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A B S T R A C T   

The rare potassium Zr-silicate dalyite has been found in the charoitites of Murun alkaline complex as an 
accessory mineral and the main Zr phase. Electron probe microanalysis (EPMA) and laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) were used to measure major and trace element compositions of 
dalyite, respectively. Dalyite from charoitites is defined by significant Ti ↔ Zr substitution and low extent of 
Na–K solid solution and mineral formula can be presented as K2(Zr1-xTix)Si6O15. The Ti ↔ Zr substitution is a 
geothermometer in many minerals, however, the presence of zoning with increasing Ti from core towards the rim 
in dalyite from charoitites might indicate that element activity was more important factor than temperature. The 
first trace element analysis of dalyite shows that this mineral is enriched in lithophile elements, has strongly 
fractionated REE patterns but no Eu anomaly. Dalyite shares some common geochemical features with magmatic 
zircon: it shows HREE-enrichment and positive Ce anomaly relative to chondrite values, which could indicate 
that rare earth elements occur in similar structural position. Dalyite is an important mineral of peralkaline 
agpaitic rocks, a typical mineral of magmatic rocks, and likely indicates low-pressure conditions. Our new 
mineralogical and geochemical results on the dalyite clarify the role of Zr-silicates in agpaitic rocks and provide 
better understanding of the formation of charoitites.   

1. Introduction 

Zirconium is a key trace element in terrestrial rocks. In most rocks Zr 
is hosted by zircon, while in agpaitic alkaline rocks, complex Zr-silicates 
such as eudialyte, wadeite, dalyite, occur instead (Aja et al. 1996; Marks 
et al. 2011). Zr-silicates typically form as primary magmatic phases, 
however, they may also be products of hydrothermal alteration (Salvi 
and Williams-Jones 1995). 

Dalyite is a rare triclinic silicate of Zr and K with the formula K2ZrSi6O15. 
It was firstly described in peralkaline granites from Ascension Island by Van 
Tassel and Hey (1952). The crystal structure of dalyite was refined by Fleet 
(1965); it is a sheet silicate containing four, six- and eight-membered rings 
of SiO4 tetrahedra. Dalyite had been discovered in several localities, for 
example, in peralkaline quartz syenites from São Miguel, Azores, Portugal 
(Cann 1967); in ultrapotassic volcanic rocks of Albacete Province, South- 
Eastern Spain (Linthout et al. 1988), in peralkaline, ultrapotassic syenite 
dykes, Western Norway (Furnes et al. 1982; Robins et al. 1983), and in 

aegirine-bearing albitite, South-Western Japan (Imaoka et al. 2021). A 
comprehensive summary on major element compositions of dalyite from 
different localities is available in Jeffery et al. (2016). In Russia, dalyite was 
found in two localities: as inclusions in eudialyte from quartz-microcline 
veins of the Lovozero complex (Ivanyuk et al. 2006), and in different 
rocks of the Sirenevyi Kamen charoite deposit in the Murun complex 
(Lazebnik and Makhotko 1982; Konev et al. 1996b). Murun alkaline com-
plex is known for a wide variety of rare minerals, and many of them have 
been discovered within the complex (charoite, tinaksite, frankamenite, 
fluorcarletonite) (Rogov et al. 1965; Rogova et al. 1978; Lazebnik and 
Lazebnik 1981; Nikishova et al. 1996; Chakhmouradian et al. 2014; Kaneva 
et al. 2020). Zirconium-bearing minerals in Murun complex include: zircon 
[Zr(SiO4)], wadeite [K2Zr(Si3O9)] (Rogova and Sidorenko 1964), rose-
nbuschite [Na6Ca6Zr3Ti(Si2O7)4O2F6], eudialyte [Na15Ca6Fe3Zr3Si 
(Si25O73)(O,OH,H2O)3(Cl,OH)2], dalyite [K2ZrSi6O15], and elpidite 
[Na2ZrSi6O15*3H2O] (Konev et al. 1996a). Accessory zircon was found in 
wide range of alkaline rocks of Murun complex (Dolivo-Dobrovolsky and 
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Evdokimov 1991), however, in charoitites dalyite occurs instead of zircon. 
Lazebnik and Makhotko (1982) studied dalyite from fenite, carbonatite, 
charoitite, and aegirinite, and Konev et al. (1996b) found dalyite in char-
oitites of the southern part of Malyi Murun massif. A titanious-analogue of 
dalyite, named davanite, with the formula K2TiSi6O15, was described in 
Lazebnik et al. (1984) in quartz-calcite-K-feldspar rocks from Murun 
complex. 

In this study, we report representative EPMA major element and the 
first in situ LA–ICP–MS trace element dataset of dalyite in charoitites 
and discuss its compositional variation and the factors controlling the 
occurrence of dalyite. 

2. Geological background 

The Sirenevyi Kamen deposit of charoite is located in Murun com-
plex, which is one of the most well-studied alkaline complexes of the 
Aldan shield. Murun complex consist of three major intrusions named 
Bolshoy Murun, Malyi Murun, and Dogaldynskii massifs (Konev et al. 
1996a). Malyi Murun massif, which is commonly referred to as Murun 
complex, is the largest among them. The Malyi Murun pluton is a set of 
layered laccolite-like intrusions (Vorobiev 2008), located at the contact 
between the Riphean sediments of the platform cover and the Late 
Proterozoic basement rocks; it has elliptical shape, narrowing towards 
the northeast. Murun complex contains a wide range of rocks starting 
from ultramafic/mafic biotite pyroxenites and up to felsic granites and 
carbonatites, and this diversity is commonly attributed to intensive 
magmatic fractionation (Prokofiev and Vorobiev 1991; Mitchell et al. 
1994; Panina and Usoltseva 2000; Vorobiev 2001; Vladykin and Tsaruk 
2003; Vladykin, 2009; Vladykin, 2016). The 39Ar/40Ar dating gave 
Cretaceous ages of different intrusive facies and minerals from char-
oitites of Murun complex (Ivanov et al. 2018a; Ivanov et al., 2018b). The 
detailed geology of the Murun complex was described by Konev et al. 
(1996a) and Vorobiev (2008). 

The Sirenevyi Kamen deposit was discovered by (Rogova et al. 
1978), who proposed the hydrothermal metasomatic origin of these 
rocks. However, some researchers interpret charoitites as products of 
high-temperature magmatic crystallization (Vladykin et al. 1983; Pro-
kofiev and Vorobiev 1991). In most publications charoitites were 
described as linear bodies hosted by fenites (Lazebnik and Lazebnik 
1983; Borisov and Evdokimov 1984; Biryukov and Berdnikov 1993; 
Konev et al. 1996a). The petrography and mineralogy of rocks and 
minerals of the Murun complex were studied in numerous studies (e.g. 
Konev et al., 1996a; Vladykin et al., 1983; Vorobiev, 2008), however, 
petrography and geochemistry of Murun dalyite so far have received 
little attention. 

3. Samples and analytical methods 

This study was carried out on a set of samples of charoitites from the 
Murun Complex. The petrography was initially examined by reflected 
and transmitted light optical microscopy in thin sections using a Zeiss 
microscope. A JEOL JCM-7000 scanning electron microscope (SEM) at 
the Collaborative Innovation Center for Exploration of Strategic Mineral 
Resources, China University of Geosciences (Wuhan), was used for the 
examination of the polished thin sections of charoitites. 

Major element compositions of dalyite from charoitites were 
analyzed by the electron microprobe with a JEOL JXA-8230 Electron 
Probe Microanalyzer (EPMA) equipped with five wavelength-dispersive 
spectrometers (WDS) at the Laboratory of Microscopy and Microanal-
ysis, Wuhan Microbeam Analysis Technology Co., Ltd. Details of EPMA 
methods are described in Yang et al. (2022). The samples were coated 
with a thin conductive carbon coating prior to analysis. The procedures 
recommended by Zhang and Yang (2016) were used to minimize the 
difference of carbon film thickness between samples and obtain a ca. 20 
nm uniform coating. Operating conditions for quantitative WDS ana-
lyses were as follows: an accelerating voltage of 15 kV, a beam current of 

10nA and a 10 µm spot size. Data were corrected online using a ZAF 
(atomic number, absorption, fluorescence) correction procedure. The 
peak counting time was 10 s for Al, Fe, K, Mg, F, Na, Si, Ca, Zr, Sr, Ba and 
20 s for Ti, Mn. The background counting time was 1/2 of the peak 
counting time on the high- and low-energy background positions. The 
following standards were used: pyrope (Fe), microcline (Si, Al, K), 
diopside (Ca, Mg), barium fluoride (F), jadeite (Na), zircon (Zr), rutile 
(Ti), rhodonite (Mn), barite (Ba), strontium fluoride (Sr) and hafnium 
(Hf). The 40 major element analyses of dalyite from seven samples of 
charoitites are given in the Table 1. 

The major and trace element concentrations of minerals were 
determined by a NWR 193 HE laser ablation system with TwoVol3 cell 
coupled to an Agilent 7900 single quadrupole ICP mass spectrometer at 
the LA–ICP–MS laboratory in the Collaborative Innovation Center for 
Exploration of Strategic Mineral Resources, China University of Geo-
sciences (Wuhan). The list of the analyzed isotopes included 7Li, 9Be, 
11B, 23Na, 25Mg, 27Al, 29Si, 31P, 39K, 42Ca, 45Sc, 47Ti, 51V, 53Cr, 55Mn, 
57Fe, 59Co, 60Ni, 63Cu, 66Zn, 71Ga, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 95Mo, 
133Cs, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 
163Dy, 165Ho, 166Er, 169Tm, 173Yb, 175Lu, 178Hf, 181Ta, 182W, 208Pb, 232Th 
and 238U. The ablation of the samples was performed using helium as the 
carrier gas that was mixed with Ar outside of the sample chamber. Each 
spot analysis incorporated approximately 30 s of background acquisition 
followed by 40 s data acquisition from the sample. A spot size of 32 μm 
(20 μm for thin rims of some dalyite crystals) was used together with a 
repetition rate of 8 Hz and an energy density of ~3.5 J cm− 2. Every 8–10 
sample analyses were followed by several analyses of external reference 
materials. In this work, NIST SRM 610 was used as quality control (QC) 
reference material to correct the instrumental time-dependent sensi-
tivity drift, and multiple external standards (NIST 610, NIST 612, BCR- 
2G, BHVO-2G and BIR-1G) were selectively used for external calibration 
(Liu et al. 2008). Silicon measured by EPMA for each analyzed spot was 
chosen as internal standard for calculation of the absolute concentra-
tions. The time-resolved signals for each analyzed spot were carefully 
checked for presence of mineral inclusions. The off-line selection and 
integration of background and analyte signals, time drift correction and 
quantitative calibration were performed using both the ICPMSDataCal 
10.9 software (Liu et al. 2008) and Iolite 4.0 software (with NIST 610 as 
a primary standard). Both ICPMSDataCal 10.9 and Iolite 4.0 had shown 
consistent results; here and after, we use the concentrations calculated 
by the ICPMSDataCal 10.9 software. The dataset of 24 trace element 
analyses of dalyite from eight samples is given in the Table 2. 

4. Results 

4.1. Petrography 

4.1.1. Dalyite 
Abundant dalyite was observed in three samples, and in fourteen 

samples tiny needle-like dalyite crystals were observed in small 
amounts. Dalyite associates with charoite, apatite, K-feldspar, pyroxene, 
tinaksite, strontianite, amphibole, and other minerals (Figs. 1-4). Dalyite 
usually occurs as a whitish-lilac or violet mineral with glassy luster, and 
in parallel polarized light a titaniferous variety is colorless (Konev et al. 
1996b) (Fig. 2). In crossed polarized light, dalyite has high birefringence 
with bright colors distributed in spotted manner (Fig. 2). Konev et al. 
(1996b) proposed that whitish-violet color of dalyite could be related to 
small quantities of Ti3+. 

Dalyite forms anhedral feather-like (Fig. 2J–O) to isometric crystals 
(Fig. 2A–I). Isometric crystals are usually quite small (<50 µm), but in 
the samples cha-3–5 and MC-112 we found large crystals up to 200 µm 
with notable sectoral zoning evident on BSE images (Fig. 4A, B and D) 
and analyzed the cores and rims. Up to six zones in dalyite crystal could 
be observed (Fig. 4A and B), but the zones were narrow, and we could 
obtain four analyze across a crystal (Table 1); in most crystals only two 
data (core and rim) were obtained. Dalyite was also found in fibrous 
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Table 1 
Representative EPMA analyses (wt.%) and atomic proportions (apfu) of dalyite.  

No 1 2 3 4 5 6 7 8 9 10 

Sample cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 

Position core middle core rim core middle core rim core middle core middle rim rim 

SiO2 62.6 62.4 62.5 61.6 61.8 62.8 61.8 62.1 61.9 62.8 
Al2O3 bdl bdl bdl bdl 0.02 bdl bdl bdl bdl bdl 
Na2O 0.04 0.02 0.01 0.01 0.04 0.04 bdl 0.02 0.03 bdl 
K2O 15.2 15.8 15.9 15.8 15.7 16.1 15.8 15.8 15.9 16.0 
CaO 0.01 bdl bdl bdl 0.01 bdl bdl bdl bdl bdl 
ZrO2 20.7 18.6 17.5 20.2 17.6 16.9 21.8 19.6 18.7 17.7 
HfO2 0.05 0.17 0.21 0.10 0.05 0.14 bdl 0.09 0.01 0.23 
TiO2 1.24 1.84 2.96 1.06 2.57 3.29 0.29 1.44 2.20 2.80 
FeO bdl 0.02 0.06 bdl 0.05 0.07 0.02 bdl bdl bdl 
MnO 0.02 bdl 0.01 bdl 0.01 bdl bdl bdl bdl bdl 
MgO bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
SrO 0.26 0.33 0.33 0.33 0.24 0.25 0.23 0.28 0.36 0.32 
BaO bdl 0.01 bdl bdl 0.06 0.02 0.05 0.14 0.01 bdl 
Total: 100 99.2 99.5 99.1 98.2 99.6 99.9 99.5 99.‘ 99.8  

Si 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
Al bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Na 0.01 bdl bdl bdl 0.01 0.01 bdl bdl 0.01 bdl 
K 1.86 1.94 1.95 1.97 1.94 1.96 1.95 1.95 1.97 1.95 
Ca bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Zr 0.97 0.87 0.82 0.96 0.83 0.79 1.03 0.93 0.88 0.82 
Hf – 0.01 0.01 0.01 – 0.01 – – – 0.01 
Ti 0.09 0.13 0.21 0.08 0.19 0.24 0.02 0.10 0.16 0.20 
Fe bdl bdl bdl bdl bdl 0.01 bdl bdl bdl bdl 
Mn bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Mg bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Sr 0,01 0,02 0,02 0,02 0,01 0,01 0,01 0,02 0,02 0,02 
Ba bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl  

No 11 12 13 14 15 16 17 18 19 20 

Sample cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-1–1 cha-1–1 cha-1–1 cha-1–1 cha-1–1 cha-1–1 

Position core middle core middle rim rim core rim core rim core rim 

SiO2 61.4 62.1 62.4 62.7 61.8 62.4 62.2 61.6 62.0 62.8 
Al2O3 bdl bdl bdl bdl 0.01 bdl 0.01 bdl bdl 0.01 
Na2O 0.02 bdl 0.01 bdl 0.01 0.05 0.01 bdl 0.05 0.01 
K2O 15.5 15.9 15.8 16.1 15.6 15.7 15.9 15.8 15.6 16.4 
CaO bdl bdl bdl bdl 0.01 bdl bdl bdl bdl 0.02 
ZrO2 19.9 20.4 19.5 16.6 20.2 19.1 18.9 20.9 19.4 18.2 
HfO2 0.33 0.05 0.09 0.12 bdl 0.24 0.20 0.21 bdl 0.10 
TiO2 1.36 0.97 1.69 3.34 0.74 1.57 1.07 0.88 0.84 1.32 
FeO 0.02 bdl 0.03 0.06 bdl 0.09 bdl 0.04 0.02 bdl 
MnO 0.02 0.02 bdl bdl bdl bdl bdl bdl 0.04 bdl 
MgO bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
SrO 0.32 0.24 0.34 0.26 0.31 0.31 0.33 0.31 0.40 0.37 
BaO 0.03 0.12 0.04 0.07 bdl 0.03 0.03 bdl 0.04 0.05 
Total: 98.9 99.8 99.9 99.3 98.7 99.5 98.6 99.8 98.4 99.4  

Si 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
Al bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Na bdl bdl bdl bdl bdl 0.01 bdl bdl 0.01 bdl 
K 1.93 1.96 1.93 1.96 1.94 1.92 1.96 1.96 1.92 2.00 
Ca bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Zr 0.95 0.96 0.92 0.78 0.96 0.90 0.89 0.99 0.92 0.85 
Hf 0.02 bdl bdl 0.01 bdl 0.01 0.01 0.01 bdl 0.01 
Ti 0.10 0.07 0.12 0.24 0.05 0.11 0.08 0.06 0.06 0.09 
Fe bdl bdl bdl bdl bdl 0.01 bdl bdl bdl bdl 
Mn bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Mg bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Sr 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 
Ba bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl   

21 22 23 24 25 26 27 28 29 30 

Sample cha-1–1 cha-1–1 MC-112 MC-112 MC-112 MC-112 MC-112 MC-112 MC-112 MC-112 

Position core rim core rim core rim core rim core rim 

SiO2 61.7 61.6 61.7 62.3 62.0 62.4 62.2 62.0 61.9 62.4 
Al2O3 0.01 bdl 0.01 0.02 bdl bdl bdl bdl bdl bdl 
Na2O bdl 0.02 bdl 0.01 bdl 0.02 0.02 0.01 bdl 0.01 
K2O 15.8 15.7 15.9 15.9 15.9 16.2 15.8 15.8 15.8 16.0 
CaO bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
ZrO2 20.6 21.3 19.6 17.8 19.3 17.5 19.8 18.8 19.2 18.9 

(continued on next page) 
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charoite, forming feather-like grains often cut by needles of charoite and 
intergrown with apatite, K-feldspar, strontianite, barytocalcite, and 
other minerals (Fig. 2J–R). 

Close association of dalyite with tiny grains of Sr- and Ba-bearing 
carbonate minerals have been observed in all the studied samples, and 
the presence of carbonate micro inclusions in dalyite complicated the 
analysis. During petrographic study of the sample cha-1–1, we observed 
abundant fluid and mineral inclusions trapped in dalyite (Fig. 5), which 
were randomly distributed within the grain. Due to decrepitation within 
the range 192–300 ◦C we couldn’t measure the homogenization tem-
peratures of inclusions, and additional study on this topic is desirable. 
We tried to avoid visible inclusions during the LA–ICP–MS analytical 
process and filtered out the analyses affected by impurities. 

4.1.2. Wadeite 
We found wadeite in the sample cha-1–1 in a form of 5–50 µm 

mineral inclusions in dalyite crystals (up to 500 µm) (Fig. 3E and F). The 
texture suggests that wadeite formed first and was then replaced by 
dalyite. Previously, wadeite has been described as accessory mineral in 
syenite (Rogova and Sidorenko 1964; Reguir 2001) and fenite (Konev 
et al. 1996a) of the Murun complex and apparently, this is the first 
observation of wadeite in charoitites. 

4.1.3. Charoite 
Charoite is a main rock forming mineral of charoitites. Most often we 

observed dalyite in the samples of charoitite with banded-fibrous 
(Fig. 1A) or “rosette-like” textures. Needle-like charoite often observed 

Table 1 (continued )  

21 22 23 24 25 26 27 28 29 30 

Sample cha-1–1 cha-1–1 MC-112 MC-112 MC-112 MC-112 MC-112 MC-112 MC-112 MC-112 

Position core rim core rim core rim core rim core rim 

HfO2 0.08 bdl 0.28 0.26 0.15 0.11 0.25 0.36 0.19 0.15 
TiO2 0.76 0.52 1.66 2.41 1.54 2.83 1.20 1.72 1.71 2.06 
FeO 0.02 bdl 0.03 0.06 0.03 0.05 0.07 bdl 0.03 bdl 
MnO bdl bdl 0.02 bdl bdl bdl bdl bdl bdl bdl 
MgO bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
SrO 0.40 0.34 0.25 0.22 0.29 0.38 0.19 0.34 0.26 0.33 
BaO 0.02 0.11 0.02 0.01 0.08 bdl 0.11 bdl 0.01 0.09 
Total: 99.4 99.6 99.4 99.0 99.2 99.0 99.6 99.0 99.0 100  

Si 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
Al bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Na bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
K 1.96 1.95 1.97 1.95 1.96 1.99 1.94 1.95 1.95 1.97 
Ca bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Zr 0.98 1.01 0.93 0.84 0.91 0.80 0.93 0.89 0.91 0.88 
Hf – – 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01 
Ti 0.06 0.04 0.12 0.17 0.11 0.20 0.09 0.13 0.12 0.15 
Fe bdl bdl bdl bdl bdl bdl 0.01 bdl bdl bdl 
Mn bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Mg bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Sr 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.01 0.02 
Ba bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl  

No 31 32 33 34 35 36 37 38 39 40 Average σ 

Sample MC-112 MC-112 MC-112 MC-112 MC-112 MC-112 MC-112 MC-112 MC-112 MC-112   

Position middle core rim core rim core rim core rim core rim   

SiO2 61.5 62.0 62.3 62.6 61.9 62.3 61.8 61.9 61.8 62.5  62.1  0.39 
Al2O3 bdl 0.02 0.03 0.01 bdl 0.02 bdl 0.02 bdl bdl  –  0.01 
Na2O 0.03 bdl 0.02 0.02 0.04 0.05 0.02 0.02 bdl bdl  0.02  0.02 
K2O 15.9 16.1 15.8 15.9 15.9 15.9 15.8 15.8 15.8 15.9  15.8  0.20 
CaO bdl 0.01 bdl 0.01 bdl bdl 0.01 bdl bdl bdl  –  – 
ZrO2 19.2 16.8 19.6 18.0 20.5 19.2 20.3 17.7 19.5 17.4  19.1  1.31 
HfO2 0.19 0.04 0.29 0.26 0.07 0.32 0.17 0.19 0.22 0.34  0.16  0.10 
TiO2 1.65 2.91 1.27 2.66 0.85 1.74 1.06 2.75 1.27 2.72  1.72  0.81 
FeO 0.05 0.03 bdl 0.01 bdl bdl 0.01 0.02 bdl 0.03  0.02  0.02 
MnO 0.03 bdl 0.01 bdl 0.05 bdl 0.02 bdl bdl 0.02  0.01  0.01 
MgO bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl  –  – 
SrO 0.28 0.29 0.30 0.37 0.32 0.25 0.28 0.25 0.30 0.25  0.30  0.05 
BaO bdl 0.09 bdl 0.04 bdl 0.11 bdl 0.06 0.03 0.13  0.04  0.04 
Total: 98.9 98.3 99.6 100 99.6 100 99.5 98.7 98.8 99.4  99.3  0.49  

Si 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00  6.00  – 
Al bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl  –  – 
Na 0.01 bdl bdl bdl 0.01 0.01 bdl bdl bdl bdl  –  – 
K 1.98 1.98 1.94 1.95 1.96 1.96 1.95 1.95 1.95 1.95  1.95  0.02 
Ca bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl  –  – 
Zr 0.91 0.79 0.92 0.84 0.97 0.90 0.96 0.84 0.92 0.81  0.90  0.07 
Hf 0.01 bdl 0.02 0.01 bdl 0.02 0.01 0.01 0.01 0.02  0.01  0.01 
Ti 0.12 0.21 0.09 0.19 0.06 0.13 0.08 0.20 0.09 0.20  0.12  0.06 
Fe bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl  –  – 
Mn bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl  –  – 
Mg bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl  –  – 
Sr 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.01  0.02  – 
Ba bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl  –  – 

Atoms Per Formula Unit calculated on the basis of 6 atoms of Si. 
Note. dash means no data; bdl means below detection limit. 
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Table 2 
Representative LA-ICP-MS analyses for trace and rare earth element concentrations of dalyite (ppm).  

No 1 2 3 4 5 6 7 8 9 10 11 12 13 

Sample cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-3–5 

Position core core core core core rim core rim core rim middle rim core core 

Li 11.5 4.25 bdl 0.11 bdl bdl 0.77 bdl bdl bdl bdl bdl 0.12 
Be 2.44 bdl 0.87 0.89 bdl 0.46 bdl bdl 0.46 1.02 0.44 0.01 bdl 
B 22.0 39.5 0.91 1.34 2.79 4.88 3.49 0.17 4.45 0.28 0.09 3.66 0.82 
Na 107 91 95.2 102 71.5 74.7 102 68.1 59.0 102 68.6 84.6 197 
Mg 0.75 2.94 2.01 1.23 0.73 2.25 1.27 1.27 2.11 1.21 0.40 1.72 5.59 
Al 2.13 3.24 0.15 3.91 2.86 2.92 3.05 3.44 2.62 1.73 2.70 2.26 5.05 
P bdl bdl 10.8 21.9 41.1 bdl 8.29 22.3 6.82 17.7 36.7 80.5 32.8 
Ca 117 123 bdl bdl bdl bdl 16.4 bdl bdl 226 227 33.5 368 
Sc 33.9 36.4 66.8 69.4 71.1 62.9 69.0 59.1 67.4 58.0 59.4 61.8 69.4 
Ti 9033 8421 8926 8004 9253 12,106 9095 13,380 9233 12,459 13,329 8407 8992 
V 16.6 13.3 25.2 26.3 43.2 26.2 25.0 28.4 16.8 35.6 31.7 8.63 24.4 
Cr 4.18 0.53 18.8 4.35 11.2 7.81 4.69 5.11 3.06 10.6 2.12 0.62 2.36 
Mn bdl 0.05 0.90 1.34 0.29 1.35 0.88 1.05 0.21 0.89 bdl 0.69 1.87 
Fe2+ 73 76 108 101 128 121 83.0 140 87.2 128 110 73.7 241 
Co bdl 0.03 bdl bdl 0.02 0.05 0.06 bdl 0.06 bdl bdl 0.20 bdl 
Ni 1.12 0.07 0.83 1.06 0.82 1.26 0.67 0.33 bdl 0.16 1.45 bdl bdl 
Cu 0.16 0.48 0.23 0.08 bdl bdl bdl 0.02 0.13 0.25 0.13 0.08 0.15 
Zn 0.30 bdl 0.81 0.93 0.27 1.13 0.44 1.47 0.12 0.29 0.50 bdl 0.14 
Ga bdl 0.02 bdl 1.62 0.05 bdl 0.04 0.01 0.13 bdl 0.37 bdl 0.07 
Ge bdl 0.13 0.01 0.14 bdl bdl bdl 0.26 0.13 bdl 0.50 0.70 bdl 
Rb 410 408 414 417 417 417 420 411 419 410 423 411 418 
Sr 0.59 0.53 0.65 0.68 0.88 0.88 1.01 0.85 0.53 0.79 0.56 0.58 4.25 
Y 20.7 23.3 5.02 15.0 5.70 16.4 21.6 8.30 19.1 5.73 4.55 35.4 17.8 
Zr 149,589 146,967 160,005 157,008 159,442 149,352 156,307 146,513 153,482 147,643 147,668 153,090 151,886 
Nb 2.62 3.05 1.53 6.74 1.24 1.83 2.02 2.14 2.60 1.29 2,04 3,89 2,85 
Cd 6.15 6.86 9.52 7.83 8.43 7.19 7.75 6.01 9.48 bdl 0,11 0,60 9,96 
Sn 147 89.4 230 158 61.9 219 117 239 141 236 259 116 93,6 
Cs 1.78 1.57 2.33 2.24 2.21 1.53 2.16 1.66 1.73 1.89 1.45 1.26 2.14 
Ba 214 216 227 238 333 289 283 286 228 305 270 210 252 
La 0.02 0.01 bdl 0.03 bdl 0.01 0.02 0.03 bdl bdl 0.02 0.02 0.02 
Ce 2.26 2.43 1.63 1.15 1.42 2.51 2.06 2.68 2.54 2.02 1.88 2.91 1.65 
Pr 0.04 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.03 
Nd 0.05 0.12 0.06 bdl 0.06 0.11 0.07 0.05 0.10 0.05 0.28 0.07 0.09 
Sm 0.08 0.06 0.07 0.04 bdl 0.15 0.06 0.04 0.02 0.03 0.11 0.14 0.05 
Eu 0.05 0.06 0.02 0.03 0.01 0.06 0.03 0.02 0.08 0.02 0.02 0.09 0.03 
Gd 0.11 0.25 0.05 0.08 0.12 0.28 0.29 0.19 0.26 0.07 0.19 0.48 0.15 
Tb 0.09 0.13 0.02 0.05 0.04 0.06 0.13 0.06 0.10 0.03 0.03 0.15 0.08 
Dy 1.23 1.51 0.24 0.78 0.38 0.97 1.36 0.58 1.22 0.30 0.27 2.21 1.13 
Ho 0.48 0.67 0.11 0.35 0.15 0.44 0.58 0.22 0.50 0.17 0.12 0.93 0.47 
Er 2.76 3.24 0.68 2.33 1.14 2.37 3.06 1.04 2.61 0.80 0.68 4.92 2.57 
Tm 0.64 0.91 0.25 0.71 0.35 0.57 0.81 0.30 0.71 0.15 0.15 1.25 0.78 
Yb 8.12 8.61 2.39 7.56 3.86 6.25 9.12 2.87 7.35 2.11 1.62 12.8 8.60 
Lu 1.58 1.82 0.51 1.57 0.89 1.19 2.09 0.54 1.47 0.52 0.37 2.46 1.71 
Hf 1085 891 943 828 817 891 815 883 822 948 908 851 835 
Ta 0.43 0.39 0.14 0.19 0.10 0.38 0.29 0.41 0.59 0.26 0.39 0.51 0.49 
Pb 0.97 0.36 bdl 0.57 0.65 0.48 0.51 2.30 0.37 bdl bdl 0.42 0.54 
Th 4.32 3.46 8.49 11.7 6.56 4.28 5.24 5.21 3.22 4.38 4.65 2.21 7.58 
U 266 305 354 467 265 219 275 198 378 149 168 311 524 
∑

REE 17.4 19.8 6.06 14.7 8.42 15.0 19.7 8.63 17.0 6.27 5.76 28.4 17.4  

No 14 15 16 17 18 19 20 21 22 23 24 Average σ Detection 
limit 

Sample cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-1–1 cha-1–1 cha-1–1 cha-1–1 MC-112 MC-112 MC-112 
Position middle 

rim 
core rim core core core core core core core core 

Li bdl 9.59 bdl 0.58 0.57 bdl bdl bdl 0.33 0.21 bdl 0.85 2.18 3.27 
Be 0.08 bdl 0.82 0.12 0.57 0.40 0.28 0.88 bdl 0.47 bdl 0.45 0.60 1.09 
B 3.09 bdl 8.87 bdl 0.71 1.70 2.29 2.85 1.93 0.85 2.93 3.98 8.19 6.47 
Na 60.5 57.2 88.4 89.6 94.7 134 64.2 96.9 74.1 96.5 113 90.1 29.4 -* 
Mg 2.20 3.15 2.60 2.01 1.14 1.03 0.97 1.02 1.68 2.35 2.58 1.81 1.13 -* 
Al 3.72 8.43 4.24 3.69 16.1 14.9 29.0 10.0 4.64 4.24 5.02 5.78 6.31 -* 
P 25.3 66.3 99.0 bdl 60.7 bdl 26.8 bdl bdl bdl 45.2 31.5 27.5 0.02 
Ca bdl bdl bdl 475 bdl bdl 41.8 145 bdl bdl bdl 181 216 0.07 
Sc 58.2 97.5 60.3 59.0 57.7 58.6 59.8 61.1 57.8 55.8 57.0 61.0 12.0 0.17 
Ti 12,528 6069 10,737 9743 6976 7444 7584 5475 14,125 13,379 11,458 9977 2524 -* 
V 22.1 23.9 12.5 13.6 34.9 38.1 31.9 27.4 23.1 21.2 18.1 24.7 8.52 0.14 
Cr 1.48 2.43 3.90 4.51 2.50 6.38 75.4 bdl 3.88 2.19 3.08 7.44 15.1 3.03 
Mn bdl bdl bdl 1.57 2.38 0.57 bdl 0.24 0.18 bdl 1.06 0.87 0.65 -* 
Fe2+ 139 69.4 61.1 43.7 343 391 357 274 183 180 131 154 97.5 -* 
Co 0.09 bdl bdl 0.01 bdl 0.08 0.03 bdl 0.09 0.02 bdl 0.04 0.05 0.12 
Ni 1.43 bdl bdl 4.71 1.35 bdl bdl bdl 1.07 0.37 3.71 1.34 1.83 4.18 
Cu bdl 0.79 1.08 bdl 0.34 bdl bdl bdl 0.16 bdl 0.05 0.19 0.30 0.55 

(continued on next page) 
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in close intergrowth with crystals of dalyite, cutting these crystals 
(Fig. 2J–R). Charoite formed at the later stage in sample MC-112, where 
dalyite was brecciated and cemented by charoite fine-grained mass 
(Fig. 1B, Fig. 2A–C). In cha-1–1 and cha-3–5, dalyite forms fine-grained 
isometric or slightly elongated crystals, overgrown by charoite 
(Fig. 2D–I). 

4.1.4. K-feldspar 
K-feldspar is a common rock-forming mineral of charoitites, it was 

observed in all the samples with dalyite (Fig. 1A and B; Fig. 2C–F; 
Fig. 3G and H). We observed several generations of K-feldspar: one 
generation of K-feldspar is represented by tabular coarse K-feldspar 
grains (Fig. 3G) or fine-grained aggregates, associated with dalyite, 
apatite and pyroxene (Fig. 3H and D). Late generation of K-feldspar also 
can be formed by coarse and fine grains, and usually associates with 
charoite, forming band-like layered texture (Fig. 3H). 

4.1.5. Fluorapatite 
Fluorapatite is widespread in charoitites, and often closely associates 

with dalyite (Fig. 2D–F, J–O; Fig. 3A, C and H). It usually forms anhedral 
(20–500 µm in size) grains and found as inclusions in many minerals of 
charoitites. We observed fluorapatite hosted in charoite, amphibole, K- 
feldspar, tinaksite, fedorite, frankamenite. This mineral in charoitites 
often host large amount of fluid inclusions. 

4.1.6. Pyroxene 
Pyroxene in charoitites is represented by idiomorphic and hypidio-

morphic crystals of dark green aegirine. It was observed among dalyite 

crystals (Fig. 1A; Fig. 2I; Fig. 3C–E). Same as dalyite, pyroxene from 
charoitites often demonstrates chemical zoning. Aegirine, as well as 
tinaksite, often forms spherulitic aggregates. 

4.1.7. Quartz 
Quartz is a common rock-forming mineral in charoitites. It forms 

large coarse grains, as well as fine grains and late thin veins (Fig. 3B and 
C) and present in all samples with dalyite. 

4.1.8. Strontianite 
Strontianite is a widespread accessory mineral in charoitites, and 

often can be observed as fine-grained mass surrounding dalyite and 
apatite grains (Fig. 2F, Fig. 3B and D) or presents in a form of mineral 
inclusions in other minerals (Fig. 3I). In some samples strontianite is 
xenomorphic to dalyite, suggesting latter crystallisation (Fig. 4A and B) 
or has close time of crystallization (Fig. 4C). 

4.1.9. Tinaksite 
Tinaksite is a Ti-silicate from charoitites and the main Ti-phase in 

charoitites, which often forms idiomorphic and hypidiomorphic crystals 
(Fig. 1A and B, Fig. 2M–O) up to several cm in length. Also, tinaksite can 
form fine-grained monomineralic aggregates. It often was observed 
together with dalyite (MC-112). 

4.1.10. Amphibole 
Amphibole (identified as potassic-magnesio-arfvedsonite) was 

observed in charoitites in a form of idiomorphic and hypidiomorphic 
crystals (Fig. 2P–R) with notable optical and chemical zoning. Its size 

Table 2 (continued ) 

No 14 15 16 17 18 19 20 21 22 23 24 Average σ Detection 
limit 

Sample cha-3–5 cha-3–5 cha-3–5 cha-3–5 cha-1–1 cha-1–1 cha-1–1 cha-1–1 MC-112 MC-112 MC-112 
Position middle 

rim 
core rim core core core core core core core core 

Zn 0.46 0.99 1.43 1.34 bdl 0.19 bdl 0.39 0.12 bdl 0.86 0.45 0.48 1.13 
Ga bdl bdl 0.44 bdl bdl bdl bdl 0.25 bdl 0.33 bdl 0.19 0.37 1.08 
Ge 0.49 bdl 2.10 bdl bdl bdl bdl 0.01 0.46 0.24 0.24 0.27 0.46 1.19 
Rb 415 435 420 412 425 425 432 438 410 411 405 418 8.37 0.59 
Sr 1.52 2.37 5.42 0.63 2.13 2.86 2.32 2.29 2.77 1.59 1.99 30.5 64.2 0.09 
Y 14.7 13.7 25.9 27.3 47.5 46.8 41.7 51.8 1.03 1.15 1.36 17.9 18.6 0.01 
Zr 143,622 159,070 150,312 152,078 155,736 158,062 150,556 156,678 145,761 145,309 144,337 150,340 5788 0.31 
Nb 2,33 17,7 3,29 3,01 50,2 45,0 54,4 37.5 0.94 1.05 1.09 12.5 24.3 – 
Cd bdl 0,92 0,17 0,25 0,03 bdl 0,07 5.21 5.28 5.94 5.23 6.09 1.69 0.68 
Sn 145 115 150 115 1012 1016 1036 938 982 988 925 474 397 0.95 
Cs 1.59 2.38 1.41 1.83 2.17 1.98 2.02 2.47 1.50 1.78 1.79 1.89 0.36 0.12 
Ba 269 215 242 215 480 497 396 384 292 287 348 306 82.5 0.10 
La 0.02 0.04 0.02 bdl 0.03 0.06 0.03 0.02 0.01 0.01 0.01 0.17 0.32 – 
Ce 2.34 0.79 3.19 2.49 4.23 4.27 3.96 4.08 2.20 2.05 1.85 2.77 1.13 – 
Pr 0.01 0.01 0.04 bdl 0.06 0.05 0.06 0.06 0.02 0.03 0.02 0.07 0.09 – 
Nd 0.11 bdl 0.14 0.10 0.50 0.35 0.28 0.41 0.15 0.14 0.13 0.32 0.32 0.01 
Sm 0.04 0.28 0.11 0.28 0.38 0.22 0.28 0.25 0.05 0.05 0.08 0.15 0.13 0.01 
Eu 0.05 bdl 0.06 0.05 0.19 0.20 0.10 0.20 0.01 0.01 0.01 0.06 0.06 0.01 
Gd 0.37 0.26 0.20 0.36 1.06 0.97 0.79 0.86 0.04 0.05 0.10 0.33 0.44 0.02 
Tb 0.06 0.09 0.22 0.12 0.28 0.31 0.26 0.31 0.01 0.01 0.02 0.10 0.12 – 
Dy 0.80 0.82 2.20 1.98 3.25 3.21 2.62 3.95 0.13 0.15 0.17 1.19 1.29 0.01 
Ho 0.35 0.36 0.74 0.69 1.20 1.17 0.99 1.36 0.03 0.03 0.02 0.45 0.46 – 
Er 2.16 2.26 3.51 3.38 6.57 6.67 5.46 6.65 0.07 0.09 0.13 2.43 2.46 – 
Tm 0.52 0.71 0.96 0.97 1.91 1.81 1.57 1.90 0.03 0.03 0.01 0.67 0.66 – 
Yb 5.78 7.42 9.72 9.63 19.8 20.3 18.9 21.1 0.22 0.23 0.37 7.16 7.06 0.02 
Lu 1.16 1.85 1.90 2.08 4.66 4.27 4.17 4.82 0.06 0.05 0.09 1.54 1.51 – 
Hf 811 922 834 843 798 827 799 812 1648 1646 1248 1016 343 – 
Ta 0.44 0.14 0.51 0.41 3.12 3.02 3.23 2.30 0.15 0.19 0.12 0.69 0.93 – 
Pb bdl 0.37 0.48 0.23 2.02 2.26 1.88 1.75 0.70 0.73 bdl 1.08 0.79 0.10 
Th 3.86 17.3 2.56 2.74 46.2 39.2 43.9 51.8 5.66 7.64 6.05 15.3 25.0 0.01 
U 270 655 363 253 359 324 317 360 72.8 73.2 74.8 282 156 – 
∑

REE 13.8 14.9 23.0 22.1 44.2 43.8 39.5 46.0 3.05 2.94 3.02 17.4 14.6  

Note. bdl means below detection limit. 
Dash means detection limit is 0. 

* Detection limit is shown for oxide. 
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varies from 1 mm up to several cm. Dalyite was found in close inter-
growth with amphibole in some samples. 

4.2. Paragenetic sequence and mineral chemistry 

Considering the petrographic observations, we propose the para-
genetic sequence scheme (Fig. 12). According to this scheme, dalyite 
was formed after wadeite and close in time to tabular coarse K-feldspar 
(Fig. 3G). 

4.2.1. Major element compositions 
According to EPMA analyses (Table 1), the average compositions of 

dalyite from charoitites are: 62.1 ± 0.4 wt% SiO2, 19.1 ± 1.3 wt% ZrO2, 
K2O (15.8 ± 0.2 wt%), and TiO2 (1.7 ± 0.8 wt%). Selected major ele-
ments are plotted against SiO2 and ZrO2 (Fig. 6). The content of TiO2 in 
dalyite from charoitites varies in different samples. In the samples MC- 
112 and cha-3–5 with zoned dalyite, rims of dalyite crystals are char-
acterized by elevated TiO2 content (Fig. 9), and cores are characterized 
by lower TiO2 content and higher ZrO2 content (Fig. 9B and C); thus, we 
observe increasing davanite endmember from the core towards the rim. 
The HfO2 content reaches up to 0.4 wt%. 

4.2.2. Trace element compositions 
Dalyite from charoitites shows zircon-like chondrite-normalized REE 

distribution patterns (Fig. 7A) with HREE enrichment, and typical pos-
itive Ce anomaly (e.g., Hussain et al., 2020; Ngoniri et al., 2021; 
Rubatto, 2002). Overall REE content is relatively low with 18 ppm 
∑

REE on average. Compared to other silicates from charoitites (Doku-
chits et al. 2022), dalyite has HREE content similar to tokkoite and 

coarse-grained tinaksite, but these two minerals have significantly 
higher LREE content than dalyite, and do not demonstrate Ce-anomaly. 
Charoite, frankamenite, fedorite, miserite also demonstrate LREE- 
enrichment, and have higher 

∑
REE content, than dalyite, while 

hydroxyapophyllite-(K) also demonstrates similar REE content (24 ppm 
∑

REE). 
We tried to measure trace element compositions of the feather-like 

dalyite (Fig. 2J–R), but it was not possible to separate mineral signal 
from the tiny needles of charoite. Also, it was difficult to measure rim 
compositions with the LA–ICP–MS method in the samples cha-1–1 and 
MC-112, due to small sizes of crystals and abundant fluid inclusions in 
the grains. However, in the sample cha-3–5, which has larger crystals of 
dalyite (Fig. 4A and B) and no notable inclusions, the results of 
LA–ICP–MS, as well as EPMA, had shown Ti-Zr core-to-rim zonation. In 
the sample cha-3–5, cores of dalyite crystals have Ti content (ppm) from 
6069 up to 9743, while in rims it varies from 10,737 up to 13380. 

The Th and U contents in dalyite vary from 2 to 52 ppm (average 12 
ppm) and 73 to 655 ppm (average 292 ppm), respectively. The Hf 
content is quite high and varies from 798 ppm (in the sample cha-1–1) to 
1646 ppm (in the sample MC-112) (average 946 ppm). The average Zr/ 
Hf ratio is 167. The Rb content is on average 418 ppm. The K/Rb ratio is, 
on average 325. The Rb/Sr ratio is, on average 398. The Ti/Nb is highly 
variable: from 139 (in the low-Ti sample cha-1–1) up to 15,010 (in the 
high-Ti sample MC-112). 

Fig. 1. Hand samples of charoite-bearing rocks with dalyite. The sample (A) belongs to Mitichkin M.A. (Vinogradov Institute of Geochemistry SB RAS). (B) Sample 
MC-112. 

E.Yu. Dokuchits et al.                                                                                                                                                                                                                          



Ore Geology Reviews 153 (2023) 105297

8

Fig. 2. Petrography of dalyite from the Sirenevyi Kamen deposit, Murun complex. A, D, G, J, M, P—parallel-polarized images; B, E, H, K, N, Q—cross-polarized 
images; C, F, I, L, O, R—SEM images. The minerals are: Cha—charoite; Dly—dalyite; Px—pyroxene (aegirine); Kfsp—K-feldspar (microcline); Tnk—tinaksite; 
Amp—alkaline amphibole (potassic-magnesio-arfvedsonite); Fap—fluorapatite; Str—strontianite; Gn—galena. Mineral symbols according to Warr (2021). 
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5. Discussion 

5.1. Dalyite as typical magmatic mineral of agpaitic rocks 

Zirconium is a key trace element in crustal rocks used in numerous 
geochemical studies. In the majority of crustal rocks, the main Zr min-
eral is zircon [Zr(SiO4)], in silica undersaturated mafic magmas this role 
is taken by baddeleyite [ZrO2] and mostly by eudialyte[Na15Ca6Fe3Zr3Si 
(Si25O73)(O,OH,H2O)3(Cl,OH)2] in agpaitic rocks (Marks et al. 2011). 
Dalyite is a rare mineral with only about 20 occurrences reported in the 
world (Jeffery et al. 2016). The findings of dalyite are limited to 
magmatic rocks including peralkaline syenitic and granitic rocks, 
lamproites, lamprophyres and charoitites (Dolivo-Dobrovolsky and 
Evdokimov 1991; Jeffery et al. 2016). Dalyite and wadeite [K2Zr(Si3O9)] 
appear to be the principal minerals with Zr as essential component in 
charoitites, while other rocks in the Murun complex (alkaline-syenitic 
pegmatites and pyroxene-feldspar veins) contain several Zr-silicates 
such as, eudialyte, and zircon (Rogova and Sidorenko 1964; Dolivo- 
Dobrovolsky and Evdokimov 1991; Konev et al. 1996a; Chakhmoura-
dian and Evdokimov 1997; Reguir 2001). Temperature, pressure and 
activities of components are the major parameters constraining stability 
of a mineral. It is a question what factors could have controlled the 
appearance of dalyite in charoitites instead of other Zr silicates. 

The occurrence of dalyite in charoitites could be discussed in the 

context of Zr silicate mineral associations. The petrological parameters 
that stabilize dalyite are high activity of K and Si, because if K activity is 
insufficiently then zircon crystalize and in low Si environment appears 
wadeite (Marks et al. 2011). Indeed, the presence of abundant quartz in 
charoitites proofs high Si activity and the presence of such high K 
minerals as charoite, tinaksite and tokkoite suggest high K activity. The 
inclusions of wadeite in dalyite (Fig. 3F) might indicate that wadeite 
crystalized in some cases first and then was replaced by dalyite as silica 
activity of the environment increased. 

Whole rock analyses of charoitites show 200–500 ppm Zr (Vladykin 
2005; Dokuchits 2016). Considering that zirconium present in other 
silicate minerals as trace component and average Zr content in charoite 
is 75 ppm, tinaksite 700–1175 ppm, tokkoite 300–460 ppm and lower Zr 
content in other silicates (Dokuchits et al. 2022). Therefore, dalyite is 
likely a main host of Zr at least in some charoitites. 

The origin of charoitite is a matter of long debate with models 
ranging from low-temperature metasomatic (Rogova et al. 1978; Rogova 
1982; Borisov 1985; Biryukov and Berdnikov 1993; Evdokimov and 
Reguir 1994; Konev et al. 1996a) to magmatic (Vladykin et al. 1983; 
Vladykin et al., 1994; Vorobiev et al. 1983). Jeffery et al. (2016) 
concluded that dalyite from Terceira was predominantly late-stage 
magmatic in origin. As a review of the occurrence of dalyite shows 
that the mineral is characteristic for magmatic rocks (Jeffery et al. 
2016), it could be argued that the occurrence of dalyite in charotites is 

Fig. 3. Mineral associations of dalyite. The minerals are: Cha–charoite; Dly–dalyite; Px–pyroxene (aegirine); Kfsp–K-feldspar (microcline); Qz—quartz; 
Str—strontianite; Fap—fluorapatite; Wad—wadeite; Brt—barite. 
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an evidence for formation of these rocks by magmatic processes as 
proposed by Vladykin (2005) and Vladykin et al. (2018). 

5.2. Constraints of stability of dalyite 

Experimental constraints on pressure stability of dalyite are not 
available yet, however some inference could be made from the occur-
rences and properties of the mineral. The findings of dalyite could be 
divided to volcanic rocks such as granite ejecta (Ascension island) (Van 
Tassel and Hey, 1952) and syenite ejecta (Agua de Pau) Iwagi Islet, 
Japan (Imaoka et al. 2021); hypabyssal intrusions such as Sunnfjord and 
lamproites of Cancarix complex, Spain (Linthout et al. 1988); and rocks 
in large plutonic complexes such as Lovozero complex (Ivanyuk et al. 
2006). The Murun complex is composed of several laccolites that 
intruded in shallow depth (Vorobiev 2008). The geology and occurrence 
of effusive rocks in the Murun complex indicates that charoitites have 
formed in near surface conditions (Vorobiev 2008). Studies of fluid in-
clusions estimated pressure of 0.6–4 kbar in charoitites, 2.4–5.5 kbar in 
carbonatites, and <1.2 kbar in torgolites (Prokofiev and Vorobiev 
1991), confirming that charoitites formed at low pressure. 

The structure of dalyite characterized by crystal structure with large 
channels and pores (Fleet 1965). Dalyite has relatively low density of 
2.82 g/cm3 that is much lower than density of other zirconium silicates 

such as zircon (4.65 g/cm3), baddeleyite (5.75 g/cm3) and zirconolite 
(4.38 g/cm3). The phases of low density typically favored at low pres-
sure, and at higher pressure stabilize mineral with higher density (Gibbs 
1906). Therefore, the occurrence of dalyite in the low-pressure rocks 
and the properties of the mineral might indicate that it is characteristic 
for low pressure environment, however this hypothesis should be tested 
experimentally. 

5.3. On the potential of geothermometry from Ti in dalyite 

Titanium could be a particularly important impurity in Zr silicate 
minerals. The similarity of the ionic radius of Ti4+(0.74 Å) to Zr4+(0.84 
Å) results in limited mutual solid solutions between Zr and Ti minerals 
that are sensitive to temperature and can be used as geothermometers. 
The examples include Ti in zircon (Watson et al. 2006), Ti in quartz 
(Wark and Watson 2006), Zr in rutile (Zack et al. 2004), and Zr in 
titanite (Hayden et al. 2008). Titanium impurity in dalyite could be 
investigated as a potential geothermometer, which might bring addi-
tional information on temperatures of formation of charoitites and other 
agpaitic rocks. 

Dalyite from Japan (Imaoka et al. 2021), Portugal (Jeffery et al. 
2016), Spain (Linthout et al. 1988), and Norway (Furnes et al. 1982; 
Robins et al. 1983) have low concentrations of TiO2 (0.1–1.2 wt%). In 

Fig. 4. Backscattered electron images of dalyite aggregates, showing notable chemical zoning. The minerals are: Dly—dalyite, Cha—charoite, Str—strontianite.  
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Fig. 5. Abundant inclusions in dalyite. A, B, C—parallel-polarized images; D, E, F—cross-polarized images. Dly—dalyite; Cha—charoite; MSI—multiphase solid 
inclusions; LV—liquid–vapor fluid inclusions; L—liquid-type fluid inclusions; V—vapor-type fluid inclusions. 

Fig. 6. Binary diagrams of major elements of dalyite from different localities. The data sources are shown in the captions. Data for Na, Hf, Mn and Ti is presented 
where analyses permit. 
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our analyses Ti content varies from 0.1 to 3.3 wt% TiO2, in agreement 
with data of Konev et al. (1996b) who reported TiO2 content reaching 
5.9 wt% in Murun dalyite (Fig. 6C, F). Lazebnik and Makhotko (1982) 
analyzed dalyite from fenite, carbonatite, charoitite, and aegirinite from 
the Murun complex and reported <1 wt%. TiO2 in dalyite from carbo-
natites. The average Ti concentration in dalyite from charoitites can be 
compared to tokkoite (Lazebnik et al. 1986; Lacalamita et al. 2017), 
which also contains about 2 wt% of TiO2. 

Jeffery et al. (2016) modelled energy of different substitution 
mechanisms of Ti in dalyite and considered Ti in positions of K, Zr and 
Si. The substitution of Ti to K position was highly unfavorable. Both Si 
and Zr positions were concluded possible from the calculations. The 
negative correlation of Zr and Ti in dalyite (Fig. 6F) and the absence of 
correlation of Si vs Ti (Fig. 6C) suggest that Ti substitutes Zr in Murun 
dalyite. The study of Zr4+-Ti4+ solid solution by Konev et al. (1996a) had 
shown that in titaniferous dalyite, davanite endmember can reach 

Fig. 7. Chondrite normalized REE patterns of Murun dalyite (this study). 
Chondrite composition is according to McDonough and Sun (1995). 

Fig. 8. Ternary diagram of molar content of K, Zr, and Ti in dalyite and davanite from the rocks of Murun complex. Dalyite composition: this study; davanite 
composition from Lazebnik et al. (1984); wadeite composition from (Rogova and Sidorenko 1964; Mitchell and Vladykin 1993; Konev et al. 1996a; Reguir 2001). 

Fig. 9. Zr-Ti binary diagrams of zoned dalyite (this study).  
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20–40 wt%. Titanium has been proposed to be a part of the mineral 
formula of dalyite in Konev et al. (1996b) as K2(Zr0.6Ti0.4)Si6O15. In our 
analyses Zr4+ varies from 0.8 up to 1.0 apfu (Fig. 10A), and Ti4+ varies 
from 0.02 (in cores) up to 0.2 apfu (in rims). Considering the variability 
of dalyite composition the formula of the mineral could be presented as 
K2(Zr1-xTix)Si6O15. The plot of dalyite from charoitites and davanite 
from quartz-K-fsp-calcite rocks of Murun complex, from our and previ-
ously published data on a ternary Zr–Ti–K diagram shows that the 
compositions lie close to theoretical substitution line between dalyite 
and davanite (Fig. 8). 

The example of Ti in zircon geothermometer (Watson et al. 2006) 
shows that the content of a component is defined by temperature as well 
as activity of the components in the system. The crystals of dalyite from 
sample cha-3–5 show systematic zonation with the increase of Ti content 
from the cores to rims (Fig. 9; Table 1). The normal evolution of a system 
is one with the continuous decrease of temperature and it is reasonable 
to suggest that the cores formed earlier and at higher temperature than 
the rims. The fact that Ti content increases allows to speculate that Ti 
activity was more important factor than temperature controlling Ti 
content in dalyite. 

Fig. 10. Zr versus (Ti + Hf + Fe + Mg), apfu (A), and K versus Na, apfu (B) diagrams of dalyite from different locations.  
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Murun complex has rich association of Ti-minerals: tinaksite [K2Na 
(Ca,Mn2+)2TiO[Si7O18(OH)]] (up to 11 wt% TiO2), titanite [CaTi(SiO4) 
O] (up to 39 wt% TiO2), davanite [K2TiSi6O15] (up to 15 wt% TiO2), 
yuksporite [K4(Ca,Na)14(Sr,Ba)2(□,Mn,Fe)(Ti,Nb)4(O,OH)4(Si6O17)2(-
Si2O7)3 (H2O,OH)3] (up to 11 wt% TiO2), narsarsukite [Na4(Ti, 
Fe)2[Si8O20](O,OH,F)2] (up to 16 wt% TiO2), ilmenite [Fe2+TiO3] (up to 
60 wt% TiO2), titaniferous magnetite [Fe2+(Fe3+,Ti)2O4] (up to 4 wt% 
TiO2), and others, which were found in different rocks of the complex, 
including the area of the Sirenevyi Kamen deposit (Rogov et al. 1965; 
Lazebnik et al. 1984; Lazebnik et al. 1985; Lazebnik et al. 1986; Konev 
et al. 1985; Konev et al., 1996a; Chakhmouradian and Evdokimov 1997; 
Mesto et al. 2015; Lacalamita et al. 2017; Schingaro et al. 2017). Sig-
nificant quantities of TiO2 in early rock-forming minerals of charoitites, 
such as tinaksite (up to 10 wt%) (Rogov et al. 1965; Vladykin et al. 1983; 
Reguir 2001; Kaneva 2014; Wang et al. 2014; Dokuchits et al. 2022) and 
pyroxene (up to 2.3 wt%) (Vladykin et al. 1983; Reguir 2001; Wang 
et al. 2014), are an evidence of presence of Ti in the system during 
crystallization of dalyite. However, which mineral controlled Ti activity 
in charoitites need to be clarified in the future studies. 

Overall, Ti content in dalyite shows systematic variations between 
samples and rock types. It is possible that Ti content in dalyite has a 
significant temperature dependence and experimental studies of dalyite 
stability and composition are desirable. However, Ti content in dalyite is 
likely to be sensitive to the activity of Ti and considering that Ti in 
charoitites is hosted by complex minerals such as tinaksite, this 
parameter could be difficult to estimate in charoitites limiting the utility 
of such a geothermomether. 

5.4. Lattice environment of impurities in dalyite 

Sodium is one of the major components in dalyite from some local-
ities and could have genetic implications (Jeffery et al. 2016). The Na2O 
content does not exceed 0.6 wt% in dalyite from all the localities 
(Fig. 6G), except for those from Ascension Island (granite) (Van Tassel 
1952), which contains up to 1.8 wt% Na2O. In dalyite from Murun 
complex, Na content is reported to be very low or below detection limit 
in Konev et al. (1996b) (EPMA; bdl); Lazebnik and Makhotko (1982) 
(EPMA; bdl in charoitites, up to 0.11 wt% in fenite); Reguir (2001) 
(SEM, bdl), and in this study as well (EPMA and LA–ICP–MS; bdl up to 
0.05 wt%). Jeffery et al. (2016) subdivided dalyite from Terceira (sye-
nitic ejecta) to two groups with different Na content. The variations in 
Na content led to discussion of the role of metasomatic processes and 
crystallization from small volume residual melt. In this study, Na has 
been measured both by EPMA and LA–ICP–MS. LA–ICP–MS obtained 
slightly lower limits of detection (about av. 90 ppm vs av. 120 ppm by 
EPMA). The high content of Na in minerals of charoitites, which crys-
tallized before and after dalyite (Fig. 12), including charoite and 
aegirine indicates that Na was abundantly available during crystalliza-
tion of dalyite. This raises a question of what factors that control Na 
content in dalyite. 

Sodium likely occupies K position in dalyite structure (Fleet 1965). 
Solid solutions between Na and K are common in nature with the most 
important example being alkali feldspar. The extent of solid solutions 
between Na and K in silicate minerals of charoitites has been summa-
rized by Dokuchits et al. (2022), and demonstrated that in most minerals 
the range of Na–K solid solution was limited. This was attributed to 
relatively low temperature of crystallization and high volatiles content 
of the mineral-forming media that resulted in low solubility between Na 
and K. The same factors likely acted in the case of dalyite crystallization. 

REE could act as a probe of the crystallochemical environment in the 
mineral structure and reveal the surrounding of REE in dalyite structure. 
The REE patterns of dalyite show a number of characteristic features 
such as HREE enrichment, steep decrease of LREE and positive Ce 
anomalies (Fig. 7) typical for magmatic and metamorphic zircon (e.g. 
Stepanov et al. 2016). Positive Ce anomaly is an extremely rare feature 
in minerals and is truly common only for zircon and some rare minerals 

of Ce4+ (Zhukova et al. 2021). 
Little is known so far about the structural position of REE in dalyite. 

The crystal structure of dalyite composed of sheets of four-, six- and 
eight-membered rings of SiO4 tetrahedra. These sheets are linked by 
ZrO6 octahedra and irregular KO8 polyhedra (Fleet 1965). The average 
Zr-Ο distance is 2.06 A (±0.03 A) (Fleet 1965), which is slightly lower 
than the Zr-Ο distance of 2.13–2.27A in zircon structure (Finch and 
Hanchar 2003). The similarity of REE patterns to zircon indicate that 
surrounding of REE in dalyite structure is similar to Zr in zircon and REE 
reside in Zr position. Similar to other silicates of charoitites, the REE 
patterns of dalyite do not display any evidence of Eu anomaly (Fig. 7). 
This feature is evidence of absence of plagioclase fractionation during 
crystallization of the rocks (Dokuchits et al. 2022). 

Uranium is a common trace element in Zr-minerals. In the three 
samples it varies significantly; the dalyite from sample cha-1–1 has on 
average 340 ppm U, while MC-112 dalyite has on average only 74 ppm 
U. The Th/U ratio is quite low in all the grains, and is, on average 0.05. 
The preference of dalyite to U relative to Th is another manifestation of 
the similarity of partitioning to Zr position to zircon that is known for 
preference to HREE and U (Rubatto and Hermann 2007). 

Hafnium is a principal impurity in Zr-bearing minerals. The reason 
lies in the fact that both Zr and Hf present in the same group of the 
periodic table, have identical structure of the outer shell, as well as close 
ionic radiuses: 0.72 Å for Zr4+, and 0.71 Å for Hf4+, and have identical 
chemistry. Dalyite from charoitites contains up to 0.3 wt% HfO2, which 
is close to dalyite from Azores, Portugal (0.4 wt% HfO2), reported by 
Jeffery et al. (2016) (Fig. 6E). Dalyite from Japan (Imaoka et al. 2021) 
has elevated HfO2, reaching 0.7 wt%. The Zr/Hf ratio of dalyite from 
charoitites reaches 167 on average (Fig. 11), and in zoned sample cha- 
3–5, it varies from 146 (in the rim) up to 195 (in the core), that is 
significantly higher than chondritic ratio of 34.2 (e.g. Ewing et al., 
2014). Hafnium content in zoned sample cha-3–5 varies from 811 ppm 
(in the core) up to 948 (in the rim). This indicates that either formation 
of charoitites has been associated crystallization of minerals with strong 
preference to Hf, or dalyite preference to Zr. The variability of Zr/Hf of 
dalyite indicates that Hf could be a sensitive indicator of the mineral 
origin. 

6. Conclusions 

Dalyite is an important Zr-silicate mineral of peralkaline agpaitic 
rocks. It is typically of magmatic origin, and likely forms at low-pressure 
conditions. Composition of dalyite such as content of Ti, Na, Hf and trace 
elements is sensitive to the conditions and mechanism of mineral for-
mation. In Murun charoitites REE patterns resemble patterns typical for 
zircon and suggest similar crystallochemical environment of REE in 
mineral structure. Dalyite has elevated content of Nb (10 ppm) and Ta 
(1 ppm). These concentrations are lower than Nb and Ta in tinaksite and 
tokkoite, and comparable to Nb and Ta content in other rare Ca-silicates 
of charoitites such as charoite. The elevated content of Nb and Ta in 
dalyite could be explained by the affinity of Nb and Ta to Ti that is 
evident from the commonly enrichment of Ti-bearing minerals. Dalyite 
from charoitites is generally defined by Ti ↔ Zr substitution with the 
increasing of davanite endmember from the cores toward the rims. 

Chemical zoning, reaction rims and inclusions in minerals can be 
useful for recovery of complex histories (such as fractionation, multi- 
stage activities of fluids etc.). In charoitites, several minerals demon-
strate chemical zonation (pyroxene, amphibole, strontian fluorapatite, 
steacyite and dalyite). Future studies on stability and trace element 
composition of dalyite will allow better understanding of crystallization 
conditions of rare agpaitic rocks. 
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