4+ = (REE + Y)3+ + P5+ in zircon [57].
The absence of P–REE correlation has been revealed earlier for zircon from I-granites [58].
As total REE concentration increases to 1000–2000 ppm, P concentration of 100–200 ppm
remains unchanged. Such a deviation has been revealed earlier for high yttrium zircon
which contains large quantities of incompatible elements, including water [59]. In this case,
the scheme of isomorphism H+ + (REE + Y)3+ = Zr4+ is at work [27]. However, the presence
of water in zircon leads to the disturbance of its crystalline structure. As a result, Ca, Sr,
and Ba concentrations increase. In our case, Ca, Sr, and Ba concentrations are rather low
and do not correlate with zircon zoning. Therefore, further study is needed to interpret the
absence of P–REE correlation (Figure 4c).

In the zircon studied, special attention should be given to Ti distribution used in
calculation of zircon crystallization temperature [48]. The dark portions of zircon contain
about 4 ppm Ti, while its light portions carry up to 13 ppm and in the growth zones of
the face (111) of the dipyramid up to 17 ppm (Table 1). Zircon crystallization temperature,
calculated using a Ti-thermometer, varies accordingly from 650 to 800 ◦C. Light bands,
containing elevated concentrations of Ti and other trace elements, alternate in a uniform
manner with Ti-depleted dark bands (Figure 2). Obviously, zircon could have hardly
crystallized at continuously varying temperatures of about 150 ◦C.

The NanoSIMS study of the distribution of Ti and other trace elements in zircon at a
submicron level showed that Ti concentration varies markedly even within short distances
and depends on a kinetic factor, rather than a temperature-dependent distribution between
melt and zircon [60,61]. The above examples suggest some limits in the use of a Ti-
thermometer. Considering a possible lack of equilibrium in zircon composition in light
bands, an average value of ~650 ◦C for the dark portions of zircon (Table 1), consistent with
geological data, could be taken for crystallization temperature. The average temperature
value for the prism {110} differs by only 15 ◦C from that for the dipyramid {111}. This
difference is most probably close to the analytical error in estimation of Ti concentration.
Therefore, the scheme, widely used for calculation of zircon crystallization temperature of
500–900 ◦C from the dominance of one or another from [25,26], should be supported by
independent evidence.

6. Conclusions

The detailed ion microprobe study of trace and rare earth element distribution in
the growth sectors and zones in a coarse zircon crystal from Ilmen Mountains feldspathic
pegmatite has led the authors to conclude that:
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1. The zircon studied displays zoning formed of alternating wide BSE-dark and thin BSE-
light bands. The last ones contain elevated Th, U, REE, Y, Nb, and Ti concentrations,
Th/U ratio and Ce/Ce*. The zoning is most probably due to combined crystallization
of minerals that concentrate trace elements, e.g., apatite and monazite, and the lack of
equilibrium between zircon and fluid (melt).

2. Zircon from the growth sector of the prism {110} generally contains more Th, U,
REE, Y, and Nb and exhibits a more gently sloping HREE distribution pattern and a
steeper LREE distribution pattern, in contrast to zircon from the growth sector of the
dipyramid {111}. Concentrations of other elements in zircon from these two forms are
roughly identical.

3. Such a sector zoning pattern was formed at a late stage in crystal growth, when the
prism {110} began to prevail over the dipyramid {111}. At an early crystallization
stage, the prism and the dipyramid grew at comparable speed, but zircon from the
prism contained less Th, U, REE, and Y.

4. Considerable variations in Th, U, and Ti concentrations and Th/U ratio, the char-
acteristics widely used for assessment of the conditions of formation of zircon and
capable of affecting age dating, were revealed within one zircon crystal. Therefore,
the possible growth and sector zoning of zircon should be taken into account in
U-Pb dating studies and in the designing of geothermometers, geobarometers, and
other indicators.
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