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Abstract—The paper discusses new SHRIMP 11 data on the absolute age of riebeckite granite of the Elinovskii
massif, Gorny Altai, and presents comparative characteristics of the morphology and chemical composition
of magmatic and hydrothermal zircon obtained by LA-ICP-MS. It is shown that the revealed differences
between the two types of zircon are related to the peculiarities of the fluid regime of granitoid melts. Both
types of zircon manifest the tetrad effect of M-type REE fractionation.
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INTRODUCTION

Zr and other incompatible elements, such as REE,
Nb, Y, Be, Th, and U, can be highly mobile in alkaline
and fluorine-enriched felsic melts (Bau, Dulski, 1995;
Ajaetal., 1997; Veksler et al., 2005; Ayers et al., 2012).
Experimental studies show that the coefficients of
REE and Y distribution between a fluorine-enriched
aqueous fluid and silicate melt vary from 100 to 200
(Veksler et al., 2005). Examples are fluids of the
Strange Lake pluton in Canada (Salvi and Williams-
Jones, 2006) and the Berzhei pluton in China (Jahn
et al., 2001). In the rocks of these intrusions, zircon
plays an important role in the concentration of these
elements. High field strength elements have high
charge-to-ion-radius ratios; therefore, they are
incompatible in magmatic fractionation processes
(Finlowbates and Stumpil, 1981). Experimental stud-
ies have shown that in certain cases these elements are
mobile and are concentrated during the fractional
crystallization of granite and pegmatite melts (Salvi
and Williams-Jones, 2006; Van Lichtervelde et al.,
2010). Zircon can have both magmatic and hydrother-
mal origins (Hoskin and Schaltegger, 2003; Pettke
et al., 2005; Belousova et al., 2006). Zircon varieties
differ in the zoning, morphology, and geochemistry of
REE (Rubin et al., 1989; Sinha et al., 1992; Hoskin,
2005; Pettke et al., 2005; Schaltegger et al., 2005;
Schaltegger, 2007; Gasquet et al., 2007; Lawrie et al.,
2007; Fu et al., 2009). Hydrothermal zircon can pre-
cipitate out of fluid-saturated magmas (Schaltegger,
2007) and carry information on the peculiarities of
hydrothermal events (McNaughton et al., 2005;
Gasquet et al., 2007; Valley et al., 2009, 2010; Van
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Lichtervelde et al., 2009). The genetic relationship
between magmatic and hydrothermal zircon from
granite plutons may reveal the evolution from mag-
matic to hydrothermal processes in the formation of
rare metal deposits (Pettke et al., 2005; Schaltegger
et al., 2005).

ANALYTICAL RESEARCH METHODS

Local U—Pb analysis of zircon for absolute age
determination was performed on a SHRIMP II sec-
ondary ion mass spectrometer (SIMS) at the VSEGEI
Center of Isotopic Research. The U—Pb ratios were
normalized to a value of 0.0668 assigned to the
TEMORA standard zircon. The errors in measuring
single analyses are given for the interval of 16, and the
errors of calculated concordant ages and intersections
with concordia, at a level of 26. The U—Pb age was
calculated with the ISOPLOT/EX program.

The trace element composition of zircon was stud-
ied by LA-ICP-MS with a Finnigan Mat ELEMENT
mass spectrometer combined with a New Wave
Research UP-213, Nd:YAG laser attachment. The
main elements were determined on a JEOL JXA-8100
wave microprobe (at the Analytical Center of the
Institute of Geology and Mineralogy, Siberian
Branch, Russian Academy of Sciences).

The tetrad effect of REE fractionation was calcu-
lated with B. Irber’s formula (Irber, 1999).
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Fig. 1. Morphology of zonal zircon crystals and U-Pb plot with concordia for zircon from riebeckite granite of the Elinovskii massif.

GEOLOGICAL DESCRIPTION

The Elinovskii granitoid massifis located in the left
wall of the Shchebet River Valley (a left tributary of the
Anui River) and is a northeast-trending fracture body
more than 2 km in extent and from 0.5 to 1 km wide.
At the northeast continuation of the massif, several
dikes are observed extending from 0.5 to 1 km and
measuring from 0.3 to 50 m in thickness. The massif
consists of riebeckite granite and leucogranite with
rosy and yellow-gray hues. Prismatic feldspar (50—
60%) and quartz (up to 30—35%) predominate among
leucogranites in the massif. The characteristic dark-
colored mineral is amphibole, which is nonuniformly
distributed in rock and forms rare glomeroporphyritic
segregations. Its content varies from 3 to 6%, 4% on
average. Astrophyllite and aegirine are encountered
sporadically. Rocks have a characteristic hypidiomor-
phic texture, which locally transitions to xenomor-
phic-granular. Amphibole is represented by large (up
to 0.5—1 cm) elongate prismatic crystals nearly black
in color with a brownish blue hue. Recalculation to the
structural formula for the chemical composition of
amphibole shows that, in the degree of sodium filling
of positions 4 and B (Na, +Nap = 2.11-2.15), it is
close to riebeckite (for riebeckite Na, + Naz =2, and
for arfvedsonite, Na, + Nayz = 3). In addition, the
closeness to riebeckite is also established by the
absence of aluminum in the octahedral coordination
(Alyy). Microperthite feldspar forms prismatic crystals
in granite. It is characterized by almost equal amounts
of sodium and potassium with a certain predominance
of the latter.

At the contact with the massif'is the Elinovskii flu-
orite—REE occurrence, located at the watershed of
the Bablaiki and Shchebety rivers (Gusev and Taba-
kaeva, 2015). It was discovered by A.V. Krivchikov in
1957. In 1958, 14 trenches were dug, exposing the min-
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eralization. The ore zone is associated with the contact
of medium-grained riebeckite granite of the Elinovskii
massif with limestone of the Upper Silurian Kuimov
Formation. Granite near the contact has been
albitized, kaolinized, silicified, and ocherized via frac-
tures. K-feldspar with quartz veinlets and impregna-
tions of fluorite, zircon, monazite, xenotime, syn-
chysite, and columbite have been observed locally. The
contents of elements in albititzed granite vary (wt %): zir-
con, from 0.1 to 1.2; yttrium, from 0.2 to 0.7; ytter-
bium, from 0.1 to 0.5; niobium, from 0.05t0 0.3). REE
are included in the chemical composition of poly-
crase, monazite, xenotime, fergusonite, and zircon,
which are localized in albitized granite and fluorite—
quartz veins. The sizes of zircon crystals are 0.1—0.2 mm.
Albitized granite manifests pitchblende mineralization
with a uranium content of 0.1—1.5 wt %.

MORPHOLOGY AND CHEMICAL
COMPOSITION OF ZIRCON

In alkaline granite of the Elinovskii massif, zircon
is equant, frequently pancake-shaped, rarely (20% of
crystals) subeuhedral, and sporadically euhedral. The
mineral is yellowish, rosy, and up to reddish brown in
color. Zircon contains many numerous inclusions and
possesses coarse zoning. The outer corona is dark. Ten
measurements yielded an age of 369 + 10 Ma (Late
Devonian) (Fig. 1). The uranium and thorium con-
tents are 456—1102 and 180—639 ppm, respectively;
Th/U = 0.31-0.60.

In magmatic zircon, the {100} faces are more fre-
quently developed and {110} faces of the prism are
absent, which indicates that zircon crystallized from a
high-temperature melt (Pupin, Turco, 1972).

In contrast to the magmatic variety, hydrothermal
zircon has a bipyramidal habit with well-developed
{111} faces, and it is close in morphology to synthetic
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Table 1. Chemical composition of magmatic zircon from the Elinovskii massif (oxides in wt %, trace elements in ppm)

Component 1 2 3 4 5 6 7 8 9 10
SiO, 334 33.5 33.1 334 334 33.5 33.4 33.3 33.3 33.4
Zr0O, 66.3 66.2 66.4 66.2 66.1 66.0 66.2 66.2 66.1 66.2
P,0O;5 0.036 0.033 0.034 0.06 0.037 0.03 0.04 0.039 0.032 0.064
Sc 105 103 91 95 105 102 99 97 99 96
Ti 2.5 2.6 2.3 3.1 4.2 3.3 2.9 3.0 3.2 3.5
Y 505 438 446 494 493 566 553 592 570 495
Nb 2.51 2.62 2.42 1.99 2.61 2.59 2.85 3.5 2.97 1.99
La 0.2 0.61 0.9 0.58 0.49 0.47 0.23 0.65 0.23 0.4
Ce 41.5 34.8 40.7 32.7 39.8 34.8 36.9 48.5 39.9 33.8
Pr 0.066 0.051 0.063 0.12 0.094 0.047 0.11 0.074 0.062 0.1
Nd 1.5 0.89 1.49 1.07 1.09 1.32 1.27 1.44 1.14 1.07
Sm 2.04 1.63 1.95 1.57 2.09 2.04 1.6 2.1 2.11 1.57
Eu 0.68 0.65 0.61 0.59 0.72 0.56 0.73 1.01 0.7 0.62
Gd 10.4 8.5 9.4 8.4 10.1 10.7 10.9 11.1 10.9 8.4
Tb 3.16 2.58 2.75 2.58 2.91 3.13 3.28 3.6 3.22 2.58
Dy 40.7 42.6 46.2 38.5 38.4 43.7 43.9 45.5 44.2 42.0
Ho 15.5 12.1 13.1 11.4 13.6 15.3 15.0 16.4 14.8 13.4
Er 81.9 72.1 78.2 72.1 73.8 87.8 87.6 93.3 89.1 72.1
Tm 19.8 16.1 17.2 17.1 19.3 23.9 22.5 22.9 24.1 18.1
Yb 199 164 173 174 189 241 238 237 229 194
Lu 43.8 32.1 34.6 32.1 41.3 51.3 48.6 51 49.8 32.1
Hf 9850 9870 9910 9860 9940 9990 9512 9955 9950 9960
Ta 0.88 0.72 0.78 0.72 0.87 0.96 1.03 1.05 0.95 0.71
Pb 9.0 7.9 9.7 7.9 10.6 6.6 9.21 11.6 8.4 7.7
Th 180 556 639 199 241 192 198 247 199 188
U 456 1100 1102 916 876 778 905 989 990 655
XREE 965.2 826.7 866.2 886.8 925.7 1082.1 1063.6 1126.6 1079.3 915.2
Th/U 0.39 0.5 0.58 0.21 0.28 0.25 0.22 0.25 0.2 0.29
(La/Yb)n 0.001 0.002 0.003 0.002 0.002 0.001 0.001 0.002 0.001 0.002
Eu/Eu* 0.37 0.44 0.36 0.4 0.39 0.3 0.4 0.52 0.37 0.42
Ce/Ce* 87.9 28.3 29.6 28.4 41.6 45.8 54.2 44.7 79.4 46.8
Y/Ho 32.6 36.2 34.0 43.3 36.3 37.0 36.9 36.1 38.5 36.9
TE,|; 2.62 1.84 1.53 2.31 2.3 1.6 3.11 1.84 2.13 2.36

In Tables 1 and 2, the contents of elements are normalized to chondrite Cl (McDonough and Sun, 1995). Eu* = (Smy + Gdy)/2.
TE, 3, tetrad effect of fractionation of REE as mean between first and second tetrads (after (Irber, 1999). Irber, 1999).

zircon crystals (McNaughton et al., 2005; Schaltegger,
2007).

Table 1 lists representative chemical analyses of ten
samples of magmatic zircon.

Magmatic zircon differs by high Hf, Y, Sc, and
heavy REE concentrations. It has a high positive Ce
anomaly and negative Eu anomaly. It is well known
that zircon pertains to the mineral group with selective
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HREE (Er, Yb, Lu) concentrators, which is also con-
firmed by our data. In the studied zircon, the concen-
trations of erbium vary from 72.1 to 93.3; yttrium,
from 164 to 241; and lutetium, from 32.1 to 51.3 ppm.

Table 2 lists representative analyses of hydrother-
mal zircon. Hydrothermal zircon differs from the
magmatic variety by significantly smaller Sc and Y
concentrations, but higher Nb and Ta concentrations.
Vol. 60
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Table 2. Chemical composition of hydrothermal zircon from the Elinovskii occurrence (oxides in wt %, trace elements in ppm)

Component 1 2 3 4 5 6 7 8 9
SiO, 32.3 334 331 33.2 333 334 33.1 33.2 33.1
ZrO, 63.8 63.3 63.5 63.4 63.2 63.3 63.7 63.5 63.7
P,05 0.03 0.03 0.03 0.05 0.03 0.03 0.04 0.03 0.03
Sc 55 57 46 53 68 55 51 59 55
Ti 455 505 568 570 496 503 498 507 608

Y 52.5 47.3 43.6 33.2 41.6 43.8 42.5 41.6 42.9
Nb 32.9 32.8 33.2 33.9 52.9 43.8 44.7 53.9 92.7
La 30.5 40.1 54.9 50.6 65.1 54.7 43.1 70.7 55.2
Ce 361.2 4441 531.1 629.3 649.1 533 426.7 538.1 533.2
Pr 65.6 53.6 63.9 102.7 83.7 49.8 90.0 82.8 51.7
Nd 121 244.1 121.1 119.0 118.0 117.3 113.1 135.8 117.8
Sm 32.04 51.63 41.95 61.57 52.09 62.04 61.6 72.1 62.11
Eu 0.63 0.70 0.69 0.87 0.81 0.55 0.8 1.13 0.87
Gd 50.1 48.3 49.1 57.1 89.1 101.1 103.5 210.1 140.4
Tb 33.2 42.6 52.7 52.6 52.9 43.1 53.3 53.6 63.2
Dy 439.7 432 336.2 322 238.4 243.6 343 444.5 343.2
Ho 115.6 212.4 213.8 212.4 214.6 217.3 127.0 317.4 216.8
Er 380.8 462.1 368.2 262.1 374.8 387.9 386.6 492.3 488.1
Tm 109.0 105.1 126.2 135.1 128.3 213.4 211.5 222.1 221.1
Yb 498 354 470 354 289 242 328 332 328
Lu 143.8 132.1 134.6 132.1 141.3 151.3 148.6 151 109.8
Hf 3894 4897 4989 4997 4994 4896 4995 4898 4896
Ta 38.8 27.2 27.8 17.2 18.7 19.6 10.3 10.5 19.5
Pb 29.0 37.9 92.7 57.9 60.6 56.6 59.2 41.6 83.4
Th 192 176 225 176 241 162 190 237 193

U 1213 1116 1515 1465 1485 1406 1454 1449 1463
>REE 24334 2670 2608 2514.3 2538.7 2466.9 2480.2 3165.2 2774.2
Th/U 0.16 0.16 0.15 0.12 0.16 0.1 0.13 0.16 0.13
(La/Yb)n 0.04 0.08 0.08 0.2 0.2 0.15 0.09 0.1 0.1
Eu/Eu* 0.049 0.043 0.046 0.044 0.038 0.021 0.032 0.024 0.026
Ce/Ce* 1.33 1.84 1.79 1.47 1.71 2.16 1.13 1.4 2.09
Y/Ho 0.45 0.22 0.2 0.15 0.19 0.2 0.33 0.13 0.19
TE; 1.76 1.48 1.44 1.31 0.89 0.76 1.3 0.66 0.93

It contains a significantly larger total REE concentra-
tion. Compared to the magmatic variety, hydrother-
mal zircon has an even higher negative Eu anomaly,
and the positive Ce anomaly is substantially reduced.
Hydrothermal zircon manifests two types of the tetrad
effect of fractionation (TEF) for the third tetrad. The
value of TEF of M-type REE has a narrower interval
(a threshold value greater than 1.1), which varies from
1.3 to 1.76. The TEF of W-type REE (lower than the
threshold level of 0.9) fluctuates from 0.89 to 0.66.
The occurrence of both types of TEF of REE in
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hydrothermal zircon points to quite nonequilibrium
conditions of zircon crystallization.

Close results on the composition of magmatic and
hydrothermal zircon were obtained for the Berger
massif in China (Yang et al., 2014).

DISCUSSION

It is commonly believed that hydrothermal zircon
differs from high-temperature magmatic zircon in
crystal morphology (Pupin, 1980; McNaughton et al.,
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Fig. 2. REE distributions in magmatic (a) and hydrothermal (b) zircon normalized with respect to CI chondrite (McDonough
and Sun, 1995). Sample numbers correspond to those in Table 1.

2005) and chemical composition ((Hoskin, Schalteg-
ger, 2003; Hoskin, 2005), including chondrite-nor-
malized REE distributions, Th/U ratio, and degree of
radiogenic Pb loss (Hoskin and Schaltegger, 2003;
Hoskin, 2005; Pettke et al., 2005; Geisler et al., 2007;
Harley and Kelly, 2007; Schaltegger, 2007).

The REE distribution spectra for magmatic zircon
have a starkly pronounced differentiated character of
the REE distribution with a positive Ce anomaly and
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negative Eu anomaly (Fig. 2), which is weakly
expressed (Eu/Eu* varies from 0.3 to 0.52).

The composition of magmatic zircon of the Eli-
novskii massif is characterized by a stochiometric Zr
and Si ratio, whereas hydrothermal zircon is depleted
in Zr. The REE distribution spectra in hydrothermal
zircon differ sharply from those in the magmatic vari-
ety (Fig. 2). The spectrum has a jagged character. The
negative Eu anomaly is distinctly expressed (Eu/Eu*
Vol. 60

No. 8 2018
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Fig. 3. Discriminant diagrams of (a) (Sm/La)N vs. La (ppm), (b) Ce/Ce* vs. (Sm/La)N (Hoskin, 2005). Plots include data for
magmatic zircon (1) and hydrothermal zircon (2) from the Elinovskii massif.

varies from 0.024 to 0.049). In addition, in hydrother-
mal zircon, such impurity elements as U, Th, Nb, Ta,
Pb, Ti, and LREE have higher concentrations than in
magmatic zircon. This is probably because elements
with large ionic radii are incompatible with the struc-
ture of magmatic zircon (Hanchar and Westrenen,
2007) but compatible in magmatic fluids (Bakker and
Elburg, 2006). High LREE and Ti concentrations in
hydrothermal zircon may result from the presence of
submicroscopic and even nanoscale inclusions (Geis-
ler et al., 2007).

An alternative explanation for the increased LREE
and Ti concentrations in hydrothermal zircon may be
the behavior of elements that are not regulated by
charge and radius (Bau and Dulski, 1995). A similar
behavior of elements is frequently encountered in
highly evolved melt systems enriched in H,O, CO,,
and volatiles, such as Li, B, F, and/or Cl, at the tran-
sition stage from silicate melt to aqueous fluids (Vek-
sler, 2004).

It is well known that the non-charge- and non-
radius-controlled behavior of elements is frequently
accompanied by the TEF of REE. It is noteworthy
that both of the indicated peculiarities are observed in
zircon from highly differentiated granite magmas that
underwent intensive hydrothermal or autopneumatic-
lithic alteration (Masuda and Ikeuchi 1979; Bau,
1999; Irber, 1999; Veksler et al., 2005).

Imaging points for the compositions of the studied
zircon in the (Sm/La)y—La discriminant diagram of
(Hoskin, 2005) are distinctly combined in two clus-
ters: magmatic zircon plots in the magmatic field,
while hydrothermal zircon plots in the hydrothermal
field (Fig. 3a). A similar pattern is observed in the
(Sm/La)y—Ce/Ce* diagram (Fig. 3b). It is notewor-
thy that in both groups of zircon, a positive Ce anom-
aly is observed (particularly strong for magmatic zir-
con, with values from 28.3 to 87.9, and weaker in the
case of hydrothermal zircon, from 1.2 to 2.3), as well
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as a negative Eu anomaly. The lack of points for the
studied zircon in the magmatic field in the diagrams is
probably due to reworking of rocks and minerals by
magmatic fluid in nonequilibrium conditions
(Hoskin, 2005; Skublov et al., 2013).

In the Yb—U, Hf—U/Yb, Y—U/Yb discriminant
diagrams, comparable zircon groups plot in the conti-
nental zircon field (Grimes et al., 2007) or tend toward
it (Fig. 4a—4c). Lowered Y concentrations (Fig. 4¢) in
hydrothermal zircon is likely related to the presence of
fluorite and xenotime in ores, which concentrate the
majority of yttrium. Since zircon in hydrothermal par-
agenesis is associated with monazite, xenotime, and
synchysite, decreased concentrations of Hf are likely,
because these minerals also accumulate this element.

Because the composition of zircon manifests a pos-
itive Ce anomaly, the TEF of REE for hydrothermal
zircon was computed for the third tetrad and an
Eu/Eu*—TE; diagram was constructed (Fig. 5). From
the diagram it is clear that all the values for the Eu/Eu*
ratio are lower than the same value in chondrite; here,
two clusters of imaging points and two opposing
trends are distinguished: one for the significant TEF of
M-type REE values and the other for the TEF of W-type
REE. As well, a correlation of the trends of the TEF
REE values for both types with the Eu/Eu* ratio is
observed. An increase in the M-type REE TEF cor-
relates with an increase in the Eu/Eu* ratio, whereas a
decrease in the W-type REE TEF correlates with a
weak decrease in the Eu/Eu* anomaly. This can be
explained by the quite variable physicochemical con-
ditions of the hydrothermal process during which zir-
con crystallized. An increase in the Eu/Eu* value with
manifestation of M-type REE TEF in accordance
with the series of acidity/alkalinity of the elements
(Marakushev, 1976) of the spectrum of Sm, Gd, Eu in
aqueous—sulfurous solutions corresponds to an
increase in the acidity of the medium, whereas a
decrease in the Eu/Eu* values with manifestation of
W-type REE TEF corresponds to an increase in the



714 GUSEV
10000 @) 100 (®)
1000 Bg P
é 100
=)
10
1 10 100 1000 10000 100000 5000 15000 25000
Yb, ppm Hf, ppm
100 ©
10
2
=)
0.1
0.01 L AT i i
100 1000 10000 100000
Y, ppm

Fig. 4. Discriminant diagrams of (a) U/Y vs. Yb, (G) U/Yb vs. Hf , (8) U/Yb vs. Y. Shaded field represents the compositional
range of continental crust zircon, solid line on each diagram indicates upper limit for zircon that is oceanic-crustal in origin (after

Grimes et al., 2007). Symbols are same as in Fig. 3.

1
* 0.1F
F: -
0.01 3 Depletion
C Eu>95%
0'001 1 1 1 1 1 1 1 1 1
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

TE,

Fig. 5. Tetrad effect (TE3) vs. Eu/Eu* for hydrothermal zircon. Symbols are same as in Fig. 2 for hydrothermal zircon.

alkalinity of the medium. We observed similar regular-
ities for strongly evolved anorogenic granitoids (Gusev
and Tabakaeva, 2015).

CONCLUSIONS

Magmatic and hydrothermal zircon differ in their
morphological features and chemical compositions.
These differences are caused not only by the crystalli-
zation temperatures, but also by the peculiarities of the
fluid regime and the composition of magmatic vola-
tiles. Hydrothermal zircon is characterized by a non-
charge- and non-radius-controlled behavior of REE,

GEOLOGY OF ORE DEPOSITS

related to the high degree of differentiation of granitic
melts enriched in H,O, CO,, and such volatile compo-
nents as Li, B, F, and/or Cl. Zircon manifests a tetrad
effect of fractionation of M-type REE. The studied
zircon of the Elinovskii magma—ore—metasomatic
system demonstrates the peculiarities of the REE
composition typical of zircon from continental rocks.
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