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ABSTRACT:

Cegiełka, M., Bagiński, B., MacDonald, R., Belkin, H.E., Kotowski, J. and Upton, B.G.J. 2022. Zirconium 
silicates in a peralkaline granite: a record of the interplay of magmatic and hydrothermal processes (Ilímaussaq 
complex, Greenland). Acta Geologica Polonica, 72 (2), 235–245. Warszawa.

Compositional and textural data are presented for zircon, secondary Zr-silicates, catapleiite and elpidite in a 
peralkaline granite from the Ilímaussaq complex, south Greenland. The zircon is essentially stoichiometric, 
with (Zr + Hf + Si) = 1.96–1.98 a.p.f.u. The secondary Zr-silicates show a wide range of Zr/Si atomic ratios 
(0.13–0.79). The catapleiite varies from close to stoichiometric to a Na-depleted type showing cation deficiency 
(5.2–5.8 a.p.f.u.). Elpidite shows similar variations (7.2–9.0 a.p.f.u.). Textural relationships between the Zr 
phases are interpreted to show that magmatic zircon interacted with hydrous fluids exsolved from the magma 
to form the secondary Zr-silicates. Formation of catapleiite was late‑magmatic, in equilibrium with a Na-Si-
bearing fluid. This was followed by the crystallization of elpidite, the fluid having a different Na/Si ratio. Both 
catapleiite and elpidite experienced Na-loss during late-stage hydrothermal alteration.

Key words: Peralkaline granite; Ilímaussaq complex; Zircon; Catapleiite; Elpidite; Hydrothermal fluids.

INTRODUCTION

Zircon is the dominant Zr-bearing phase in granitic 
rocks s.l. and miaskitic syenites. On the other hand, 
peralkaline and agpaitic rocks contain, in addition 
to zircon, a variety of Na-Ca-Zr silicates (Table 1). 

Some mineral varieties remain unidentified (e.g., 
Andreeva 2016; Estrade et al. 2018). The alteration 
of Zr-silicates is most commonly ascribed to interac-
tion with hydrous melts or to late- or post-magmatic 
aqueous fluids in the final stages of crystallization. 
During alteration, the minerals can show complex re-
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placement relationships, the replacement sequences 
being related, inter alia, to pressure, temperature, 
the F and Cl concentrations, as well as Ca/Na ratios 
in the hydrothermal fluids. Several such sequences 
have been recorded in peralkaline granites. In the 
Strange Lake complex, Canada, Salvi and Williams-
Jones (1995) recorded primary elpidite being re-
placed by post-magmatic gittinsite and armstrongite. 
Kynický et al. (2011) described the sequence Ca-poor 
elpidite → Ca-rich elpidite → minor gittinsite and 
abundant zircon in the Khan Bogd complex, south-
ern Mongolia. In a metasomatite from the Khalzan 
Buregte deposit, Western Mongolia, Kempe et al. 
(2015, Fig. 12) described gittinsite enclosed in cal-
ciocatapleiite and replaced by zircon. In the so-called 
transitional granite of the Ambohimirahavavy com-
plex, Madagascar, eudialyte-group minerals (EGM) 
were partly to totally replaced by zircon and quartz, 
while in the agpaitic granites in the same complex 
the EGM were replaced by an unidentified Ca-Na-
zirconosilicate (Estrade et al. 2018).

In this study of a peralkaline granite from the 
Gardar alkaline province, Greenland, we describe 
the replacement of magmatic zircon by an altered 
variety and the crystallization of catapleiite and then 

elpidite, with a final stage of hydrothermal alteration 
affecting the zirconosilicates. We propose an evolu-
tionary sequence involving interaction of magmatic 
phases and fluids of variable composition. Unlike 
in the cases listed above, EGM were not formed, 
perhaps because the melt Ca/Na ratio (0.06) and Cl 
content were too low to stabilize them (Table 2).

GEOLOGICAL SETTING

The Ilímaussaq alkaline complex (1161 ± 5 Ma; 
Krumrei et al. 2006), consists of four main intrusive 
phases (Text-fig. 1). Phase 1 is a partial rim of augite sy-
enite, Phase 2 is peralkaline granite and quartz syenite, 
Phase 3 is foyaite, naujaite and pulaskite, and Phase 4 
consists of kakortokites and lujavrites (Sørensen 2006; 
Sørensen et al. 2006; Marks and Markl 2015). Phases 
3 and 4 comprise the agpaitic suite.

Field studies demonstrated that xenoliths of quartz 
syenite and alkali granite occur in the uppermost fa-
cies of the agpaitic suite (Steenfelt 1981). The augite 
syenite was intruded by sheets of alkali granite and 
alkali quartz syenite, with the development of chilled 
margins in the latter (Hamilton 1964; Steenfelt 1981). 
The intrusion of both the quartz syenite and granite 
probably occurred in more than one pulse, the larger 
sheets representing separate magmatic intrusions 
(Hamilton 1964; Steenfelt 1981).

ANALYTICAL METHODS

Our sample was collected from a loose block in 
the Dyrnaes River. From its intense green colour 
and mineralogy, the sample is undoubtedly from 
the Ilímaussaq peralkaline granite, the so-called 
Green Granite. A whole-rock analysis of the sample 
was made at Bureau Veritas Commodities Canada 
Ltd (more details are given at the website: https://
commodities.bureauveritas.com/metals-minerals/
mineral-processing/analytical-services). Major ele-
ments and Cr were analysed by ICP-ES, and trace 
elements, including REE, by ICP-MS. Mean detec-
tion limits on major elements were close to 0.1 wt.% 
whilst the detection limits for trace elements varied 
from 0.01 to 0.1 ppm.

Mineral compositions were determined in the 
Inter-Institution Laboratory of Microanalysis of Mine
rals and Synthetic Substances (Faculty of Geology, 
University of Warsaw), using Cameca SX100 and 
SXFiveFE microanalyzers equipped with four and 
five wavelength dispersive spectrometers (WDS), re-

Zr-silicate Formula
Zircon ZrSiO4

Na-phases
Catapleiite Na2ZrSi3O9

.2H2O
Elpidite Na2ZrSi6O15

.3H2O

Ca-phases
Gittinsite CaZrSi2O7

Armstrongite CaZrSi6O15
.2H2O

Eudialyte Na15Ca6Fe3Zr3Si(Si25O73)
Unnamed 
phases

Yttrium zirconosilicate1 formula not given
Ca-Na zirconosilicate2 formula not given

Table 1. Zr-silicates referred to in the text. 1 Andreeva 2016;  
2 Estrade et al. 2018.

wt.% ppm ppm ppm
SiO2 73.35 Ba 51 Th 29.8 Ho 4.53
TiO2 0.21 Be 24 U 7.7 Er 12.3
Al2O3 10.85 Co 36.5 V <8 Tm 1.67

Fe2O3* 4.38 Cs 2.50 W 558 Yb 10.16
MnO 0.09 Ga 35.6 Zr 572 Lu 1.39
MgO 0.04 Hf 14.7 La 174 Y 142
CaO 0.52 Nb 140 Ce 341
Na2O 4.55 Ni <20 Pr 37.6
K2O 4.84 Rb 454 Nd 138
P2O5 0.02 Sc <1 Sm 24.6
LOI 0.8 Sn 10.0 Eu 1.31

TOT/C 0.14 Sr 20.2 Gd 21.7
Total 99.79 Ta 13.1 Dy 21.3

Table 2. Chemical composition of the Green Granite. Fe2O3*, all 
Fe as Fe3+.
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spectively. The operating conditions of the electron 
microprobe were: 15 kV accelerating voltage, 5–20 
nA probe current and focused or defocused (even up 
to 20 μm in diameter) electron beam. Details of the 
microprobe analysis (e.g. emission lines, standards, 
diffracting crystals, detection limits) are listed in the 
Appendices. The φ(ρZ) correction model (X-PHI in 
the microprobe software) developed by Merlet (1994) 
was used for corrections.

THE GREEN GRANITE

The granite is holocrystalline, porphyritic and 
massive rock without any visible orientation of crys-
tals. The dominant phase is subhedral alkali feldspar 
(55 modal %; 2–4 mm in size), comprising potassic 
feldspar (26 %; Ab1.57Or98.43) and sodic feldspar (29%; 

Ab99.52Or0.41An0.07). Both types of feldspar contain 
aegirine inclusions ranging from 5 to 30 μm in size. 
These are probably the cause of the remarkable green 
colour of the rock. Anhedral quartz, often showing un-
dulose extinction, forms over 35 % of the granite, the 
grain size ranging from 60 μm to 5 mm. Amphiboles 
are the most abundant mafic minerals (8  modal %), 
forming large (40 μm to 6  mm) crystals with a zo-
nation ranging from deep reddish-brown, richter-
itic, cores through light brownish-green to dark blu-
ish-green, arfvedsonitic, margins. Aenigmatite occurs 
as deep-brown anhedral crystals, up to 3 mm in size, 
commonly mantled by aegirine, titanite and fluorite.

The rock contains a large number of accessory min-
erals (Table 3), which occupy ~1 modal % in total: ae-
girine, astrophyllite, britholite-(Ce), catapleiite, chev-
kinite-(Ce), ekanite, elpidite, fluorite, henrymeyerite, 
Fe-poor Ba-titanate, ilmenite, leucosphenite, loren-

Text-fig. 1. Geological map of the Ilimaussaq complex, modified from Upton (2013).
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zenite, monazite-(Ce), narsarsukite, neptunite, pecto-
lite, pyrochlore, thorite, titanite, zircon, and five uniden-
tified phases. Fluorite is the most abundant accessory 
mineral, comprising 0.2 modal % of the whole‑rock. 
An analysis of the granite is presented in Table 2. 
The Peralkalinity Index (mol. (Na2O+K2O)/Al2O3) is 
1.2 but the value may have been lowered by Na loss 

during post-emplacement crystallization and fluid 
loss. Judging from the Al2O3 and FeO* contents, the 
magma was comenditic (Macdonald 1974). There are 
the high concentrations of Rb, Li, Be, Th, U, REE, 
Y, Zr, Hf, Nb, Ta, Sn, Zn, and F, and relatively low 
abundances of Ba, Sr, Cu, Co and Ni, typical of peral-
kaline silicic rocks. The chondrite-normalized pattern 
(Text-fig. 2) shows distinct LREE enrichment ([La/Yb 
ratio]CN = 12.3; where CN is chondrite-normalized) 
and there is a marked negative Eu anomaly (Eu/Eu* 
= 0.17).

Text-fig. 2. Chondrite-normalized REE plot for the Green Granite. 
Data from Table 2. Normalizing factors from Sun and McDonough 

(1989).

Analysis 
no.

1 2 3 4 5 6 7 8 9 10 11 11 12
IL–6 IL–7 IL–147 IL–148 IL–149 IL–150 IL–157b IL–306 IL–321 IL–353 IL–356 IL–8 IL–157

wt.%
P2O5 b.d. b.d. b.d. b.d. b.d. b.d. – – – 0.05 0.09 b.d. b.d.

Nb2O5 b.d. 0.15 – – – – 0.28 b.d. 1.23 0.57 0.27 b.d. –
Ta2O5 – – – – – – – – – 0.64 0.60 – –
SiO2 63.75 46.95 67.52 66.83 65.91 65.79 65.53 52.96 67.31 66.33 63.97 34.20 35.78
TiO2 b.d. 0.09 b.d. 0.18 0.21 0.66 0.12 b.d. 0.33 b.d. 0.10 0.12 0.38
HfO2 0.36 0.54 – – – – 0.21 0.58 0.31 0.29 0.38 1.04 –
ThO2 b.d. b.d. – – – – b.d. – b.d. b.d. b.d. 0.11 b.d.
UO2 0.15 0.20 – – – – 0.18 0.11 b.d. 0.24 b.d. 0.29 0.09
ZrO2 20.90 33.50 16.87 17.22 17.04 17.82 17.71 31.51 19.28 17.13 16.58 54.03 57.83
La2O3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. – – 0.82 0.30
Ce2O3 b.d. 0.15 b.d. b.d. 0.17 b.d. b.d. – b.d. b.d. 0.09 1.13 0.38
Y2O3 b.d. b.d. 2.61 1.37 1.60 0.55 1.12 0.13 b.d. 3.04 2.61 b.d. b.d.
CaO 0.10 4.85 b.d. 0.12 0.12 0.53 0.11 0.76 0.10 0.05 b.d. 1.84 0.23
FeO* 0.18 0.16 b.d. b.d. b.d. 0.18 0.05 b.d. b.d. b.d. b.d. 0.15 b.d.
PbO 0.10 0.05 – – – – – – b.d. – – 0.25 b.d.
Na2O b.d. b.d. 0.37 1.22 0.52 0.59 2.63 3.86 1.33 2.57 5.61 b.d. –
K2O b.d. 0.05 0.71 0.42 0.61 0.14 0.20 0.05 b.d. 0.16 1.17 0.05 –
Total 85.54 86.69 88.08 87.36 86.17 86.26 88.25 89.96 90.03 91.07 91.47 94.33 95.11

Table 4. Representative compositions of secondary Zr–silicates. Explanation: Anals 1, 2, 11 – residual core (1) and mantle (2, 11) of subhedral 
crystal (Fig. 3d); Anals 3–6 – Fig. 3c; Anals 7, 12 – various points in bottom–left edge of aggregate in Fig. 6a; 8 – in “green zone” of Fig. 6b; 
9 – in rhomb–shaped crystal (dusty blue crystal in the bottom–left corner of Fig. 6b); Anals 10,11 – outer and inner rim of lozenge–shaped crystal 

(Fig. 3c); FeO*, all Fe as Fe2+. b.d. – below detection; blank – not determined. Al, Mg, Sc and V below detection in all analyses.

Mineral Formula
Aegirine NaFe3+Si2O6

Astrophyllite K2NaFe2+
7Ti2Si8O26(OH)4F

Britholite-(Ce) (Ce,Ca)5(SiO4)3OH

Chevkinite-(Ce) (Ce,La,Ca,Th)4(Fe2+,Mg)
(Fe2+,Ti,Fe3+)2(Ti,Fe3+)2(Si2O7)2O8

Ekanite Ca2ThSi8O20

Fe-poor Ba-titanate (Ba,Ca,Na)(Ti,Fe2+,Nb)5O11

Fluorite CaF2

Henrymeyerite Ba(Ti4+
7Fe2+)O16

Ilmenite Fe2+TiO3

Leucosphenite BaNa4Ti2B2Si10O30

Lorenzenite Na2Ti2(Si2O6)O3

Monazite-(Ce) Ce(PO4)
Narsarsukite Na4(Ti,Fe)2[Si8O20](O,OH,F)2

Neptunite Na2KLiFe2+
2Ti2Si8O24

Pectolite NaCa2Si3O8(OH)
Fluornatropyrochlore (Na,Pb,Ca,REE,U)2Nb2O6F
Thorite ThSiO4

Titanite CaTi(SiO4)O

Table 3. Other accessory minerals identified in the Green Granite. 
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TEXTURAL RELATIONSHIPS AND 
COMPOSITIONS OF ZR-SILICATES

Zircon and secondary Zr-silicates

Zircon invariably occurs as partially resorbed cores 
within zirconosilicates (Text-fig. 3A, B). Larger crys-
tals may have exceeded 450 μm in length. The zircon 
is almost perfectly stoichiometric, with (Zr+Hf+Si) 
= 1.96–1.98 a.p.f.u. and cation sums = 2.00–2.02 
a.p.f.u. (Supplementary Table 1a). The only significant 
non-formula element is Ca, 0.003–0.019 a.p.f.u.

The term “hydrothermal zircon” has been used 
for zircon crystallized from, or altered by, aqueous 
fluids (Hoskin 2005). Hoskin and Schaltegger (2005) 
and Schaltegger (2007) argued that there are no tex-
tural features which unequivocally distinguish the 
two parageneses. Here, what we consider to be hy-
drothermally altered Zr-silicates, termed secondary, 

are distinguished on compositional grounds; they 
have higher SiO2 (35.8–63.8 wt.%) and lower ZrO2 
(20.9–57.8 wt.%) values than zircon (Text-fig. 4) 
and low analytical totals (85.5–95.3 wt.%; Table 4; 
Supplementary Table 1b). A representative example, 
using three analyses, from the light core and mantle 
of an anhedral grain (Text-fig. 3A), is presented here 
(Supplementary Table 1b, anals 1–3). In the sequence 
IL-8 through IL-7 to IL-6, SiO2 values increase, 
while the contents of the other cations fall and the an-
alytical totals decrease to 85.54 wt.%. The high CaO 
content in analysis IL-7 (4.85 wt.%) is anomalous in 
our dataset. Formulae for the secondary Zr-silicates 
calculated on the basis of 4 oxygens atoms show a 
large excess of Si (1.1–1.7 a.p.f.u.) and slightly high 
sums of cations (2.00–2.08 a.p.f.u.). It would appear 
that there is a straight replacement of Zr by Si but we 
have, however, no knowledge of where the excess Si 
may be incorporated in the structure.

Text-fig. 3. A – Residual core of zircon (Zrn) mantled by secondary Zr-silicates (SZR). B – Zircon with partial mantle of catapleiite (Ctp), in 
turn mantled by elpidite (Elp). C – Catapleiite replacing euhedral, magmatically zoned zircon. The thin white veins are an unidentified niobian 
phase. D – Textural relationships between secondary Zr-silicates and zircon. Compositional data for numbered points are in Supplementary 
Table 1b. Abbreviations: Aeg – aegirine, Afs – alkali feldspar, Alt-Pcl – altered pyrochlore, Arf – arfvedsonite, Kfs – potassium feldspar, 

UN-Nb – unidentified Nb-rich phase, Pcl – pyrochlore, Qz – quartz, SZR – secondary Zr-silicates, UN – unnamed Zr-silicate.
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Catapleiite

Catapleiite is [Na2ZrSi3O9·2H2O] present as a 
partial mantle around zircon (Text-fig. 3B), as man-
tles around secondary Zr-silicates (Text-fig. 3D, and 
as patches in elpidite; Text-fig. 3B). Representative 
analyses are given in Table 5: the full data set is 
in Supplementary Table 1c. Analytical totals range 
from 99 to 89 wt.%; low totals have previously been 
recorded in catapleiite by Karup-Møller et al. (2010) 
and Borst et al. (2016) and have been ascribed to high 
water contents and the possible presence of vacancies 
in the structure. Compositions are within the cata-
pleiite-calcic catapleiite solid solution series, but CaO 
contents are low (≤1.1 wt.%). Yttrium was measured 
in five analyses (0.11–0.83 wt.% Y2O3) but no other 
REE were detected. The Na2O contents range from 
2.36 to 14.17 wt.%; however, values <9 wt.% are in 
analyses with low analytical totals (≤96 wt.%) (Text-
fig. 5) and low cation sums (≤5.2 a.p.f.u.) and it is 
probable that some Na was removed by hydrothermal 
fluids (see below).

Elpidite

Elpidite [(Na2ZrSi6)O15·3H2O] mantles zircon, 
with an intermediate zone of catapleiite (Text-fig. 3B), 
replaces euhedral magmatic zircons (Text-fig.  6A), 
and forms a broad mantle round the complex aggre-
gate zone in Text-fig. 6B. Representative analyses are 
given in Table 6; the full data set is in Supplementary 
Table 1d. The analytical totals range from 91.1–99.6 
wt.%. Those with the lowest totals have the lowest 
Na2O contents which are inferred to be a result of hy-
drothermal alteration (Text-fig. 5). Calcium contents 
are low, ≤0.3 wt.% CaO.

Discussion: hydrothermal fluids

Textural evidence, low analytical totals and non-
stoichiometric formulae strongly suggest that the sec-
ondary zirconosilicates, catapleiite and elpidite have 
been altered by hydrothermal fluids. For example, 
loss of Na was described by Borst et al. (2016) in cata-
pleiite in Ilímaussaq kakortokites; in this case, during 
hydrothermal alteration Na was partly replaced by 
Ca. Karup-Møller et al. (2010) also found a negative 
relationship between Ca and Na in catapleiite formed 
by the breakdown of eudialyte in marginal pegma-
tites of the Ilímaussaq complex by late-magmatic 
interstitial fluids. A deficiency in Na has also been 
reported by Salvi and Williams-Jones (1995) in elpid-
ite in granites from Strange Lake and by Kynicky et 

Text-fig. 5. Analytical totals plotted against Na2O in catapleiite and 
elpidite. Data from Supplementary Table 1c, d. Shown for com-
parison are elpidites from peralkaline granites of the Khan Bogd 
complex (Kynický et al. 2011) and catapleiites in Ilímaussaq ka-

kortokites (Borst et al. 2016).

Text-fig. 4. ZrO2-SiO2 plot of zircon and secondary Zr-silicates in 
the Green Granite. Data from Supplementary Table 1a, b.
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al. (2011) in elpidite from peralkaline granites from 
the Khan Bogd complex, southern Mongolia. In both 
cases, and in contrast to the Green Granite, the Na 
was replaced by Ca during hydrothermal alteration. 
Text-figure 5 shows the extent of the inferred Na loss 
from catapleiite and elpidite (maximum ~65% in both 
cases), along with examples from the literature.

The most direct evidence for the nature of the 
late-and post-magmatic fluids during formation of 
the zirconosilicates is provided by the study of fluid 
inclusions in quartz by Konnerup-Madsen and Rose-
Hansen (1984). The fluids were entirely aqueous, with 
salinities between 2 and 64 wt.% and the inclusions 
were judged to be of post-magmatic origin. Scaillet 
and Macdonald (2003) and Di Carlo et al. (2010) 
showed that there is a positive correlation between 
CaO in amphibole and melt water content. Applying 
the relationship to the Green Granite is hampered by 
the fact that the arfvedsonites show a range of CaO 
contents, 0.5–2.0 wt% (our unpublished data). That 

range, however, indicates a maximum water content 
of ~2 wt%; such a low value suggests that the melt 
had partially degassed at the time of titanate crystal-
lization. Furthermore, the most abundant accessory 
mineral is fluorite which occurs as subhedral crystals 
up to 750 μm in size and as inclusions in amphibole. 
It is probable that it was a magmatic phase. It may 
be argued that crystallization of fluorite depleted the 
melts in F, such that late-stage fluids were F-poor, as 
suggested by the fluid inclusion data. Fluids enriched 
in Na were involved in the breakdown of zircon and 
formation of catapleiite and elpidite. The Na may have 
been released during perthitization of the feldspars. 
If the interpretation of the textural sequence given 
above is correct, it implies that the Na/Si ratio in the 
fluids was somewhat variable, either in space or time.

An unusual feature of the hydrothermal alter-
ation is shown by the Zr/Hf ratios. Hf enrichment 
under hydrothermal conditions is well documented 
in zircons from LCT-family pegmatites (e.g. Neves 

Analysis 
no.

1 2 3 4 5 6 7 8
IL-269 IL-270 IL-308 IL-312 IL-313 IL-373 IL-375 IL-366

wt.%
P2O5 b.d. b.d. – – – 0.19 0.17 0.23
Ta2O5 – – – – – 0.53 0.64 0.52
SiO2 50.20 50.29 52.67 49.47 52.39 50.88 50.85 52.05
HfO2 0.55 0.47 0.72 0.63 0.58 1.01 0.65 0.66
UO2 0.13 0.06 b.d. 0.13 0.11 b.d. b.d. b.d.
ZrO2 29.79 30.42 30.46 31.47 30.24 32.57 35.52 33.25
Y2O3 0.83 0.51 b.d. b.d. b.d. b.d. b.d. b.d.
MgO b.d. b.d. – b.d. b.d. – – –
CaO 0.61 0.60 0.05 0.05 0.09 0.31 0.03
FeO* 0.16 0.14 b.d. b.d. b.d. b.d. 0.03 0.05
Na2O 10.60 11.27 11.83 15.32 14.35 9.05 5.34 6.73
K2O – – b.d. b.d. b.d. b.d. b.d. b.d.
Total 93.14 93.75 95.74 97.02 97.72 94.32 93.51 93.52

Formulae on the basis of 9 oxygens
P 0.000 0.000 – – – 0.010 0.009 0.012
Ta 0.000 0.000 0.000 0.000 0.000 0.008 0.009 0.008
Si 3.192 3.173 3.225 3.072 3.172 3.194 3.209 3.253
Hf 0.010 0.008 0.013 0.011 0.010 0.018 0.012 0.012
U 0.002 0.001 0.000 0.002 0.001 0.000 0.000 0.000
Zr 0.924 0.936 0.910 0.953 0.893 0.997 1.093 1.014
Y 0.028 0.017 0.000 0.000 0.000 0.000 0.000 0.000

Mg 0.000 0.000 0.000 0.000 0.000 – – –
Ca 0.041 0.041 0.006 0.000 0.004 0.006 0.021 0.002

Fe2+ 0.008 0.008 0.000 0.000 0.000 0.000 0.002 0.003
Na 1.307 1.379 1.405 1.845 1.685 1.101 0.653 0.816
K – – 0.000 0.000 0.000 0.000 0.000 0.000

Σ cations 5.51 5.56 5.56 5.88 5.77 5.34 5.01 5.12
Table 5. Representative compositions of catapleiite and altered catapleiite. Explanation: Anals 1,2 – mantling zircon (Fig. 3b); anals 3–8 – all 
points in catapleiite patches in Fig. 6A and B. FeO*, all Fe as Fe2+. bd, below detection. Dash, not determined. Al, K, La, Pb, Sc and V below 

detection in all analyses.
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et al. 1974; Jacobsen et al. 2007; Yin et al. 2013; 
Kudryashov et al. 2020). This fractionation of Hf 
from Zr at the late hydrothermal stages has been 
linked to the lower mobility of Hf (Gerasimovskiy 
et al. 1972; Smith et al. 1987; Wang et al. 2010). 
Fractionation of Zr from Hf in the Green Granite zir-
conosilicates was muted: the ranges (and averages) 
in the different species are: zircon, 71–108 (84); sec-
ondary zirconosilicates 72–142 (99); catapleiite 71–
111 (85); and elpidite 59–185 (87). This can probably 
be ascribed to the complicating effects of the parti-
tioning of Zr and Hf into the other accessory phases, 

e.g. chevkinite-(Ce), leucosphenite, narsarsukite and 
titanite (our unpublished data).

Possible evolutionary model

The textural relationships between the phases are 
summarized in Text-fig. 6, which shows the clustered 
aggregate of phases featured in Text-fig. 3D. The 
red and orange areas are unaltered zircon, mantled 
by a green component which is altered catapleiite. 
Catapleiite forms the spotty light-blue areas. All are 
enclosed in elpidite (deep blue). These, and other, tex-

Analysis no.
1 2 3 4 5 6 7 8 9

IL–272 IL–279 IL–318 IL–319 IL–325 IL–330 IL–333 IL–356 IL–370
wt.%

P2O5 b.d. b.d. – – – – – 0.09 0.11
Nb2O5 b.d. 0.48 1.19 0.12 1.56 0.23 b.d. 0.27 b.d.
Ta2O5 – – – – – – – 0.6 0.60
SiO2 66.34 65.70 67.69 64.77 67.06 67.04 66.71 63.97 65.21
TiO2 0.07 0.18 0.35 0.11 0.39 0.10 0.101 0.1 bd
HfO2 0.40 0.27 0.37 0.22 0.30 0.40 0.46 0.38 0.31
UO2 b.d. b.d. b.d. 0.15 – – – b.d. b.d.
ZrO2 20.78 19.31 17.16 19.73 17.60 19.36 20.21 16.58 21.25
V2O3 – – – – 0.11 b.d. 0.22 –
Ce2O3 0.15 b.d. – – – – – 0.09 b.d.
Y2O3 b.d. 0.18 b.d. 1.05 b.d. b.d. b.d. 2.61 b.d.
MgO 0.03 b.d. – – – – – – –
CaO 0.10 0.20 0.15 0.09 0.14 0.07 0.09 b.d. 0.07
FeO* b.d. b.d. 0.16 b.d. b.d. b.d. b.d. b.d. 0.03
PbO b.d. 0.09 – – – – – – –
Na2O 8.23 8.80 9.59 9.16 11.41 10.68 9.47 5.61 4.66
K2O – – 0.10 0.22 0.06 b.d. 0.04 1.17 b.d.
Total 96.10 95.21 96.76 95.59 99.31 97.88 97.30 91.47 92.24

Formulae on the basis of 15 oxygens
P 0.000 0.000 – – – – – 0.004 0.009

Nb 0.000 0.020 0.049 0.005 0.064 0.010 0.000 0.012 0.000
Si 6.162 6.155 6.196 6.102 6.089 6.130 6.135 6.247 6.247
Ti 0.005 0.013 0.024 0.007 0.026 0.007 0.007 0.007 0.000
Hf 0.011 0.007 0.010 0.006 0.008 0.010 0.012 0.011 0.008
U 0.000 0.000 0.000 0.003 0.000 0.000 0.000 – 0.000
Zr 0.941 0.882 0.766 0.906 0.779 0.864 0.906 0.789 0.993
V – – – – 0.008 0.000 0.016 – 0.000
Ce 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000
Y 0.000 0.009 0.000 0.052 0.000 0.000 0.000 0.136 0.000

Mg 0.004 0.000 – – – – – – –
Ca 0.010 0.020 0.014 0.009 0.014 0.007 0.009 – 0.007

Fe2+ 0.000 0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.002
Pb 0.000 0.002 – – – – – – –
Na 1.482 1.599 1.702 1.673 2.009 1.893 1.688 1.062 0.866
K – – 0.012 0.026 0.007 0.000 0.005 0.146 0.000

Σ cations 8.62 8.71 8.79 8.79 9.00 8.92 8.78 8.42 8.13

Table 6. Representative compositions of elpidite and altered elpidite. Explanation: Anal. 1, mantling zircon (Fig. 3b); anals 2–9, various points 
in elpidite zone in Fig. 6b. FeO*, all Fe as Fe2+. b.d. Below detection. Blank, not determined. Al, Cl, F, La, Sc and Th below detection in all 

analyses.
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tural features allow us to speculate on the formation 
stages of the various phases. Zircon occurs mainly 
as relict cores altered into secondary zirconosilicates 
(Text-figs. 3, 6A), while the perfectly euhedral form 
and magmatic zonation of zirconosilicate pseudo-
morphs after zircon (Text-fig. 3C) show that at least 
some of the pre-alteration zircon originated during 
the primary magmatic stage. Catapleiite and elpidite 
form large crystals enclosing zircon (Text-figs. 3, 6); 
we interpret these as late magmatic. The hydrous 
alteration phase removing Na from elpidite and cata-
pleiite is taken to be post-magmatic.

The possible relationships between the various 

Zr phases may be as shown on Text-fig. 7. Initially, 
there was significant addition of Si and zircon was 
replaced by secondary zirconosilicates. There was 
then major addition of Na, producing catapleiite. It 
was then followed by a significant addition of Si and 
H2O generating elpidite, a sequence consistent with 
the textural relationship shown in Text-figs. 3B and 6.

Na2ZrSi3O9
.2H2O + 3SiO2 + H2O = Na2ZrSi6O15

.3H2O
	    catapleiite	     elpidite

A later stage of hydrothermal activity partially 
removed Na from both catapleiite and elpidite, giving 
the trends away from Na (Text-fig. 7).

Text-fig. 7. Compositions of zircon, secondary Zr-silicates, catapleiite and elpidite plotted in a (Na+K) – Zr – Si diagram (in wt.%).

Text-fig. 6. Map of Zr distribution (B) in part of the area shown in A. Zircon – red; green – altered catapleiite; dusty blue – catapleiite; deep 
blue – elpidite. Abbreviations: Aeg – aegirine, Afs – alkali feldspar, Alt-Pcl – altered pyrochlore, Arf – arfvedsonite, Kfs – potassium feldspar, 

UN-Nb – unidentified Nb-rich phase, Pcl – pyrochlore, Qz – quartz, SZR – secondary Zr-silicates, UN – unnamed Zr-silicate.
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