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Abstract: The zircon from the pegmatite of the Adui granitic massif displays the unique the rare earth
element (REE) distribution spectrum with the tetrad effect in REE fractionation. The tetrad effect
often occurs in granitoid rocks, but it is rarely encountered in minerals, e.g., zircon. Fluid saturated
with volatiles, water and trace elements is a factor responsible for the tetrad effect in the zircon. The
detailed isotopic-geochemical study of the zircon has revealed several zones differing in internal
structure (in the back-scattered electron (BSE) image), composition and REE distribution. The zones
indicate changes in the crystallization environment provoked by the evolution of the pegmatite-
forming melt. They occur as the gradually growing changes in composition from the unaltered zones
that are light-colored in BSE to the altered zones that are dark-colored in BSE. The unaltered zones
are consistent in composition and geochemical features with magmatic zircons. The high content of
trace (U, Th, REE) and volatile elements (F, Cl) in water suggests its crystallization from the fluid-
saturated magmatic melt. The altered zircon zones occur as recrystallized zones with high content
of non-formula elements (Y, Ca, Sr, Nb, P), a non-differentiated REE distribution spectrum and an
absent Ce anomaly. These features are consistent with those of hydrothermal-metasomatic zircon.

Keywords: zircon; rare earth element geochemistry; tetrad effect; oxygen isotopic composition

1. Introduction

The rare earth elements (REE) in modern economy are strategic raw materials. As
modern technologies develop, the consumption of REE increases and their application
range expands. In this regard, REE geochemistry has been actively studied by a wide
range of researchers in the recent decades. The geochemical behavior of REE in geological
sites was found to be controlled by differences in their ionic radius, atomic masses and
valence state variations. In addition, unusual REE behavior in various natural objects was
interpreted as the tetrad effect [1]; a detailed report by the first researchers is available in [2].

The tetrad effect (TE) is a type of REE fractionation indicated by the division of the
entire REE spectrum into four subgroups (tetrads), each consisting of four elements—La-
Ce-Pr-Nd, Pm-Sm-Eu-Gd, Gd-Tb-Dy-Ho and Er-Tm-Yb-Lu—and the formation of a wavy
curve. A normalized REE distribution profile in each tetrad shows its own pattern imposed
on a total linear REE fractionation profile as evidenced by [3] and others. The tetrad effect
is divided in the form of a manifestation into the M-type (TE value >> 1) with a convex REE
profile in tetrads and the W-type with an inverse concave REE profile (TE value << 1) [1].
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Factors that provoke the tetrad effect in rocks, mainly granitoids and their minerals,
are still the subject of active discussion. For example, according to some authors [4,5], the
tetrad effect occurs when melts interact with an “aquatic medium” consisting of water,
fluids and hydrothermal solutions. Others, e.g., [6], have found that the tetrad effect in the
REE spectra of rare metal granitoid rocks occurs due to the redistribution of lanthanides
between the immiscible liquid phases of granitoid magma, in particular via a fluoride
and silicate melt, resulting in the tetrad effect of the M-type in silicate melts and that of
the W-type in fluoride melts. Most commonly, researchers agree that the tetrad effect is
provoked by the interaction of highly differentiated melts with fluorine-enriched fluids,
such as [7–9] and others, liquid immiscibility and REE redistribution between vapor and a
co-existing melt [10]. It should be noted that the tetrad effect of the M-type is common in
highly evolved granitic systems in rocks and their minerals [3,11–13], while the tetrad effect
of the W-type is much rarer [6,10]. It is noteworthy that zircon in rocks with the intense
tetrad effect in the REE distribution and in its minerals may display no or minor tetrad
effect [12]. However, geochemical processes responsible for the tetrad effect are poorly
understood. A few examples of the tetrad effect in zircon from rare metal granites and
associated ore-bearing pegmatites have been published in the recent years [8,9,14,15].

The aim of this study is to establish a link between the occurrence of the tetrad
effect in the distribution of REE in zircon with the peculiarities of its internal structure
and composition, as well as the manifestation of rare metal mineralization. Revealing a
link between the tetrad effect in zircon and the environment in which it was formed is
mineralogically and geochemically essential because zircon is an important mineralogical
and geochemical indicator of melt evolution and a fluid regime. It is widely used for
reconstructing the evolution of magmatic and hydrothermal systems and for solving other
petrogenetic questions.

2. Geological Setting

The Adui massif is a big granitic massif located in the northwestern paleocontinental
zone of the Middle Urals. Together with adjacent smaller granitic massifs, it has been
studied for a long time (for a detailed review, see [16,17]). The Adui massif was formed
251–245 Ma ago [18]. It occurs mainly among the gneisses, migmatites, amphibolites and
crystalline schists of the Murzinka-Adui block. Its composition is dominated by biotite
and two-mica granites. According to [18], its formation was provoked by the two-phase
intrusion of magmatic melts. Multigrained gneiss-like varieties, occasionally pegmatoid
varieties, evolved in phase I. While medium- to coarse-grained, porphyraceous granites
were often formed in phase II. The composition and varieties of granitoid rocks from the
Adui massif have been studied in detail by many researchers [19]. Trace elements and the
REE distribution in the rocks of this massif are discussed in [20]. Fluid phases are often
actively involved in the formation of the Adui massif granitoids [21].

The rocks of major intrusive phases host the schlieren and veins of pegmatites, fine-
grained granites and aplites [18]. Pegmatite veins host economic rare metal mineralization
(Ta-Nb, Be, Mo, etc.) and well-known gemstone deposits. Two major types of the Adui
massif pegmatites [16] are (1) chamber pegmatites with gemstone mineralization and
(2) cavity-free ceramic pegmatites with quartz-two-feldspar block zones, which often
have a small quartz core. Rocks composed of biotite and two-mica occur in the Adui
pegmatite field. Rare metal pegmatites at the southern and eastern periphery of the massif
display highly differentiated rocks, hosting Be, Ta and Nb mineralization with an age of
245–260 Ma [19].

The zircon studied was found in an albitized pegmatite vein “Telefonka” of the Adui
massif. Now, it is a series of trenches and deep wells on pegmatite veins lying parallel
to each other. The veins consist of quartz (morion), albite, microcline, orthoclase, beryl
and garnet. According to (EPMA) U-Th-Pb dating of the analyzed zircon, its age has been
determined as 246 ± 2 million years [22], its consistent with the isotope data for the Adui
massif obtained earlier.
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3. Materials and Methods

The internal structure of zircon and the controlled presence of mineral phase inclusions
of their composition were studied in a back-scattered electron (BSE) regime on a JEOL
JSM-6510LA scanning electron microscope with a JED-2200 ED-spectrometer (IPGG RAS)
at an accelerating voltage of 20 kV, a current of 1.5 nA, a work distance of 10 mm, and
with probe diameter of about 3 µm. To calculate corrections, a ZAF method from a JEOL
program was used.

Measurements of zircon trace element composition were performed using a Cameca
IMS-4f ion microprobe at the Yaroslavl’ Branch of the Institute of Physics and Technology
of the Russian Academy of Sciences. A total of 40 spot analyses of the content of trace
and rare earth elements in the studied zircon were performed. We mainly followed the
analytical procedure described in [23,24]. The primary O2

– ion beam spot size was ~20 µm.
Each analysis was averaged from 3 measurement cycles. Contents of trace elements were
calculated from the normalized to 30Si+ secondary ion intensities using calibration curves
based on a set of reference glasses [25,26]. NIST-610 reference glass [27] was used as a
daily monitor for trace element analyses. Accuracy of trace element measurements was
10–15% for values of more than 1 ppm and 10–20% for values of between 0.1 and 1 ppm.
To construct REE distribution spectra, the composition of zircons was normalized to that of
chondrite CI [28]. The zircon crystallization temperature was estimated with the Ti-in-Zrn
thermometer [29]. The volatile impurities (H, F, Cl) in zircon were measured separately
from a basic set of trace elements under the special conditions aimed to decrease the water
background level [30]. Description of the methodology for measuring volatile components
is given in [31].

Oxygen isotope composition of zircon was determined at the Institute of Geology
and Geophysics of the Chinese Academy of Sciences (Beijing) on a Cameca IMS-1280 ion
microprobe. Analytical procedures are similar to those described in [32–34]. The Cs+

primary beam was accelerated at 10 kV with an intensity of ca. 2 nA. Beam size was
about 20 µm in diameter (10 µm beam diameter + 10 µm raster). We performed oxygen
isotope measurements at spots located directly adjacent to pits after measurements of zircon
trace element composition analyses. Before measuring, the samples were repolished to
remove the pits from previous analyses. Spots for in situ analyses were selected by using
both transmitted and reflected-light images in order to avoid cracks and inclusions. The
measured 18O/16O ratios were normalized to the standard VSMOW (18O/16O = 0.0020052).
The instrumental mass fractionation (IMF) was corrected using the TEMORA-2 zircon
standard (5 analyses).

4. Results
4.1. Zircon Characterization

The zircon studied is an elongated coarse crystal, 10 × 4 × 3.5 mm in size (Figure 1).
The crystal is mainly semi-transparent, varies in color from light to dark-yellow and dark-
brown and contains orange, pink, red and black phenocrysts. Its internal structure is
heterogeneous. It has morphologically differing zones and micron-sized inclusions corre-
sponding in composition to uraninite and thorite (by SEM-EDS data). The micron-sized
inclusions look like bright white spots on a BSE image, while heterogeneous zircon zones
are light-grey-, grey- and dark-grey-colored. The zones are distributed in the following
manner: the main zircon zone is dark-grey; it has small light-grey zones; light-grey zones
surrounded by grey zones—its intermediate between the first two. The crystal has dark-
grey and grey zones in some of major fractures. The zircon is moderately fractured and
has micron-sized pores. Uranium- and thorium-bearing mineral inclusions occasionally
fill the pores [22]. In the BSE image, porous zircon looks largely heterogeneous (spotted),
displaying bright micron- to submicron-sized Th-U mineral spots.
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Figure 1. Back-scattered electron image of the zircon crystal from pegmatite of the Adui massif: (a) 
the whole crystal; (b–d) its detailed images in enlarged scale with analytical spots. Analytical craters 
are indicated (diameter is about 20 µm). The light-grey zones (spots 16, 20, 22, 30, 31, 34) correspond 
to zone Ie; the grey zones (spots 6, 10, 11, 15, 17, 19, 23, 29, 32, 33, 40) correspond to zone IIa; the 
grey fracture-filling zones (spots 1, 2, 36, 37) correspond to zone IIIc; the dark-grey zones (the rest 
nineteen analytical spots) correspond to zone IIb in the same zircon crystal [22]. 

4.2. The Zircon Rare Element Composition 
As has been noted earlier, the zircon crystal analyzed shows a complex internal struc-

ture and varies in color intensity in the BSE. It is well known ([35–37] and others) that the 
color intensity of zircon in the BSE depends on its structural and chemical features, such 
as impurities content, crystallographic crystal orientation, degree of metamictization, 
presence of pores and micron-sized inclusions. This heterogeneity usually affects the com-
position and geochemistry of the zircon. 

The composition of REE and other trace elements, as well as volatiles and water in 
various crystal zones, was analyzed in detail to better understand the composition, geo-
chemistry and distribution of trace and rare earth elements in zircon. 

The zircon analyzed contains elevated impurity element values, except for U and Th 
(Table 1). Its content of U is as high as 14.7%, and is 64,100 ppm on average. The Th content 
is less abundant, and is 12,300 ppm on average. Th/U of 0.11–3.29 is consistent with that 
of magmatic derived zircons [38–40]. The Hf content of zircon from granitoids is high, as 
was expected, varying from 5.2 to 9.1%, on average 6.7%. The total content of REE averages 

Figure 1. Back-scattered electron image of the zircon crystal from pegmatite of the Adui massif:
(a) the whole crystal; (b–d) its detailed images in enlarged scale with analytical spots. Analytical
craters are indicated (diameter is about 20 µm). The light-grey zones (spots 16, 20, 22, 30, 31, 34)
correspond to zone Ie; the grey zones (spots 6, 10, 11, 15, 17, 19, 23, 29, 32, 33, 40) correspond to zone
IIa; the grey fracture-filling zones (spots 1, 2, 36, 37) correspond to zone IIIc; the dark-grey zones (the
rest nineteen analytical spots) correspond to zone IIb in the same zircon crystal [22].

4.2. The Zircon Rare Element Composition

As has been noted earlier, the zircon crystal analyzed shows a complex internal
structure and varies in color intensity in the BSE. It is well known ([35–37] and others) that
the color intensity of zircon in the BSE depends on its structural and chemical features,
such as impurities content, crystallographic crystal orientation, degree of metamictization,
presence of pores and micron-sized inclusions. This heterogeneity usually affects the
composition and geochemistry of the zircon.

The composition of REE and other trace elements, as well as volatiles and water
in various crystal zones, was analyzed in detail to better understand the composition,
geochemistry and distribution of trace and rare earth elements in zircon.

The zircon analyzed contains elevated impurity element values, except for U and
Th (Table 1). Its content of U is as high as 14.7%, and is 64,100 ppm on average. The Th
content is less abundant, and is 12,300 ppm on average. Th/U of 0.11–3.29 is consistent
with that of magmatic derived zircons [38–40]. The Hf content of zircon from granitoids
is high, as was expected, varying from 5.2 to 9.1%, on average 6.7%. The total content of
REE averages at 4200 ppm, occasionally increasing to 17,900 or 14,200 ppm (REE). The
content of heavy REE (HREE) is much higher than intermediate and light REE (LREE)
content. Considerable variations of content level are also typical of Y. Its value in zircon is
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generally low, and its average is about 1100 ppm. However, Y content rises to 23,900 ppm
in some zones. The content of P averages at 600 ppm and at about 3400 ppm for Ca. The
content of other non-formula elements, such as Sr, Nb and Ba, is 250–460 ppm on average.
The zircon analyzed typically contains high water c content of up to 6.9%, 43,300 ppm on
average, and an abundance of lightweight and volatile elements. This is most typical of F,
the range of its content is defined as 80–3200 ppm, with an average value of 1150 ppm. Cl
content is lower by one order of magnitude, at 240 ppm on average. B and Be content is
about 100–130 ppm. Ti content is as low as 2 to 67 ppm (on average 16 ppm). The mean
crystallization temperature of zircon, measured with a Ti-in zircon thermometer, is 760 ◦C.

Table 1. Trace elements concentrations (ppm) in zircon from the pegmatite of the Adui massif
(Middle Urals).

Element/
Spot

16 20 22 30 31 34 3 4 5 7 8 9 12 13

The Light-Grey (Unaltered) Zones (Zone Ie) 1 The Dark-Grey (Altered) Zones (Zone IIb) 1

La 0.17 0.23 0.10 9.17 6.90 108 20.6 70.9 97.1 73.6 50.1 31.3 15.6 35.0
Ce 68.9 66.7 61.0 93.1 83.4 113 54.9 213 111 183 87.8 54.0 123 259
Pr 7.33 6.33 5.19 7.72 12.6 25.9 6.20 17.3 21.8 23.9 13.1 8.85 4.58 11.1
Nd 182 156 128 169 278 368 82.1 228 292 266 156 123 48.8 129
Sm 2049 1678 1425 1983 2843 3718 1007 2040 2628 2227 1539 1232 573 1571
Eu 3.65 0.07 5.86 8.82 8.17 3.36 4.55 2.29 8.99 3.57 0.61 4.53 8.01 1.77
Gd 1661 1344 1216 1631 2221 3024 901 1715 2024 1689 1195 1073 541 1287
Dy 255 225 181 221 305 379 111 198 241 289 171 149 79.7 203
Er 14.8 14.6 10.8 18.8 16.7 27.8 10.3 17.0 19.4 41.0 15.8 13.4 7.91 17.3
Yb 224 227 164 141 189 213 81.9 87.7 107 196 121 121 63.2 172
Lu 27.2 26.1 21.1 21.5 28.6 37.9 15.5 23.7 27.2 33.3 20.4 20.0 12.1 25.8

Li 24.7 40.5 58.0 32.3 27.1 4.01 1.80 0.16 0.04 4.82 0.30 0.26 0.71 0.28
P 365 263 338 672 449 634 82.9 69.7 149 1403 111 66.9 152 156

Ca 1123 994 549 1602 2103 3294 1851 8851 14,004 1187 3331 1925 2133 2526
Ti 3.58 19.3 2.53 2.85 3.75 7.07 11.6 14.7 29.8 11.6 15.9 13.7 17.2 26.0
Sr 38.0 27.5 30.1 126 102 309 185 716 909 58.0 364 247 237 140
Y 240 195 189 265 321 473 151 240 234 754 170 173 109 196

Nb 172 159 157 159 185 223 136 174 269 182 294 266 265 360
Ba 13.4 12.3 10.3 485 396 794 845 380 572 417 852 1409 898 274
Hf 65,257 65,202 61,468 73,120 75,182 87,098 61,778 70,341 69,001 62,752 61,187 63,609 59,982 58,494
Th 13,198 13,880 12,942 13,749 14,475 15,526 14,011 13,537 12,833 14,088 12,820 11,101 14,007 15,253
U 109,212 118,706 104,439 117,871 130,423 107,725 21,020 29,605 55,975 18,396 32,603 41,323 33,305 42,980

B 294 81.8 104 48.0 184 151 25.3 209 364 22.2 58.7 29.2 21.9 31.5
Be 174 60.2 3.12 17.5 53.2 51.6 76.9 150 219 69.4 104 94.9 60.3 59.2

H2O 5090 25,108 15,203 30,189 47,662 47,659 58,764 57,374 50,517 34,964 58,308 63,797 52,146 60,032
F 1754 714 1828 738 1347 1612 754 562 995 867 908 850 870 745
Cl 27.5 127 51.6 414 299 770 78.5 22.4 14.2 193 167 130 419 100

Th/U 0.12 0.12 0.12 0.12 0.11 0.14 0.67 0.46 0.23 0.77 0.39 0.27 0.42 0.35
Eu/Eu* 2 0.01 0.0001 0.01 0.01 0.01 0.003 0.01 0.004 0.01 0.01 0.001 0.01 0.04 0.004
Ce/Ce* 3 15.0 13.5 20.7 2.68 2.16 0.51 1.17 1.47 0.59 1.06 0.83 0.79 3.53 3.18

REE 4494 3744 3218 4305 5992 8018 2296 4613 5577 5025 3369 2829 1477 3713
ΣLREE 259 229 194 279 381 615 164 529 522 546 307 217 192 435
ΣHREE 2182 1837 1593 2033 2760 3681 1120 2042 2418 2248 1523 1376 703 1705

LuN/LaN 1565 1116 2082 22.6 40.0 3.37 7.28 3.22 2.70 4.37 3.91 6.16 7.47 7.10
LuN/GdN 0.13 0.16 0.14 0.11 0.10 0.10 0.14 0.11 0.11 0.16 0.14 0.15 0.18 0.16
SmN/LaN 19,570 11,918 23,339 347 660 54.9 78.4 46.1 43.3 48.5 49.1 63.1 58.7 71.8

T(Ti), ◦C 660 805 635 643 663 713 756 778 850 757 786 771 793 835

δ18O, ‰ 13.39 5.86 10.62 9.01 10.48 9.74 11.10 8.88 10.44 9.35 8.62 9.31 8.86 10.08
±, ‰ 0.26 0.37 0.29 0.24 0.33 0.22 0.26 0.20 0.29 0.52 0.36 0.26 0.31 0.20

T1
4 n.d. n.d. n.d. n.d. n.d. 0.63 0.40 0.39 0.60 0.36 0.47 0.51 n.d. n.d.

t1
5 n.d. n.d. n.d. n.d. n.d. 0.37 0.62 0.66 0.40 0.65 0.53 0.49 n.d. n.d.
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Table 1. Cont.

Element/
Spot

14 18 21 24 25 26 27 28 35 38 39 1 2 36 37

The Dark-Grey (Altered) Zones (Zone IIb) 1 The Fracture-Filling Grey
Zones (Zone IIIc) 1

La 31.2 36.1 10.1 12.2 16.0 83.2 665 34.6 13.8 130 27.3 6.58 33.6 31.9 43.4
Ce 238 92.1 59.8 72.8 63.3 150 1365 99.3 45.2 379 83.7 29.8 48.5 160 257
Pr 11.2 12.6 3.45 4.08 4.13 13.9 193 10.7 3.97 42.1 7.45 2.30 7.19 10.1 14.4
Nd 158 186 43.9 57.2 61.2 159 1525 132 58.9 354 100 24.0 59.8 87.6 113
Sm 1835 1788 620 823 837 1603 4720 1351 744 2914 1036 276 476 734 1180
Eu bdl 3.35 1.63 1.20 2.66 2.59 26.3 28.5 1.50 15.2 4.08 3.17 2.82 6.04 29.7
Gd 1524 1471 723 990 976 1595 4973 1377 804 2853 1013 349 447 1003 1362
Dy 235 217 92.2 112 96.9 205 1996 195 95.4 692 144 48.8 77.9 247 302
Er 20.7 15.8 9.42 9.8 7.12 29.9 1192 19.1 9.8 333 24.1 16.0 20.5 116 127
Yb 175 181 77.2 77.8 44.7 116 1073 159 63.4 497 93.5 57.4 61.1 145 182
Lu 29.3 24.0 15.2 17.1 12.9 24.3 175.1 25.4 12.7 78.5 17.7 13.9 15.7 28.7 34.6

Li 0.08 0.37 0.07 0.08 0.06 0.03 0.10 0.03 0.12 0.47 0.25 9.26 9.6 3.72 3.61
P 124 412 542 228 158 230 1327 179 584 4755 1088 213 1169 1913 1970

Ca 2236 4351 1863 1586 2140 8790 3570 1589 1963 2924 3064 304 829 423 405
Ti 38.3 33.3 27.4 25.0 26.2 27.1 28.1 6.85 17.1 20.5 14.7 4.60 13.8 14.5 7.60
Sr 100 214 92.9 69.5 127 802 166 126 146 258 366 14.9 42.3 8.70 10.4
Y 225 213 161 190 166 676 23,916 419 182 4242 358 217 307 1796 1942

Nb 534 209 361 260 316 334 846 184 191 394 225 346 233 156 207
Ba 59.5 79.0 109 103 94.7 399 1367 1428 2209 1433 1025 21.4 187 54.8 63.5
Hf 58,491 58,180 62,518 66,598 67,165 67,759 66,088 66,069 66,931 63,319 66,083 77,384 78,416 90,753 88,188
Th 15,652 11,074 12,250 12,591 9310 15,260 24,510 12,259 11,549 10,721 8675 625 7931 1833 3576
U 58,884 87,289 51,403 49,972 57,844 29,818 7442 47,135 51,392 29,737 49,396 3406 4629 5630 6533

B 50.5 234 47.2 36.0 56.8 134 35.2 27.0 42.2 69.7 95.0 4.82 13.7 20.3 33.4
Be 120 415 147 80.6 153 176 291 101 127 97.4 209 6.09 23.8 23.4 36.6

H2O 67,275 8537 68,494 62,726 65,883 59,653 52,168 50,592 68,821 57,194 50,241 3612 9431 9575 13,127
F 1099 3203 1046 1060 936 1052 2172 1147 873 1476 1057 81.3 391 499 863
Cl 34.1 197 300 470 133 156 147 291 255 739 935 53.8 408 297 625

Th/U 0.27 0.13 0.24 0.25 0.16 0.51 3.29 0.26 0.22 0.36 0.18 0.18 1.71 0.33 0.55
Eu/Eu*

2 n.d. 0.01 0.01 0.004 0.01 0.005 0.02 0.06 0.01 0.02 0.01 0.03 0.02 0.02 0.07

Ce/Ce*
3 3.08 1.05 2.44 2.50 1.89 1.07 0.92 1.25 1.48 1.24 1.42 1.85 0.75 2.15 2.49

REE 4257 4027 1656 2178 2122 3981 17,904 3431 1853 8288 2551 827 1250 2569 3645
ΣLREE 438 327 117 146 145 406 3747 277 122 905 218 62.6 149 289 427
ΣHREE 1984 1909 917 1207 1138 1970 9410 1775 985 4454 1292 485 622 1540 2008

LuN/LaN 9.04 6.40 14.5 13.5 7.79 2.82 2.54 7.07 8.87 5.84 6.25 20.3 4.49 8.65 7.69
LuN/GdN 0.16 0.13 0.17 0.14 0.11 0.12 0.28 0.15 0.13 0.22 0.14 0.32 0.28 0.23 0.21
SmN/LaN 94.0 79.3 98.0 108 84.0 30.9 11.4 62.5 86.2 36.0 60.8 67.1 22.7 36.8 43.6

T(Ti), ◦C 877 861 841 831 836 839 843 711 792 811 778 679 772 777 719

δ18O, ‰ 5.83 10.85 9.66 10.53 10.82 12.52 10.68 9.99 10.67 10.61 8.91 9.22 10.23 10.06 9.62
±, ‰ 0.60 0.30 0.18 0.19 0.28 0.18 0.29 0.18 0.35 0.20 0.40 0.20 0.39 0.26 0.45

T1
4 n.d. 0.43 n.d. n.d. 0.44 0.46 0.30 0.36 0.40 0.24 0.39 0.42 0.43 n.d. n.d.

t1
5 n.d. 0.57 n.d. n.d. 0.71 0.55 0.70 0.66 0.65 0.81 0.66 0.91 0.57 n.d. n.d.
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Table 1. Cont.

Element/Spot
6 10 11 15 17 19 23 29 32 33 40

The Grey (Intermediate) Zones (Zone IIa) 1

La 3.47 0.96 4.49 1.04 0.10 9.20 0.68 183 18.2 7.26 6.11
Ce 61.6 53.3 68.1 61.4 63.4 79.7 55.0 605 137 67.7 51.9
Pr 5.45 4.80 5.57 5.97 7.07 5.52 4.23 90.3 8.98 9.51 5.32
Nd 117 107 113 150 183 103 106 775 155 218 114
Sm 1249 1120 1353 1583 1996 1268 1109 6234 2034 2539 1131
Eu 3.34 4.15 6.49 bdl 1.08 0.70 34.0 44.3 0.69 4.46 3.83
Gd 1058 928 1124 1301 1658 1218 942 4666 2006 2116 1041
Dy 156 137 172 217 241 167 131 827 185 289 151
Er 13.7 11.7 13.4 15.7 14.0 15.6 9.42 205 14.7 19.3 10.0
Yb 141 115 131 208 190 160 119 510 17.2 191 108
Lu 20.7 18.0 22.5 24.7 25.8 24.3 14.8 79.7 19.9 30.5 17.4

Li 0.06 0.10 0.10 0.31 32.4 10.0 8.64 0.25 0.05 0.07 0.27
P 343 241 171 278 317 297 214 1940 109 265 277

Ca 6268 6716 7962 4519 77.9 3103 3882 2716 4940 4643 9734
Ti 13.7 5.91 13.5 6.50 2.32 27.5 3.31 4.59 10.28 8.98 66.6
Sr 268 331 723 189 5.33 153 85.6 80.3 523 468 892
Y 177 150 174 200 227 197 140 2716 293 316 174

Nb 197 168 179 178 145 368 117 200 262 178 199
Ba 105 58.2 202 49.8 2.02 107 30.9 640 599 1123 145
Hf 59,888 60,656 61,059 54,628 60,495 63,158 59,177 80,431 77,757 67,305 52,221
Th 12,969 12,762 13,040 10,472 12,129 15,021 13,107 16,956 15,142 10,874 10,443
U 104,221 108,631 93,831 90,016 100,317 71,794 106,381 147,243 69,269 89,215 79,979

B 196 177 212 284 16.9 163 103 78.0 186 94.1 317
Be 209 63.3 286 213 9.05 366 34.3 62.6 161 67.7 432

H2O 63,628 53,735 62,610 13,027 1391 40,943 32,877 38,918 66,463 56,589 46,171
F 1159 1416 1779 2915 167 1977 911 2135 647 967 447
Cl 198 183 109 157 17.0 279 76.7 380 38.5 141 17.5

Th/U 0.12 0.12 0.14 0.12 0.12 0.21 0.12 0.12 0.22 0.12 0.13
Eu/Eu* 2 0.01 0.01 0.02 n.d. 0.002 0.002 0.10 0.03 0.001 0.01 0.01
Ce/Ce* 3 3.42 6.02 3.30 5.97 18.5 2.70 7.82 1.14 2.59 1.97 2.20

REE 2829 2500 3013 3567 4379 3051 2526 14,219 4596 5491 2638
ΣLREE 188 167 191 218 254 197 165 1653 318 303 177
ΣHREE 1389 1210 1462 1766 2129 1585 1217 6287 2243 2645 1326

LuN/LaN 57.4 181 48.4 229 2543 25.4 208 4.19 10.5 40.5 27.4
LuN/GdN 0.16 0.16 0.16 0.15 0.13 0.16 0.13 0.14 0.08 0.12 0.14
SmN/LaN 577 1875 483 2446 32,758 221 2597 54.5 179 560 296

T(Ti), ◦C 771 699 770 706 629 841 654 679 745 734 943

δ18O, ‰ 7.48 7.61 9.89 8.28 9.93 11.18 9.75 9.97 9.95 10.74 9.24
±, ‰ 0.37 0.28 0.27 0.29 0.26 0.23 0.31 0.35 0.34 0.30 0.37

T1
4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.18 n.d. n.d. n.d.

t1
5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.86 n.d. n.d. n.d.

n.d.—not determined; bdl—below the detection limit; 1 the name of zones in the same zircon crystal in [22];
2 Eu/Eu* = EuN/

√
(SmN × GdN), where N indicates normalization relative to CI chondrite composition

[28]; 3 Ce/Ce* = CeN/
√

(LaN × PrN); 4 T1 =
√

(1/2 × (CeN/Cet − 1)2 + (PrN/Prt − 1)2) [41], where
Cet = LaN

2/3 × NdN
1/3 and Prt = LaN

1/3 × NdN
2/4; 5 t1 =

√
(CeN/Cet × PrN/Prt) [4].

In the light-grey zones in the BSE of the zircon (spots 16, 20, 22, 30, 31, 34; Figure 1,
Table 1), the highest content of U is observed among all zones of zircon, and is in the range
of 70,000–147,000 ppm (on average: 114,700 ppm); Th—12,950–15,500 ppm (on average:
13,960 ppm) and Li—on average: 31 ppm. These zones have increased the content of REE
(3200–8000 ppm, on average 4960 ppm), and a high level of volatile elements are noted.
Thus, F content varies from 710 to 1830 ppm (on average 1330 ppm) and Cl content in this
zone varies by over one order of magnitude from 28 to 770 ppm (on average 280 ppm).
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Water content in the light-grey zones is also variable (on average: 2.85%). Water content in
five out of six spots analyzed is as high as 1.52 to 4.76%. Only one analytical spot of the
composition of zircon (spot 16—5090 ppm) is consistent with the typical water values in
magmatic zircon unaffected by metamictization [42,43]. Hf content in these zones is as high
as 61,500–87,100 ppm, on average: 71,200 ppm. The contents of other elements analyzed
are relatively low, on average (ppm): Ca—1600, P—450, Y—280, Ba—285, Nb—175, B—144,
Sr—105 and Be—60. Th/U ratio varies from 0.11 to 1.14. It is worth noting that despite the
high content of impurity elements, primarily U, light-grey zones comprise zircon according
to EPMA, Raman and photoluminescence spectroscopy data [22].

The light-grey zones of the zircon are surrounded by other zones, which look grey
in the BSE (spots 6, 10, 11, 15, 17, 19, 23, 29, 32, 33, 40; Figure 1, Table 1). They are similar
in composition to the light-grey zones, but differ in other features: lower U (on average:
96,500 ppm), Hf (63,300 ppm), Li (4.75 ppm) and Cl (145 ppm) content; similar Th, REE,
P, Nb, Ba, B and F content; and increased (at least two times) Y, Ca, Sr, Ti, Be and water
content. Th/U ratio at most analytical spots (Th/U = 0.12–0.14) shows the same value
range as the light-grey zones, Th/U is 0.21–0.22 at two out of eleven spots.

All impurity elements in the dark-grey zones are irregularly distributed; their content
range varies occasionally by at least one order of magnitude. The dark-grey zones generally
differ from the above zones as they have a higher content of almost all elements, except for
U (on average: 41,870 ppm), Th (13,200 ppm), B (84 ppm), Hf (64,000 ppm), B (84 ppm) and
Li (0.53 ppm). However, even these elements vary markedly. For example, U content in the
zircon varies from 7440 to 87,290 ppm, Th at 8675–24,510 ppm and Hf at 58,180–70,340 ppm.
The content of total REE in the dark-grey zones is also distributed extremely unevenly,
varying from typical values of 1480 ppm to very high values of 17,900 ppm (Table 1), with
an average of only 4270 ppm, which approximately coincides with their content in the
light-grey and grey zones. Y content is distributed in a similar manner, but it is much
higher than in the other zircon zones (109 to 23,900 ppm, on average: 1720). The dark-grey
zones show elevated content of Ca (up to 14,000 ppm, average: 3680), P (up to 4750 ppm,
on average: 620), Ba (up to 2200 ppm, on average: 730), Sr (up to 909 ppm, on average:
280), as well as higher content of Nb (up to 840, on average: 305), Be (up to 415 ppm, on
average: 145), Ti (up to 38 ppm, on average: 21). Water content is relatively stable, varying
from 5.0 to 6.9%. Water values are lower only at two out of nineteen analytical spots of the
zircon composition in the dark-grey zones. It should be noted that irregular values typical
of this zone persist for the content of volatile elements. For instance, the content of F is
560–3200 ppm (on average: 1140 ppm) and of Cl varies from 14 to 935 ppm (on average:
251 ppm). Despite the fact that the highest values for zircon are recorded in the dark-grey
zone, the average content of these elements is at the same level as their average content in
the light-grey and grey zones. Th/U is markedly different, corresponding to much higher
values than those for the light-grey zones (0.13 to 3.29).

It should be noted that two zircon spots (spots 27, 29) differ in anomalous composition
from all other spots (Table 1). For instance, they contain high REE values (17,900 and
14,200 ppm, respectively). The content of HREE is three to four times higher than the
content of LREE. However, Sm and Gd (4700–6200 ppm—Sm; 4700–5000 ppm—Gd) are
major contributors. They contain Y (up to 24,000 ppm), Th (17,000–24,500 ppm), U (at spot
29, U value is 147,000 ppm), F (about 2200 ppm), water (3.9–5.2%) and elevated levels of P,
Nb, Ba and Be.

The zircon filling fractures in the crystal (spots 1, 2, 36, 37; Figure 1) contain max-
imum Hf values (77,380–90,750 ppm, average: 83,680 ppm). On the contrary, all other
elements display minimum values. For instance, these zones contain the lowest content of
U (3400–6500 ppm, and its average for the entire zircon is 64,100 ppm), Ca (300–830 ppm),
water (0.37–1.31%), Sr, Ba, F and other elements. Th content is minimal (650–1800 ppm),
and its average is 12,300 ppm. Th/U in this zircon zone is 0.18–1.71.
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4.3. Distribution of REEs

The zircon analyzed displays an unusual REE distribution. The CI chondrite-normalized
REE distribution spectra [28] shown in Figure 2 demonstrate the unusual pattern of spec-
tra, which is due to REE fractionation. The index LuN/LaN, showing the degree of REE
differentiation, is 209 on average. Its highest value is shown by the light-grey and grey
zircon zones (3–2540, 483 on average (Table 1)), indicating high REE differentiation in the
zircon. The lowest LuN/LaN value and practically no differentiation are characteristic of
the dark-grey zones (LuN/LaN = 2–14) and the fracture-filling zircon (LuN/LaN = 4–20).
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W type: (a) blue field—the unaltered light-grey zones; green field—the altered dark-grey zones; grey
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of the unaltered light-grey zones; (c) spectra of the altered dark-grey zones; (d) spectra of the
intermediate grey zones (grey lines) and the fracture-filling grey zones of zircon (black crossed lines).

The REE distribution spectra for all zircon zones are generally similar, differing only
in the pattern and value of the Ce anomaly and minor variations in REE values (Figure 2a).
The spectra display a slope from LREE to HREE with well-defined negative Eu anomaly
(Eu/Eu* varies from 0.01 to lower values).

The light-grey zircon zones typically display a steeper slant showing a high degree of
REE differentiation (Figure 2b). The total LREE content averages 326 ppm, while the total
HREE content is higher by almost one order of magnitude (on average: 2350 ppm). The REE
spectrum, as a rule, has a well-defined positive Ce anomaly (Ce/Ce*—on average: 10.8).
Only one spot in the composition of light-grey zircon (spot 34, Table 1) has a Ce/Ce* of
0.51, indicating a negative Ce anomaly. The REE distribution spectra display a well-defined
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negative Eu anomaly with extremely low Eu/Eu* values (0.01 and less than that) and a
negative depression in Er.

The contents of LREE and of HREE for the dark-grey zircon zones vary by more
than one order of magnitude. The average content of LREE is 510 ppm and is 2120 ppm
for HREE. The dark-grey zircon zones show a flat REE distribution pattern affected by a
well-defined negative Eu anomaly and a negative depression in the Er (Figure 2c). The
Eu anomaly throughout the entire zircon shows very low Eu/Eu* values varying from
zero (due to Eu content below the detection limit) to 0.06. One distinctive feature of the
spectrum for this zone is the absence of the Ce anomaly (Ce/Ce* is about 1). Sometimes
it is negative with Ce/Ce* values of 0.51–0.83, but it is less commonly slightly positive
(Ce/Ce*: 2.45–3.52).

The distribution spectra for the grey zircon zones surrounding light-grey domains
are generally similar to the REE distribution spectra for the dark-grey zones. Their LREE
and HREE contents are similar, as are the slope and outlines of the spectrum (Figure 2d).
The zircon filling fractures in the crystal displays a highly variable REE distribution spec-
trum: REE content varies markedly and the Ce anomaly varies from positive to negative
(Figure 2d).

4.4. Zircon Tetrad Effect

The REE distribution spectra for the zircon analyzed are affected by the tetrad effect.
To quantitatively assess the tetrad effect, the third (TE3: Gd–Ho), fourth (TE4: Er–Lu) or
first (TE1: La–Nd) tetrads are commonly used, if it contains no Ce anomaly [4,41]. The
quantitative value of the tetrad effect in zircon from the Adui pegmatite was calculated
from the first tetrad at spots with no or a minor Ce anomaly (Ce/Ce* = 0.51–1.89). The
tetrad effect value was calculated using the formula proposed by [4], as follows:

t1 =
√

(CeN/Cet × PrN/Prt), where Cet = LaN
2/3 × NdN

1/3 and Prt = LaN
1/3 × NdN

2/4, (1)

The tetrad effect is 0.37–0.91, on average: 0.63. The quantitative value of the tetrad
effect, calculated with a more accurate formula [41], which takes into account the standard
deviation of the normalized values of two central tetrad constituents, is as follows:

T1 =
√

(1/2 × (CeN/Cet − (PrN/Prt − 1)2 (2)

The tetrad effect here is 0.18–0.63, on average: 0.41. These values correspond to the
tetrad effect of the W-type (its threshold value is less than 0.9 according to [4] and less than
0.8 considering measurement errors according to [41].

4.5. Zircon Oxygen Isotopic Composition

The oxygen isotope composition of the zircon was determined at the analytical spots,
at which trace and rare earth element content values were preliminarily calculated (Figure 1,
Table 1). The δ18O values obtained vary from 5.83 to 13.39‰, on average: 9.75‰. Only
two spots (spots 14, 20) are consistent with the mantle δ18O value (5.3 ± 0.3‰ [44]).
Other analytical spots show δ18O values of 7.61 to 13.39‰. Interestingly, no well-defined
correlation between various zircon zones and their δ18O value was revealed.

5. Discussion
5.1. Conditions of Different Zircon Zones Formation

The zircon from the pegmatite of the Adui massif has a complex internal structure.
It consists of several zones, which differ in morphology and color (in the BSE) and have
no relationship with typical oscillation zoning in zircons of a magmatic origin. The dark-
grey, grey and light-grey zones, distributed throughout the crystal, were identified. A
separate zircon generation, filling crystal fractures, was recognized. The presence of
micron-sized pores filled with U-Th minerals (uraninite and thorite, as indicated by SEM-
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EDS) throughout the entire crystal is supported by zircon mapping [22]. Only the light-grey
zircon zones contain no inclusions of that type.

The zircon analyzed contains anomalously high U (up to 14.7%) and high Th (up to
2.45%) contents, which are part of the zircon’s crystalline lattice, according to the model
proposed by [22]. The content of U and Th in zircons is known to be controlled by their
distribution in melt, reflecting the characteristics of parent rocks or the local environment
in which the zircons were formed. Typical U and Th contents in zircon from granitoid
rocks, calculated by [45], vary from a few ppm to 10,800 ppm for U and from a few ppm to
9690 ppm for Th; those calculated by [46] are up to 12,090 ppm for U and up to 9690 ppm
for Th. The Li-F granites from Podlesye (Czechia) were found to contain single zircon
grains with about 14.75 mas.% UO2 and up to 6.64 mas.% ThO2 [47]. Higher uranium
content (15.8 mas.% UO2) were found only in artificial zircon produced by the remelting of
zirconium-bearing alloys and silicate rocks upon the explosion of a nuclear reactor at the
Chernobyl Power Plant [48,49].

The light-grey zircon zones were shown to contain the highest content of U, reaching
anomalous values (up to 147,000 ppm) and a high content of Th (up to 15,500 ppm). The
zone also contained elevated contents of REE, F, Cl and water. The light-grey zones hosted
the lowest contents of non-formula elements, such as Ca, Ti, Sr, Ba, etc. This feature is
typical of magmatic zircon [50]. The REE distribution in these zones is highly differentiated
(LuN/LaN is 1000–2000). This feature is also characteristic of magmatic derived zircons [51].
Most analytical spots for these zones displayed a well-defined Ce anomaly (Figure 2b),
in which Ce/Ce* is 15–20. This feature is typical of magmatic zircons. The light-grey
zircon zones, and all zircon in general, displayed a well-defined negative Eu anomaly
(Figure 2a–d). The Eu/Eu* varied from 0.01 to lower values. Th/U ratio is consistent with
the values accepted for magmatic zircons [46,51]. Furthermore, Th/U shows stable values
(0.12–0.14). With all the above features in view, the light-grey zircon zones are regarded as
the unaltered magmatic zones produced from the fluid-saturated melt enriched in U, Th,
volatiles (F, Cl), REE and water.

The rugged boundaries of light-grey zircon zones are noteworthy. Such boundaries
are formed upon the dissolution of the mineral [35,37]. This fact shows that the unaltered
(primary) light-grey zircon was dissolved, and the light-grey zones observed are the relics
of the primary zircon.

The dark gray zones of zircon, on the contrary, are characterized by a high content
of non-formula elements, particularly Y (up to 23,900 ppm), Ca (up to 14,000 ppm), Sr,
Nb, P, Ti, Ba and Be. The average total REE content in these zones remains at the same
level as their content in the light-grey zones, but LREE’s contribution is twice as great, and
HREE continues to dominate. These zones occasionally display anomalously high REE
content at some spots of the dark-grey zircon. The same applies to F and Cl. Their average
content in the dark-grey zones remains about the same as those in the light-grey zones, but
their content abruptly increases locally (content of F is up to 3200 ppm, of Cl—930 ppm).
The dark-grey zircon zones contain high water content (up to 6.88%)—a feature atypical
of zircons. It has been shown [42] that the presence of REE and U, which isomorphically
replace Zr in the zircon structure, makes it possible for water to become part of the zircon
structure. However, water content over 1200 ppm is not typical for zircon and is only
possible with the metamictization of its structure [42,43] and affected by fluids or fluid-
saturated melts. It has been proved experimentally [52] that water in zircon, crystallized
via fluorine-enriched fluid, may occupy over half of silicon’s structural position.

The REE distribution in the above zircon zones (Figure 2c) shows practically no
differentiation (LuN/LaN = 2.54–14.5). The Ce anomaly is either absent or slightly negative.
A slightly positive Ce anomaly is less common (Ce/Ce* = 0.59–2.50). The negative Eu
anomaly is well-defined, Eu/Eu* is 0.01 to less than that. The above characteristics are
typical of hydrothermal-metasomatic derived zircons [53]. This composition, together with
the heterogeneous structure and the presence of micron-sized pores filled with submicron-
sized U-Th mineral inclusions, indicate the effect of a fluid on zircon [37,54]. Thus, it is
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safe to assume that the above dark-grey zircon is the altered zircon. Alteration occurred
at a later stage of the melt evolution as a result of the effect of the zircon fluid, which was
highly saturated with water and contained incompatible (Y, LREE, Nb, etc.) and volatile
elements dissolved in it, which, in turn, affected the composition of zircon.

The zircon also contains the so-called intermediate zones represented by grey zircon
areas in the BSE. These zones surround the unaltered light-grey zircon zones, showing
contacts with signs of dissolution (Figure 1). The zones occupy an intermediate position
in the REE composition and distribution between the unaltered light-grey and the altered
dark-grey zones. They still contain a lot of U, Th and Hf, but there is twice as much water
and non-formula elements (Y, LREE, Nb, Ca, P, Sr, Ti) in them, which usually enter the
zircon structure in large quantities under the effect of fluids [37,54]. The REE distribution
spectra show similar outlines and Ce and Eu anomaly values like those in the altered
dark-grey zircon (Figure 2d).

There is one more zone with a different composition. It consists of the fracture-
filling zircon. Its content is the lowest of all the elements analyzed, except for Hf. The
REE distribution spectra show low LuN/LaN values (4.49–20.3), which are similar to
those for the altered dark-grey zones (Figure 2d) but differ in the variable Ce anomaly
(Ce/Ce* = 0.75–2.49). These geochemical features of the fracture-filling zircon are indicative
of their crystallization at a final stage in zircon alteration, when the magmatic system was
already slightly depleted in trace and volatile constituents, but REE differentiation persisted.

5.2. Inter-Element Relationships

Differences of zircon composition are better demonstrated by the binary diagrams
shown in Figure 3. On the diagram of the relationship between the total REE and Y
(Figure 3a), different zones of zircon, without exception, form an individual linear trend
with a strong positive correlation, demonstrating a regular increase in REE and Y in the
composition of zircon. On the diagram, a lower position is occupied by the trend of the
unaltered light-grey zircon, above which there is a trend of the intermediate grey zones. The
spots of the altered dark-grey zircon are scattered relatively higher. The highest position in
the diagram is occupied by fracture-filling zircon spots. Each trend demonstrates different
zircon crystallization conditions, such as the REE and Y saturation of zircon proceeding
from the primary unaltered zircon to an altered one, followed by a decrease in the content
of trace elements for the fracture-filling zircon.

The zones identified form separate groups differing in U and Th values significantly
for this zircon (Figure 3b). The presented diagram shows a trend depletion by uranium
from the unaltered light-grey zircon to the altered dark-grey zircon and then to the fracture-
filling zircon. Th content varies far less markedly. Th content with a strong positive U
correlation decreases only in zircon evolving along the fractures in the crystal.

The Ca–Ti diagram (Figure 3c) shows a trend in the increase in Ca and Ti content.
It begins with the unaltered light-grey zircon, proceeds to the zircon of intermediate
composition and then passes to the altered dark-grey zircon. This process is then followed
by a decline in the content of the above elements in the fracture-filling zircon.

Thus, the composition varies in a gradual manner from the unaltered high-U zircon
to the altered zircon enriched in incompatible elements and water. It is noteworthy that
the water saturation of zircon is not correlated with its uranium enrichment (Figure 3d),
indicating that slightly or highly metamict zircon is not the only reason for the water
saturation of altered zircon.

A discrimination diagram in La–SmN/LaN coordinates, demonstrating the degree
of LREE differentiation, is used for the reconstruction of the formation conditions of
zircon. It is used for separating zircons of a magmatic origin from zircons of hydrothermal-
metasomatic origin [54] and for identifying zircons affected by fluids and named “porous”
due to their distinctive internal structure [55].
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Figure 3. The ratio of the content of elements in the studied zircon: (a) REE-Y; (b) U-Th; (c) U-H2O;
(d) Ca-Ti. Open circles—the unaltered light-grey zones; filled grey triangles—the intermediate grey
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The composition spots of the zircon from its various zones on the La–SmN/LaN
diagram shows the gradual transition of the unaltered light-grey zircon spots to the grey
zones of the intermediate composition and then to the altered dark-grey zircon (Figure 4).
This transition is similar to the one in the binary diagrams. It is noteworthy that the fracture-
filling zircon composition spots are grouped together with altered zircon composition spots.
The fields proposed [54,55], dividing the zircon composition into a magmatic, hydrothermal-
metasomatic composition and altered by fluids (“porous”), do not correspond to the
composition of zircon from pegmatite of the Adui massif. The composition spots of the
investigated zircon correspond to significantly higher SmN/LaN and La values. The larger
range of SmN/LaN–La ratios is often displayed by zircon affected by fluids or zircon which
crystallized a fluid-saturated residual melt (for examples of such zircons, see [56]).

Thus, the composition spots of zircon from the Adui pegmatite in the La–SmN/LaN
diagram lie above the accepted boundaries. However, if we continue along the defined
boundaries, the unaltered light-grey zircon and grey zircon with an intermediate compo-
sition will fall into the field of magmatic zircons. The altered dark-grey zircon and the
fracture-filling zircon will be in the “porous” zircons’ field affected by fluids. Such an
assessment of the conditions for the formation of zircon coincides with the conclusions for-
mulated above, which describe that the primary zircon was formed from a fluid-saturated
melt. However, as a result of further evolution of the pegmatite-forming melt, zircon was
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altered. The alterations are due to the interaction of zircon with the fluid, which seems to
enter through the fractures.
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The gradual transition of the zircon’s composition with respect to trace elements,
water, Ca, Ti, etc., allows us to consider that the altered dark-grey zircon formed as a result
of the dissolution of primary magmatic zircon followed by its resedimentation with the
participation of the fluid. The involved in the alteration of zircon may not only include the
process of dissolution–resedimentation but also a diffusion–reaction process [22], which
seems to dominate in the intermediate zone of grey zircon, and could have contributed to
variations in the composition of the unaltered light-grey zones.

The impact of the fluid on zircon is responsible for an abundance of submicron-sized
Th-U mineral inclusions (uraninite and thorite, by SEM-EDS) in altered zircon. During the
recrystallization process of the primary high-U zircon (light-grey zones), the U interacted
with the fluid, it formed its own mineral phase, which caused micron-sized inclusions in
the altered (darker) zircon zones. The redistribution of elements in the zircon composition
affected not only U, but also REE, F and Cl. This explains the anomalously high content of
REE, F and Cl in the local zones of the altered dark-grey zircon at the same level of their
average value as the unaltered zones.

5.3. The Causes of Extraordinary Ce- and Eu Anomalies

It is generally accepted that the Ce anomaly value is primarily controlled by the
oxygen fugacity original magma, i.e., it was inherited from a melt [51]. As Ce exists in two
valence states, Ce3+ and Ce4+, the positive Ce anomaly is explained by the fact that Ce3+

oxidizes to Ce4+ and behaves similarly to Zr4+; it enters the zircon structure by a scheme
of isovalent isomorphism and is more preferable over the other LREE [57]. Moreover, the
ion radius of Ce4+ is similar to that of HREE; hence, the estimated zircon/melt distribution
coefficient value for Ce4+ is higher by several orders of magnitude than that for Ce3+ [23]. It
is believed [58] that the positive Ce anomaly value is affected by the presence and amount
of co-crystallizing titanite (or to a lesser extent by the presence of apatite and amphibole)
and the presence of the water-saturated melt during zircon crystallization, which provoked
a decline in the melt temperature. However, in all cases, researchers agree that the positive
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Ce anomaly in zircon was inherited from the melt. The negative Ce anomaly in zircon
occurs less often, e.g., [15,59]. The reason for the negative Ce anomaly in zircon according
to [59], which has not been inherited from the melt, is due to a hydrothermal impact
on zircon. As a result, zircon is recrystallized, and Ce transitions into minerals that are
potentially more enriched in Ce [59].

The negative Ce anomaly in zircon from the Adui pegmatite was revealed in the
altered zircon (recrystallized to different degrees) of dark-grey and grey color in the BSE.
This has led us to conclude that the negative Ce anomaly was not inherited from the
primary magmatic melt, but was formed due to the influence of the fluid. This is consistent
with [21], in which negative Ce anomalies in hydrothermal zircons were also revealed from
the Adui granites. As the effect of the fluid on the zircon analyzed continued, a positive
Ce anomaly flattened until a negative slope was formed. Zircon recrystallization was
accompanied by its LREE (primarily La and Pr) enrichment due to the fluid. As a result,
the negative Ce anomaly emerged in them.

The positive Ce anomaly in zircon is usually formed together with the negative Eu
anomaly. This is also due to the existence of Eu in two valence states (Eu3+ and Eu2+). As
the large ion radius of Eu2+ retards its isomorphism with Zr4+, Eu3+ is usually present in
zircon. It is believed that the negative Eu anomaly tends to be the result of the fractional
crystallization of feldspar, mainly plagioclase [51,60]. The presence of the Eu anomaly
in hydrothermal zircons is considered to be a reflection of the chemical composition of
the fluid [61] or due to oxygen fugacity in the zircon crystallization environment [57].
However, feldspar fractionation is only partly responsible for the presence and value of the
Eu anomaly. It has been suggested [62,63] that the intense depletion of Eu at the final stage
in granite crystallization is due to preferential Eu fractionation into a co-existing Cl-rich
liquid aqueous phase.

Extremely low Eu content in the zircon from the Adui pegmatite, specific for both
unaltered and altered zones, seems to be due to the fact that solutions variably enriched in
volatile and trace elements in water are present in their crystallization environment. It has
been proved experimentally [64] that in a silicate system of a felsic composition with fluid
enriched with F and Cl, Eu and other REE are accumulated mainly in a fluid phase. In this
case, the distribution coefficient of Eu is two to three times higher than that of theother
REE, resulting in a gradual depletion of Eu in the melt.

5.4. The Cause of the Tetrad Effect

The REE distribution spectra in zircon from the Adui pegmatite are complex due
to the tetrad effect, and the altered zircon spectra show a flat pattern. Such a pattern is
due to the absence of REE differentiation. A spectrum with no Ce anomaly is typical of
hydrothermally altered and hydrothermal zircons [51,54]. The REE distribution spectra in
the unaltered zircon show the outlines of magmatic zircons [51,65]: the steep slant of the
spectrum from LREE to HREE, as well as the positive Ce and negative Eu anomalies.

The zircon analyzed, which displays the tetrad effect in the REE distribution, typically
shows spectra with curved (concave) tetrads of the W-type. This is defined better for the
first tetrad (TE1: La–Nd) at analytical spots with no Ce anomaly (Figure 2). The value of
the tetrad effect in REE fractionation at these spots does not exceed the threshold value for
the W-type.

The convex character of the tetrad effect (M-type) is common in highly evolved
granitoids at late differentiation stages when F-enriched fluids are present, e.g., [7–9,66]
and others. The tetrad effect is sometimes observed in minerals, such as zircons, which
inherit the tetrad effect from their host rocks [8,59]. The tetrad effect of the W-type in
minerals (fluorite, cryolite) occurs in singles, e.g., [10,41,67].

The mechanism of the formation of the tetrad effect is most often associated by re-
searchers with the separation of the melt into two immiscible liquids (silicate and fluoride)
or the intervention of a fluid saturated with F, Cl, CO2 and H2O, e.g., [6,7,59] and others.
The experimental study of fluoride-silicate systems by [7] has shown that REE, together
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with Y, are mainly accumulated in fluoride or in a fluorine-silicate melt, forming selective
compounds with fluorides, while Zr, Hf, Th, U and Ti are generally inclined to stay in
a silicate melt. The formation of REE-fluorine compound complexes contributes to REE
fractionation, which is not controlled by ionic radius and charge, forming the tetrad effect.
The formation of the tetrad effect is associated with the fact that some REE elements (La,
Nd, Gd, Ho, Er and Lu) form fluoride compounds more easily [68]. As a result, they
are depleted in the silicate melt during the evolution of fluoride–silicate systems, with
their transition to F-salt complexes. The other REE (Ce, Pr, Sm, Eu, Tb, Dy, Tm and Yb)
form compounds more readily in the silicate melt [68], where they concentrate to form the
M-type tetrad effect. The W-type tetrad effect is inverse (“mirror”) to the M-type. Thus, if
the tetrad effect of the M-type exists in a closed system, then the tetrad effect of the W-type
is expected to exist in the same system. The tetrad effect of the M-type usually occurs in
magmatic minerals and rocks, while the tetrad effect of the W-type is expected to occur in
minerals derived from fluoride complexes. However, in practice, the W-type tetrad effect
is rarely recorded. One of the reasons for its absence in the system was discussed by [8].
The cited authors attribute the absence of detectable tetrad effects of the W-type due to
the sorption of REE (La, Nd, Gd, Ho, Er and Lu) by accessory minerals. As result, the
REE spectra are flattened, forming no tetrad effect. However, the simultaneous presence
of two types of the tetrad effect was revealed by [6] when studying melt inclusions in
quartz and quartz-hosting ongonites. It has been found that ongonites and silicate melt
inclusions display the tetrad effect of the M-type, while melt inclusions of Ca-F-composition
are consistent with the W-type. Another case, in which two types (M and W-types) of
the tetrad effect are present in a syenite sample, was reported by [69]. The occurrence
of the MW-type tetrad effect in the cited paper is explained by the overlay of fractional
crystallization of a syenite melt with a hydrothermal process involving a fluid of moderate
to low salinity and elevated volatile (Cl, CO2) content. The above evidence suggests that
atypical REE fractionation, leading to the tetrad effect, is due to REE redistribution between
various phases (fluid/melt) or between immiscible phases separated from the melt. In both
cases, the presence of F- and Cl-bearing magmatic solutions plays the leading role in the
formation of the tetrad effect.

The study of melt inclusions and minerals, carried out under natural and experimental
conditions, e.g., [70–73] and others, has shown that the evolution of a pegmatite-forming
melts falls into several stages: an early magmatic stage, a magmatic-hydrothermal tran-
sition stage and a hydrothermal stage. According to [71], the transition from a magmatic
stage to a hydrothermal stage is accompanied by the division of a magmatic system into an
alumosilicate melt and a fluid phase. In the latter, elements (REE, trace elements, etc.) are
largely transferred by vapors and hydrothermal solutions, while during various magmatic
processes of REE are usually stable. Visible mobility of REEs is observed during hydrother-
mal alterations, with their mobility increasing with increasing fluid/melt ratio ([7,69] and
references therein). A primary granitic magma often contains high initial volatile and light
(F, Cl, B, Li, etc.) content of elements, especially pegmatite-forming melts. The zircon stud-
ied displays all the indications of the presence of fluids in the system, as has been discussed
above. Thus, it seems that the controlling factor for the occurrence of the tetrad effect of
the W-type in zircon from the Adui pegmatite was the presence of fluid with high water
and high content of volatiles and trace elements in the pegmatite-forming melt. At present,
there is no definite answer about the source of the fluid: whether it was an external fluid, or
a fluid-saturated melt separated during the evolution of the original magma. In addition,
the tetrad effect can be caused by the interaction of an external fluid with pegmatite magma
before emplacement or with parent materials of the highly evolved granitic rocks before
melting, as, for example, suggested by [13]. In this case, the tetrad effect in the zircon may
be a feature of the parental fluid-saturated magma of granitic pegmatites.
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5.5. Influence of Fluid on Oxygen Isotope Composition

The δ18O values, obtained for both the altered and the unaltered zones of zircon
from the Adui pegmatite have a wide range (from 5.83 to 13.39‰). The most analytical
spots show values markedly exceeding the mantle value (about 5.3‰) and the average
established value of δ18O (6–8‰) for zircons from granitoids of Phanerozoic age [74]. In
the cited paper, higher δ18O values (9–12‰) are due to crystallization from melts with
a significant contribution of a crustal constituent. The considerable shift in δ18O (over
7‰) within the zircon studied should be noted. A shift of δ18O under high-temperature
magma conditions in a melt/fluid system is not expected to be over 2‰ [75]. A high δ18O
shift value within a single crystal indicates isotopic disequilibrium and the openness of a
magmatic system to fluid [74]. The high δ18O values in the altered zones of zircon studied
indicate its crystallization under disequilibrium conditions in the presence of the fluid with
high δ18O values, possibly interacting with sedimentary rocks.

A zircon is typical of low oxygen diffusion rate during recrystallization in the solid
phase [76]. As a result, zircon may retain primary δ18O values. In this case, oxygen diffusion
upon zircon recrystallization under both aqueous and anhydrous conditions is much higher
than the diffusion of trivalent and tetravalent cations (REE, U, Th and Hf) [76]. The zircon
of the Adui pegmatite displays signs of the alteration and redistribution of its trace (U,
REE) and volatile (F, Cl) elements as a result of the dissolution–reprecipitation process (for
dark-grey and grey zones). For the intermediate grey zones, there is a diffusion–reaction
process of composition alteration. In this case, the unaltered (as indicated by composition
and geochemistry) light-grey zones may be affected. In addition, metamictization of the
highly enriched U regions of zircon promotes volumetric expansion of crystal domains,
reducing the stability of zircon towards fluids and forming abundant fractures that allow
fluids to penetrate its structure. The most probable cause of the oxygen isotope composition
disturbance in the light-grey zones, which display a wide range of shift and variable δ18O
values (5.83 to 13.39‰), is the difference degrees of influence of the fluid which interacted
with sedimentary rocks, or the fluid from an “external” source. It is assumed that the fluid
with a high δ18O value caused the alteration in the oxygen isotopic composition through
the diffusion–reaction process.

6. Conclusions

The zircon studied from the pegmatite vein of the Adui massif is a unique crystal
with atypical isotopic-geochemical features, indicating the succession of a crystallization
environment caused by the evolution of a magmatic melt.

The discussed zircon is a coarse crystal with a heterogeneous internal structure. Its
composition and BSE mapping have revealed several distinctive zones: the unaltered
light-grey zones, the intermediate grey zones, the altered dark-grey zones and the fracture-
filling zircon.

The unaltered light-grey zones occur as the preserved portions of primary zircon.
They are predominantly characterized by geochemical characteristics of typical magmatic
zircons, but their high content of REE, Th, volatiles and water, as well as anomalous U
content (up to 14.7%), indicate the crystallization of these zones from the fluid-saturated
melt enriched with U, Th, REE, volatile elements (F, Cl) and water.

The dark-grey zones that form most of the crystal represent recrystallized zircon
zones re-formed due to the interaction with the fluid. Their geochemical characteristics,
namely the high content of non-formula (Y, Ca, Sr, Nb, P, Ti, Ba, Be) and volatile (F, Cl)
elements, the highest water content, the porous crystal structure, abundant submicron-
sized U-Th mineral inclusions, the non-differentiated REE distribution spectrum, negative
or no Ce anomaly, indicate that these zones correspond to the geochemical parameters
of hydrothermal-metasomatic zircons. The so-called intermediate zones are grey-colored
in the BSE with the characteristics of a recrystallization transition from the unaltered to
the altered zones, having the greatest similarity to the altered dark-grey zones. Thus, the
zircon studied shows gradation changes in composition provoked by the disequilibrium
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conditions of zircon crystallization and the evolution of a pegmatite-forming melt. At the
final stage, the zircon was affected by fluid highly saturated with water with dissolved
incompatible (Y, LREE, Nb, etc.) and volatile elements.

The uniqueness of the zircon is based on the presence of the tetrad effect in the
rare element distribution. The revealed tetrad effect in zones with no Ce anomaly via
a configuration corresponds to the tetrad effect of the W-type, which rarely occurs in
geological objects. The fluid with high water and high volatile and trace element contents
is a factor responsible for the tetrad effect in the zircon. However, at the present stage
of research studies, the origin of the fluid is poorly understood. It could occur as a fluid
separated at a later stage of magmatic melt fractionation or a fluid derived from an external
source at a post magmatic stage. The authors tend to believe that the tetrad effect in the
zircon is a feature of the parental fluid-saturated magma of granitic pegmatites.
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