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REVISION 2
Zirconolite from Larvik Plutonic Complex, Norway, its relationship to stefanweissite and
ndggerathite, and contribution to the improvement of zirconolite endmember systematics
Jakub Haifler"", Radek Skoda', Jan Filip?, Alf Olav Larsen’, Jan Rohlicek*
! Department of Geological Sciences, Masaryk University, Kotlarska 2, 611 37 Brno,
Czech Republic; “E-mail: haifler j@sci.muni.cz
? Regional Centre of Advanced Technologies and Materials, Palacky University Olomouc,
Slechtitelt 27, 783 71 Olomouc, Czech Republic
3 Bamseveien 5, N-3960 Stathelle, Norway
* Institute of Physics of the Czech Academy of Sciences, Na Slovance 2, 182 21 Prague 8, Czech

Republic

ABSTRACT
The very first description of zirconolite, originally called polymignyte, discovered in alkaline
pegmatites within the Larvik Plutonic Complex (LPC), Norway, was published almost 200 years
ago. We studied zirconolite from 3 occurrences located in this region using modern instrumental
techniques — X-ray powder diffraction (XRPD) upon thermal annealing of initially radiation-
damaged mineral, electron probe microanalysis and Mssbauer spectroscopy. The initial XRPD
pattern lacked any sharp diffraction maxima, as the accumulated radiation dose exceeded a
critical value of c. 10'® o-decays/mg. Annealing at 400-800 °C induced recrystallisation to a
transitional, cubic phase interpreted to have a disordered, defect fluorite structure (space group
Fm-3m; unit cell parameters [A]: a = 5.1047(4), V = 133.02(2) A?), with XRPD pattern very
similar to that of a cubic ZrO,. The powder diffraction pattern obtained after a phase transition at

900 °C and refined using Rietveld method shows participation of -30 (wt. fraction of ¢. 60%,
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space group Cmca, unit cell parameters [A]: a = 7.2664(8), b = 14.1877(15), ¢ = 10.1472(12), V
=1046.1(2) A’) and -3T (wt. fraction of c. 40%, space group P3,21, unit cell parameters [A]: a =
7.2766(6), ¢ = 17.0627(15), V= 752.42(11) A®) zirconolite polytypes. However, the crystal habits
of zirconolite from the LPC show a distinct orthorhombic symmetry. Although the chemical
compositions of the grains are far from ideal zirconolite and a large number of elements are
involved in high concentrations (up to c. 17 wt% REE,0O3, <7 wt% ACTO,, <18 wt% Mes+205,
<9 wt% Me* 0 + Me*",03, Fe**/(Fe’™+Fe*") ~ 0.2, where ACT = Th + U, Me”" = Nb + Ta, Me*"
= Fe’" + Mg, Me’" = Fe™"), the compositional variability is relatively limited. To quantitatively
and clearly describe the two distinct compositional trends observed, we introduced a concept
called “edgemembers”, so that mixing is approximated to occur between two terminal
compositions situated at two edges of the zirconolite composition space. These marginal
compositions were determined from observed compositional trends, i.e. heterovalent substitution
of Me’" for Ti in octahedral sites and ACT-enrichment associated with increasing Ti/Me’" ratio.
This approach provides general substitution vectors for both, Hikestad-type mode (ACT + 3 Ti +
Me* = Ca + 3 Me’" + Me™), and for Stalaker-type mode (0.7 ACT + 0.5 REE + 0.9 Ti + 0.7
Me* + 0.05 Zr = 1.2 Ca + 1.3 Me®" + 0.3 Me*" + 0.05 Mn), respectively. In terms of chemical
composition, the studied zirconolite corresponds to recently approved zirconolite-related minerals
stefanweissite (for Ca>REE) and ndggerathite (for REE>Ca). Based on a careful analysis of
zirconolite composition space, we show that our observed Hakestad-type compositional trend, as
well as high number of published zirconolite compositions worldwide (with Me*" + Me’* sum of
c. 1 atom per 14 O), are well approximated by a modified endmember set comprising
CaZr,Me’,TiMe* 014 — REE2Zr, TisMe” Oy4 — CaACTZr,TisMe* 014 — CaREEZ,TisMe’ Oy
— CayZr;Ti;Me’"Me? 0,4 without a need to involve the ideal zirconolite formula CayZr;TisO 4.

The redefined composition space constrained by endmembers from this set, together with ideal
2
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zirconolite, is suggested to be representative of the vast majority of more than 450 published
zirconolite compositions worldwide with Me*" + Me®" totaling <1 atom per 14 O. The equation
Xmez+ = 2 — 2 Xgepx — 3 Xwmes++ provides an independent calculation of iron oxidation state or
Xuesr = Me>/(Me*™ + Me™) for this remarkable group of zirconolites, where Xrgg+ is derived
from Xgeg = REE/(REE + Ca) and Xpyes++ from Xyes+ = Mes+/(Me5+ + Ti). Understanding the
oxidation state of iron in zirconolite may be helpful to characterize redox conditions during its
crystallization.

Keywords: zirconolite, stefanweissite, noggerathite, polymignyte, Larvik Plutonic Complex,

metamict, endmember, composition space, substitution, Rietveld refinement

INTRODUCTION
Alkaline pegmatites of Larvik Plutonic Complex in Norway are known to host numerous
occurrences of zirconolite (e.g., Brogger 1890; Larsen 2010; Piilonen et al. 2012; Andersen et al.
2013). The local variety of zirconolite from Fredriksvirn (called Stavern since 1930) was
originally described by Jons Jacob Berzelius in 1824 and named polymignyte. It was the very first
discovered zirconolite worldwide, many decades earlier than the name zirconolite was given to a
mineral with a similar composition from Afrikanda, Kola Peninsula in Russia (Borodin et al.
1956). Despite the chronological significance of polymignyte, the original term is no longer used
and was replaced by the name zirconolite, according to the valid nomenclature (Bayliss et al.
1989). Zirconolite was favored because its use had become more frequent among mineralogists
and nuclear waste scientists. Until this rationalization, minerals of similar appearance and
composition were ambiguously labelled polymignyte, zirconolite or zirkelite. Such confusion
resulted from several factors. Firstly, these phases usually show highly complex chemical

compositions related to the ability of the minerals to accommodate wide ranges of chemical
3
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constituents, often in high concentrations. Secondly, radioactive elements Th and U are
commonly incorporated during mineral formation. Elevated concentrations of these alpha
emitting elements coupled with increasing geological age give rise to partial or complete damage
of the crystal structure, preventing identification of the mineral by means of X-ray diffraction
techniques. Furthermore, metamictized crystals of the minerals showed diverse external
morphologies and symmetries, being described as prismatic — (pseudo)orthorhombic, monoclinic,
(pseudo)hexagonal, trigonal or cubic (Bayliss et al. 1989 and references therein).

Pioneering works dealing with description and refinement of crystal structures of crystalline —
particularly synthetic or relatively rare natural phases with stoichiometries close to CaZrT1,07 by
Rossell (1980), Gatehouse et al. (1981), Sinclair and Eggleton (1982), Mazzi and Munno (1983)
and White (1984) revealed polytypic behavior and distinguished monoclinic, orthorhombic and
trigonal polytypes (or polytypoids) all being derived from an anion-deficient fluorite structure
type (Rossell 1980). Based on these studies, Bayliss et al. (1989) assigned the names zirconolite-
2M (aristotype), zirconolite-30 and zirconolite-37 to the crystalline minerals according to the
symmetries and stacking (displacement and rotation) of their two kinds of internal layers. The
first kind consists of HTB-like (hexagonal tungsten bronze) rings of TiOg octahedra enclosing
split sites, statistically occupied by TiOs or TiO4 polyhedra. These layers alternate with planes
comprising chains of 8- and 7-fold coordinated Ca and Zr atoms, respectively (Mazzi and
Munno, 1983; White 1984). Unlike the lower symmetry phases, the mineral with a cubic
symmetry does not show a layered structure and was given a separate name, zirkelite. Metamict
zirconolite-related minerals, the original structure of which is uncertain, should be called
zirconolite (Bayliss et al., 1989).

In terms of chemical composition, natural zirconolite commonly deviates from its ideal formula

CaZrTi,0O; (Williams and Gieré 1996; Gieré et al. 1998). Calcium may be substituted by variable
4
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amounts of yttrium and lanthanides (<70-80 mol% of the M[VIII] sites; Harley 1994; Rasmussen
et al. 2008; Sharygin 2014), uranium and thorium (<30-40 mol%; Gieré and Williams 1992;
Rajesh et al. 2006; Copjakova et al. 2008; Copjakova and Houzar 2009; Hurai et al. 2018),
divalent cations — particularly manganese (<10-20 mol%; Della Ventura et al. 2000; Chukanov et
al. 2014, 2018, 2019), or magnesium. Octahedral sites are commonly enriched in Nb (<0.7-0.9
atoms per 7 O; Borodin et al. 1960; Sinclair and Eggleton 1982; Keller 1984; Bulakh et al. 1999;
Della Ventura et al. 2000; Chukanov et al. 2014, 2018, 2019) accompanied by moderate Ta
contents (<0.07 apfu). Less frequently, the sites are found to contain, low amounts of W (Gieré
and Williams 1992) or Zr (Williams and Gieré 1996). Divalent and trivalent metals, particularly
Fe and subordinate Mg, Mn, Al, and rarely Cr, may participate at the expense of Ti (<0.6 apfu),
but preferably in the split sites. Incorporation of these elements into octahedral sites is limited
(e.g., Mazzi and Munno 1983; Chukanov et al. 2014, 2018, 2019; Zubkova et al. 2018). Elevated
Fe contents approaching 1 atom per 7 O and significant participation of the element in one of the
two distinct octahedral sites (increasing with overall iron content) separately from the split site
may occur in synthetic zirconolite (e.g. Whittle et al. 2012).

Contents of Zr show relatively low scatter and are close to the ideal value of 1 apfu. This element
is commonly substituted by small amounts of Hf (<0.03 apfu). Elevated contents of Zr (>1.2
apfu) were reported by Lorand and Cottin (1987), while Zr-depleted compositions (<0.9 apfu)
were observed by Della Ventura et al. (2000), Carlier and Lorand (2008) or Hurai et al. (2018).
Based on the extensive set of chemical analyses of natural zirconolite worldwide (Williams and
Gieré 1996), Gier¢ et al. (1998) constrained a composition space comprising of ideal zirconolite
and 4 more linearly independent hypothetical endmembers (ACTZrTiMe* O,

REEZtMe "Me*'0;,  CaZtMe’*Me’'0;,  REEZrTiMe’'0;,  where  ACT=U*"+Th*,
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REE=Y+lanthanides, Me’'=Nb+Ta, Me’=Fe*+Mg+Mn and Me’"=Fe’"+Al), which was
assumed to be representative of the vast majority of natural zirconolite compositions.

Recently, new crystalline analogs of zirconolite-30 called laachite — Ca,Zr,Nb,TiFe® O,
stefanweissite  —  (Ca,REE)y(Zr,Mn),(Ti,Nb),(Nb, Ti)Fe* 014 and  noOggerathite  —
(REE,Ca)»(Zr,Mn),(Ti,Nb),(Nb,Ti)Fe*' 0,4 were described from Laacher See, Germany
(Chukanov et al. 2014, 2018, 2019) and approved as new minerals. However, the relationships of
these new minerals to the composition space suggested by Gieré et al. (1998) has not been
clarified.

Our study is focused on zirconolite from alkaline pegmatites of the Larvik Plutonic Complex,
Norway, the region of the original polymignyte discovery. Chemical compositions of four
metamict crystals from 3 localities (Hakestad, Stilaker and Agnes) were determined by means of
electron probe microanalysis. In the case of zirconolite from Héakestad, Mdssbauer spectroscopy
was used to quantify oxidation state of iron and X-ray powder diffraction (XRPD) was used to
study the effect of thermal annealing on initially damaged zirconolite structure. The results reveal
a link between the classic “polymignytes” and the newly approved minerals stefanweissite and
noggerathite (Chukanov et al. 2018, 2019). Moreover, our data are helpful to explain the
somewhat unclear relationship between the newly approved minerals from Laacher See described
by Chukanov et al. (2014, 2018, 2019) and the endmember set of Gieré et al. (1998). In addition,
we have identified a new zirconolite endmember that may also be involved in previously
published compositions. Based on this careful analysis of the composition space, we suggest
modified endmember systematics, which correspond well to most known zirconolite
compositions worldwide and provides a necessary extension of the composition space

constrained by Gieré et al. (1998). In accordance with this new endmember system, we present an
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approach to easily estimate iron oxidation state from other composition variables and discuss

possible implications of this approach.

GEOLOGICAL SETTINGS AND HOST PEGMATITES
The Larvik Plutonic Complex (LPC) is situated at the southern part of the Oslo Paleorift (see e.g.,
Larsen et al. 2008) and comprises 10 circular plutons (Petersen 1978) composed particularly of
regionally specific varieties of monzonitic rocks called larvikites and less abundant nepheline
syenites (Neumann 1980; Rasmussen et al. 1988; Dahlgren 2010). Spatial relationships among
plutons (Petersen 1978) as well as U-Pb isotopic dating of zircon and baddeleyite from the rocks
indicate decreasing age from the easternmost and oldest quartz-bearing larvikites (298.6+1.4 Ma
according to Dahlgren et al. 1996; 298+0.4 Ma according to Rimo and Andersen 2011), through
the central quartz- and nepheline-free larvikites, to the youngest nepheline-bearing larvikites and
syenites (292.1+0.8 Ma according to Dahlgren et al. 1996; 289.7+0.5 Ma according to Rimé and
Andersen 2011) at the western part of the complex. Larvikites host numerous bodies of alkaline
pegmatites emplaced soon after solidification of the hosts (Sunde et al. 2019). Both rock types are
assumed to share a common magmatic source (Sunde et al. 2018). The occurrence of zirconolite
is distinctive for miaskitic pegmatites (Andersen et al. 2013) in contrast to the more complex and
strongly alkaline agpaitic pegmatites (e.g., Andersen et al. 2010). Furthermore, alkalinity is a key
factor of regional alkaline pegmatite typology (e.g., Piilonen et al. 2012, 2013; Sunde et al. 2019)
regarding mineral assemblages and shapes of pegmatites from the LPC. The Hékestad and
Stalaker quarries are situated within ring sector 5 of the LPC (see e.g., Petersen 1978; Dahlgren
2010), about 500 m apart, and approximately 5 km northeast of the town of Larvik, Vestfold
district, Norway. The zirconolite-bearing, coarse grained pegmatites occur as lenses in larvikite.

The major minerals of the pegmatites are cryptoperthitic feldspar, nepheline, hastingsitic
7
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amphibole, biotite, magnetite, zircon, pyrochlore and zirconolite. The Agnes (Tronsradfjellet)
locality is a roadcut where the pegmatite was exposed during expansion of the RV 301 road
(Larviksveien) in the 1970’s and occurs in ring sector 6 of the LPC. The pegmatite is relatively
fine-grained and contains slightly altered cryptoperthitic feldspar, amphibole, magnetite, zircon
and zirconolite. Small vugs in the pegmatite are lined with analcime overgrown by catapleiite and
calcite. Our studied zirconolite from the 3 localities was surrounded by albite and occurs as black
to dark brown prismatic crystals with a sub-metallic luster ranging from c. 1 cm to several

centimeters in length.

ANALYTICAL TECHNIQUES

X-ray Powder Diffraction

The variable-temperature XRPD was measured using an X'Pert PRO MPD powder
diffractometer (PANalytical) in combination with mounted reaction chamber XRK900 (Anton
Paar) at the Regional Centre of Advanced Technologies and Materials at Palacky University,
Olomouc. The diffractometer operates in Brag-Brentano geometry and is equipped with a Co K,
radiation source, a position sensitive X Celerator detector, and programmable divergence and
diffracted beam antiscatter slits. The diffraction patterns were captured at 20 range from 15 to 90°
(20 resolution of 0.0167°, collection time of 60 minutes). The progressive heating of the
zirconolite (grounded under isopropyl alcohol to avoid iron oxidation) from Hakestad was
performed in a nitrogen atmosphere with collection of 10 XRPD patterns at each selected
temperature (i.e., at room temperature, 400, 600, 800 and 900 °C). The commercially available
standards SRM640 (Si) and SRM660 (LaBs) were used for evaluation of the line positions and
experimental line broadening, respectively. The initial identification of the relevant structure

types was carried out using High Score plus software in conjunction with PDF-4+, ICSD and
8
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COD databases. Rietveld refinement of the acquired XRPD data has been conducted using
computer program JANA2006 (Petricek et al. 2014) to identify the potentially involved
zirconolite polytypes and to quantify the relative amounts and the unit cell parameters of the
identified phases. The examined scenarios were based on structural models of cubic ZrO,
(Wyckoff 1963) and different zirconolite polytypes (Rossell 1980; Mazzi and Munno 1983; Grey
et al. 2003; Whittle et al. 2012; Zubkova et al. 2018; Chukanov et al. 2019), with fixed atomic

parameters and unit cell parameters allowed to refine.

Electron probe microanalysis (EPMA)

Chemical analyses of zirconolite were measured with the electron microprobe Cameca SX100 at
the Department of Geological Sciences, Faculty of Science at the Masaryk University, Brno,
Czech Republic. An accelerating voltage of 15 kV and an electron beam defocused to 3 um in
diameter with a current of 20 nA were applied. Following monochromators, X-ray lines and
standards were used during the WDS analyses: TAP: Na K|, (albite), Zr L, (zircon), Hf M, (Hf),
Y L, (YPOs), Mg K, (Mg;Si0y), Si K, (zircon), Sr L, (SrSQ4), Al K, (sanidine); PET: Ti K,
(SrTiOs), La L, (LaPOy), Ce L, (CePOs4), P K, (LaPOy); LLIF: Fe K, (columbite), Mn K,
(Mg>SiOy), Pr Lg (PrPO4), Nd Lg (NdPO4), Sm L, (SmPO4), Gd Lg (GdPO,4), Dy Lg (DyPOs), Er
L, (ErPOy), Yb L, (YbPO,); LPET: Ca K, (fluorapatite), Nb L, (columbite), U Mp (U), Th M,
(CaTh(PO4),), Pb Mg (PbSiO3), W M, (W), Ta M, (CrTa,O¢); PCI1: F K, (topaz). Raw measured
data were corrected for matrix effects using X-Phi procedure of Merlet (1994). Spectral
interferences of Nb on Y L, Er on Si K, Nd on SiK, and Gd L,, Ta on Zr L,, and Ce on F K|,
were corrected using empirical correction factors. Concentrations of Na, Al, Sr, P, F and W did

not exceed detection limits ranging from 200 to 900 ppm.
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Maossbauer Spectroscopy

The transmission °’Fe Mossbauer spectrum of original unannealed zirconolite (grounded under
isopropyl alcohol to avoid iron oxidation) from Hékestad was collected using a MS96
spectrometer run in constant acceleration mode at room temperature with a >’Co(Rh) radioactive
source (1.85 GBq) at the Regional Centre of Advanced Technologies and Materials at Palacky
University, Olomouc. The values of hyperfine parameters (i.e., isomer shift values) were
calibrated against a rolled metallic iron (a-Fe) foil. The spectrum was fitted with Lorentz
functions using the CONFIT2000 software. The experimental error was £0.02 mm s for the
hyperfine parameters and +3% for the relative spectral areas. The measured spectrum and its

quantitative parameters are attached as Fig. Al and Tab. A1l in Appendix A.

RESULTS

High-temperature X-ray powder diffraction

X-ray powder diffraction pattern of unannealed zirconolite from the Hakestad quarry (Fig. B1 in
Appendix B) shows a single broad Gaussian-shape background feature centered at c. 38° 20,
demonstrating the metamict state of the mineral. Annealing at 400 °C initialized recrystallization
which formed three very weak peaks accompanied by weakening of the broad relict of the former
amorphous state. Intensities of newly formed peaks increased under 700-800 °C. At 800 °C, the
peaks were centered at 35.35°, 41.04°, 59.46°, 71.12° and 74.82° 20 while the original broad
feature completely disappeared. This X-ray diffraction pattern (Fig. 1a) corresponds to a pattern
of a cubic ZrO, (Wyckoff 1963) with a space group Fm-3m and the refined unit cell parameters:
a=5.1047(4) A, ¥ =133.02(2) A’. Further annealing at 900 °C induced a phase transition that
caused splitting of the major peaks observed in the previous patterns into additional sharper

diffraction maxima (Fig. B1 in Appendix B). After cooling the sample to room temperature, their
10
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positions slightly shifted towards higher 20 due to volume reduction (Fig. 1b). Two phases —
zirconolite-30 (space group Cmca) and zirconolite-37 (space group P3;21) participate in the
final Rietveld fit (Fig. 1b). Structural models of stefanweissite (Chukanov et al. 2019) and
zirconolite-37" (Zubkova et al. 2018) were found to properly represent final scattering power at
mixed sites of different Wyckoff positions in the studied material and were used in the
refinement. Weight fractions of 0.612(4) and 0.388(5) were obtained for the two phases. The
refined unit cell parameters are: a = 7.2664(8) A, b = 14.1877(15) A, ¢ = 10.1472(12) A, V =
1046.1(2) A® for the orthorhombic and a = 7.2766(6) A, ¢ = 17.0627(15) A, V = 752.42(11) A’

for the trigonal structural type.

Chemical composition of zirconolite

Electron probe imaging (Fig. 2) and microanalyses revealed certain similarities among the
studied grains from all the three localities. Individual grains of zirconolite from Hékestad and
Stalaker are characterized by relatively limited compositional heterogeneity with a very smooth
change of chemical compositions between center and rim. The BSE zoning is mostly weak to
negligible, although two distinct growth zones may be distinguished in some parts, as seen in Fig.
2a. In contrast, BSE imaging of Agnes zirconolite display more significant patchy zoning with
sharp transition between brighter and darker areas (Fig. 2b). As demonstrated below, the zoning
is mainly related to differences in actinide contents.

Ideal zirconolite contains 16.54 wt% CaO, 36.34 wt% ZrO,, and 47.12 wt% TiO,. All
investigated grains in our study are significantly depleted in the major components (5.88—-7.85
wt% CaO, 27.01-28.76 wt% ZrO,, 17.15-20.93 wt% TiO;) compared to ideal zirconolite (Tab.
1). Conversely, all of them are strongly enriched in Nb,Os (11.13—-17.25 wt%), REE;O; (10.75—

18.73 wt%), FeO* (7.78-8.88 wt%, where FeO* represents hypothetical FeO equivalent to
11
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measured Fe), ThO; (2.55-5.22 wt%), UO, (0.64-2.46 wt%) and Ta,Os (0.74-1.23 wt%). The
concentrations of MnO, MgO, HfO,, SiO,, and PbO are always lower than 1 wt%. Analytical
totals range between 97 and 99 wt%.

Two separate grains from the Hakestad quarry show somewhat variable contents of NbyOs
(11.49-17.25 wt.), TiO, (17.43-20.93 wt%), ThO; (2.55-5.10 wt%) and UO, (0.65-2.14 wt%).
Compared to other samples, concentration of REE,O; (11.22-14.87 wt%) is relatively low to
intermediate. Based on Mossbauer spectroscopy, the ratio of Xge+ = Fe’/Fey in zirconolite from
Hakestad is 0.206 + 0.024.

Zirconolite from Stalaker quarry is the richest in REE (14.51-18.73 wt% REE;O3;) among the
three localities. In contrast, the TiO, (17.15-17.74 wt%), ZrO, (27.01-27.68 wt%) and CaO
(5.88-6.55 wt%) contents are the lowest.

When compared to all other localities, the sample from the Agnes quarry is the richest in UO,
(1.38-2.46 wt%, with the highest U/Th ratio), while Nb,Os range from the lowest to intermediate
values (11.13-15.11 wt%). Contents of other components fall within ranges observed in the other

two localities.

Rare earth elements

Contents of rare earth element oxides are shown in Tab. 1. Cerium (4.86 + 0.8 wt%), Nd (2.39 +
0.28 wt%), Y (1.26 = 0.19 wt%) and La (1.17 + 0.27 wt%) are the most abundant REE’s
exceeding 1 wt%. As seen in Fig. 3, shapes of chondrite-normalized (McDonough and Sun 1995)
patterns representing samples from all studied localities are very similar. Differences in overall
REE contents among the samples slightly influence the shift of the whole pattern along the
vertical axis rather than their shapes. The patterns are convex between La and Dy with maxima at

Ce and Pr followed by a smooth decrease towards heavier elements, while the slope become quite
12
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horizontal between Dy and Yb with a slight to negligible negative yttrium anomaly
(Y/Y*=Yn/(DynxEry)™%) of 0.72-0.91. The enrichment of LREE relative to HREE can be

approximately expressed as a ratio of (Cex+Ndx)/(Gdn+Dyn), which is 3.5-7.2.

Crystal-chemical formulae and site occupancy

The vast majority of crystal-chemical formulae of zirconolite published in literature are based on
4 cations and/or 7 oxygen atoms, which are in agreement with reviews of Williams and Gieré
(1996) or Gieré¢ et al. (1998). By contrast, formulae in Tab. 2 of Bayliss et al. (1989), formulae in
Mazzi and Munno (1983) or those of new zirconolite analogs from Laacher See introduced by
Chukanov et al. (2014, 2018, 2019) and zirconolite-37 of Zubkova et al. (2018) are calculated to
give a sum of 14 oxygens. The fivefold- or fourfold-coordinated cations, Me”" and Me’", yield a
sum of approximately 1 apfu in the minerals from Laacher See. Given that the data in our study
are extensively compared with compositions published by Chukanov et al. (2014, 2018, 2019) the
latter normalization approach is adopted in this study: cations give a sum of 8 apfu and Fe’
versus Fe?" proportions are given by balancing charges to a sum of 28 (14 O apfu; Tab. 1).
Calculated values of Fe*'/Fe,, for the Hakestad zirconolite (0.16 £ 0.03) are in good agreement
with the value of 0.206 £+ 0.024 obtained from Mdossbauer spectroscopy. For samples from
Stalaker and Agnes, the charge-balance-based ratios are 0.12 + 0.03 and 0.14 + 0.04,
respectively. Divalent Fe in all samples is thus assumed to strongly predominate over trivalent.
Gieré¢ et al. (1998) allocated cations into 3 site types. We adopted their approach (except for Mn;
Tab. 1) as follows: M[VIII] sites (totaling 2 apfu) were filled with Ca, REE, U, Th; Pb is assumed
to be exclusively radiogenic decay product of the actinides (Gieré et al. 1998; our unpublished
LA-ICP-MS isotopic data); M[VII] sites (2 apfu) were filled with Zr, Hf and Mn; M[VLV, IV] (4

apfu) sites were filled with Ti, Nb, Ta, Fe, Mg and Si. Manganese concentrations in natural
13
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zirconolite (e.g. compilation of Williams and Gieré 1996) rarely exceed those measured in our
samples (0.53-0.93 wt% MnO; 0.06-0.11 atoms per 14 O). Uncommon, Mn-rich compositions
(2-9.4 wt% MnO) from Laacher See were reported for zirconolite-30 and its analogs laachite,
noggerathite and steffanweissite (Della Ventura et al. 2000; Chukanov et al. 2014, 2018, 2019).
Based on single-crystal X-ray diffraction data acquired from type laachite, Chukanov et al.
(2014) allocated Mn preferentially into the M[VII] site in their structural model. Moreover, the
M| VII] site was occupied by a certain fraction of manganese also in structural models of the type
stefanweissite and nodggerathite (Chukanov et al. 2018, 2019). We observe a trend of slightly
increasing Mn with moderately decreasing Zr in our data, but the correlation coefficient is
relatively poor (R?=0.53) due to very limited compositional ranges of both elements.
Furthermore, allocation of Mn into M[VII] gives all site subtotals close to ideal values. By
contrast, allocation of Mn into the nominally Ti-bearing, M[VLV,IV] would systematically
overfill these sites.

Hakestad. According to our crystal-chemical model, occupancy of M[VIII] site is 1.930—
2.002 apfu with 1.068—-1.154 Ca apfu, 0.640-0.750 REE apfu, 0.106-0.218 ACT + Pb apfu and
Th/U between 2.7 and 4.3. The sum of Zr (1.882—1.946 apfu), Hf (0.008-0.018 apfu) and Mn
(0.072-0.106 apfu) give the M[VII]-site subtotal of 1.998-2.030. The M[VL,V,IV] sites have a
subtotal of 3.984-4.060 apfu comprised of 1.856-2.216 Ti apfu, 0.754—1.104 Nb apfu, 0.038—
0.044 Ta apfu, 0.976-1.006 Fe apfu and 0.012-0.036 Mg apfu.

Stalaker. Zirconolite from Stalaker give a subtotal of M[VIII] site between 1.980 and 2.030.
In addition, the analyses show relatively high REE (0.876—0.926 apfu), contrary to relatively low
Ca (0.908-1.008 apfu) and ACT (0.082—0.116 apfu Th, 0.020—0.044 apfu U; 0.108-0.164 ACT +
Pb; Th/U = 2.6-4.1) in this site. Zirconium (1.888—1.940 apfu), hatnium (0.018-0.022 apfu) and

manganese (0.076-0.086) give the M[VII] a subtotal of 1.986-2.034. The subtotal of the
14
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M[VLV,IV] sites are 3.972—4.003 apfu. The presence of titanium predominates even though its
content, unlike in the other localities, ranges below 2 apfu (1.816—1.912 apfu). Significant Nb
content (0.916—1.052 apfu) is accompanied by subordinate Ta (0.028—0.048 apfu). Iron and Mg
yield 1.034—1.068 and 0.024-0.044 apfu, respectively.

Agnes. The M[VIII] site subtotal is 1.950-2.014 apfu. It contains 0.990-1.188 Ca apfu,
0.676-0.776 REE apfu, 0.100-0.170 Th apfu, 0.044-0.078 U apfu and shows a relatively low
Th/U ratio (2.15-2.56). Zirconium (1.908-2.014 apfu) and Hf (0.016-0.028 apfu) give a M[VII]-
site subtotal of 2.001-2.156 apfu. In comparison with other samples, contents of pentavalent
cations — Nb and Ta in M[VLV,IV] are relatively low (0.722-0.964 apfu and 0.030-0.042,
respectively). Conversly, Ti content is relatively high (1.974-2.232). Moreover, the M[VLV,IV]

sites giving subtotal of 3.842—4.038 comprise 0.936—0.984 Fe apfu and 0.010-0.044 Mg apfu.

Substitutional behavior and composition space

Among the chemical constituents of zirconolite, Ti and Me’" are those with the most significant
compositional variation (ATi = 0.360, 0.258 and 0.096 apfu; AMe>" = 0.350, 0.242, 0.136 apfu in
Hakestad, Agnes and Stélaker, respectively). The studied compositions show a well-defined
negative correlation between Ti and Me " reflecting direct heterovalent interchange of these
elements in the octahedral sites (Fig. 4a). Regarding spatial distribution of these elements, the
ratio of Xyes+ = (Me”")/(Me’*+Ti) increases from the center towards the rim of the metamictized
crystals. In the case of Stélaker, Xyes+ is negatively correlated with Xggg = REE/(REE+Ca)
having dXues+/dXgree slope of c. -0.77 (Fig. 4b). Nevertheless, the corresponding plot of data
from Hakestad and Agnes shows a dramatic drop of Xyes+ with a relatively slight increase of
Xgee and a steep dXpes:/dXgree slope of <-4 (Fig. 4b). The relationship between these two

compositional parameters is diagnostic for the two distinctly differing modes of substitutional
15
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behavior observed in the studied zirconolite from Stilaker compared to Hakestad. Furthermore,
Hikestad-type zirconolite shows rather constant content of Me>" + Me®", while growth of Me*" +
Me®™ with increasing ACT content (and decreasing Xyes:) is observed in Stilaker-type
zirconolite (Fig. 5b). Despite the relatively limited range of ACT contents, the significant
increase of Xpes+ 1s strongly related to decreasing participation of actinides (Figs. 4b, 5).
Regarding this obvious relationship, our models of substitutional behavior assume mixing
between two composition subspaces: (A) an actinide-free subspace and (B) an actinide-enriched,
Nb-free subspace.

Each of the two observed modes (Stalaker and Hakestad) aims toward one terminal composition
in subspace (A) determined by extrapolation of compositional trends to zero actinide content
(Fig. 6), and one terminal composition in subspace (B) given by extrapolation of observed
compositional trends related to a growth of actinide contents until all Me’" is substituted by Ti
(Fig. 6c, d). Indeed, each of these terminal compositions (marked with triangles in Figs. 6, 7) are
projected at one edge of either the Ca—ACT-REE or Ti—~(Me*"+ Me*")-Me’" triangle (or both in
the case of the Nb-free terminal composition of Stélaker type; see Fig. 7). Hereafter, these two
outermost compositions are referred to as “edgemembers”, because they join 2 edges of the
whole composition space.

Given that the relationship between ACT and charge-balance-based Xge3+ values are highly
uncertain, there were no persuasive clues of whether trivalent iron should be attributed to the
edgemember B or to both edgemembers. As the cluster of Hakestad analyses with higher ACT
content shows somewhat higher average Xg.3+ compared to the ACT-poor cluster (0.18>0.14),
Fe’* content is assumed to grow with increasing ACT and Fe’" and therefore participates only in
the edgemember B. Evolution of Mn (allocated in a 7-fold-coordinated site together with Zr)

content as a function of increasing ACT is also unclear, but with a site occupancy of 5% or less
16

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7510. http://www.minsocam.org/

its influence on our models is limited. Based on these assumptions and the observed
compositional trends, Hakestad-type edgemembers A and B were determined as follows:
Ca; 3REE 7Zr1 9Mny ; Ti; sMe" | sMe*'Oy4 and CagsREE7ACT(sZr1oMng  TisMe* g sMe> "9 5014,
respectively. Due to this simplification involving mixing of only two components, a general
substitution vector ACT + 3Ti + Me®*" = Ca + 3Me”" + Me*" (depicted by violet line segments in
Figs. 6, 7), can be determined simply from the difference between the two edgemembers. The
vector fits well with the measured data from the Hakestad and Agnes zirconolite (Fig. 6).

The edgemember A of Stilaker-type, Cal‘zREEo‘gzrl,95Mn0‘05Ti1‘7Me5+1~3Mez+014, is relatively
similar to the previous Hékestad type, whereas edgemember B,
ACT,-REE, 3Zr,Tiy Me* o sMe* 707014, differs considerably from that of Hakestad type. More
significant growth of Xggg in Stalaker type is related to substantial enrichment in REE along with
loss of Ca, the content of which would be zero at the Nb-free (and Ca-free) composition of
edgemember B (Figs. 6a, b, 7). On the other hand, a moderate increase of Xggg in the previous
Hakestad type is related to substitution of ACT for Ca at rather constant REE (Fig. 6a, b). In
addition, edgemember B of Stilaker type must contain more than 1 atoms Me*+Me”" per 14 O to
reflect the increasing (Me* +Me’")/(Me* +Me*+Ti+Me’") ratio with growing participation of
ACT (Fig. 6¢). The determined general substitution vector 0.7 ACT + 0.5 REE + 0.9 Ti + 0.7
Me®* +0.05 Zr = 1.2 Ca + 1.3 Me®* + 0.3 Me®* + 0.05 Mn (brown line segments in Figs. 6, 7)

corresponds reasonably well to the observed evolution of zirconolite from Stélaker (Figs. 5, 6).

Endmember fractions
Gieré et al. (1998) reported 5 independent endmembers which are assumed to participate in
natural zirconolite compositions. Following the formalism used in this study, their formulae can

be expressed as follows: Ca,Zr,TisO14 (ideal zirconolite), ACTZZrzTi2M62+2014,
17
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REE,Zr,Me” ,Me*,014, REE,Zr,TiMe’ 5014, CayZr,Me’ 5Me 5014, More recently described
crystalline analogs of zirconolite-30: laachite — CaZZersziFe2+014, noggerathite —
(REE,Ca),Zr,(Nb, Ti)(Ti,Nb),Fe* 0,4 and steffanweissite — (Ca,REE),Zr,(Nb, Ti)(Ti,Nb),Fe* 04
(Chukanov et al. 2014, 2018, 2019) are characterized by preferential ordering of Ti and Nb in
octahedral sites and occupation of the split sites solely by Fe + Mn (the ratio of Fe/(Fe+Ti+Me’")
is very close to 0.25). Unfortunately, such detailed structural data are rarely available. Moreover,
the two latter minerals are not defined by fixed chemical formulae, which is the first condition an
endmember formula should meet according to Hawthorne (2002). This precludes quantification
of endmember fractions if such compositions are to be considered. Nevertheless, reported
compositions of natural steffanweissite (Ca-dominant) and noggerathite (REE-dominant) are
relatively close to an intermediate charge-balanced formula CaREEZr,Ti,Me " Me> O
Although the definition of the two recently approved minerals from Laacher See are ambiguous
in terms of participating endmembers, the above suggested intermediate formula is similar to one
of the formulae Chukanov et al. (2019) considered to represent ndggerathite. It is noteworthy that
this formula is not linearly independent of the original set of Gieré et al. (1998) and can be
obtained by a combination of ideal zirconolite, Ca;Zr,Ti4O14 and REE,Zr,Me’ ;Me” ,0,4. This
linearly dependent intermediate endmember shows equal contents of Ca and REE in the M[VIII]
sites and 1 apfu of Nb and 2 apfu of Ti occupying octahedral sites totaling 3 apfu. If ordering of
Ti and Nb is assumed, such configuration agrees with the definition of noggerathite and
steffanweissite, both having “Nb prevailing over Ti in one octahedral site” (Chukanov et al. 2018,
2019).

As we mentioned above, the role of Mn in crystal chemistry of our zirconolite is relatively minor
(up to 0.11 atoms per 14 O) and somewhat unclear. Keeping this in mind, arbitrary """Mn-

bearing endmembers derived from the above-mentioned endmembers are included in our
18
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expression in order to (i) achieve full compatibility between the two-component (edgemember-)
mixing model and the model of participating endmembers, (ii) maintain the electroneutrality of
simulated compositions, (iii) maintain ideal zirconolite stoichiometry and site allocations as
described above.

Quantification of endmember fractions in such complex systems is always arbitrary and the
results may strongly depend on a chosen set of endmembers as well as on the order and means of
component extraction if the sequential approach (Rickwood 1968; Della Ventura et al. 2000;
Hurai et al. 2018) is adopted or if the endmember formulae are mutually convertible within a
reciprocal composition system (e.g., Dolivo-Dobrovol’sky 2010). This is the case of the studied
system as shown below. Endmember fractions in our study are calculated from the simulated
compositions rather than from the measured compositions, but are well representative for the
latter, as the simulated compositions are based on and agree with the observed compositional
trends (Figs. 5, 6, 7). The advantage of this approach is that it depicts a continuous change as a
function of mineral zoning, reflects compositional trends of the whole population, and enables
extrapolation beyond the observed compositions.

Compositions of our edgemembers A are very close to the CayZr,Me >TiMe* Oy —
CaREEZr,Ti;Me’ " Me®" 014 binary. Hakestad-type edgemember A composition is attained by a
mixture of 36.5 mol. % Ca,Zr,Me ", TiMe* 014 and 57% CaREEZr,Ti;Me’ Me*'0,4 giving
subtotal of 93.5%, while 23.33% Ca,Zr,Me’ ', TiFe* 014 and 73.33% CaREEZr,Ti;Me’ Me” Oy
give 96.7% of the edgemember A of Stilaker zirconolite. The remaining 6.5% and 3.3%,
respectively, are contributed by an arbitrary """Mn-bearing REE>Zr, sMn, sNbsMe> 0,4 derived
from REE,Zr,TisMe*'Oy4. To simulate the compositions of edgemembers B, endmembers
containing ACT and Fe*" must be involved, while Nb-bearing (and Ca-bearing in the case of the

Stalaker locality) must be excluded. Furthermore, in Hakestad-type edgemember B the ratio of
19
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(Me>™ + Me®")/(Me®™ + Me®™ + Ti + Me’") is fixed at a value of 0.25 (Figs. 5, 6, 7). Such
behavior may be simulated by careful coupling of endmembers from Gieré et al. (1998) having
(Me* + Me™)/(Me*" + Me™ + Ti + Me™) = 0.50 with ideal zirconolite to give linearly dependent
endmembers showing the required stoichiometry: 50% CaACTZr,TisMe* 014 (given by
ACT,Zr,TipMe* 5,014+  CaxZryTisO1) +  30%  CaREEZrTisMe 014 (given by
REE,Zr,Ti;Me* 5014 + CapZryTisO1s) and 20% arbitrary REE,Zr; sMngsTisMe® 014 (ie.
derivative of REEQZrQTiZMe3+2014). The Stélaker-type edgemember B composition lacks such
coupling and comprises 35% ACTZZrzTizMe%OM, 35% REEZZrzTizMe3+014, and 30% arbitrary
REE,ZrMnTi4014 (vielded from REE,Zr,Ti;Me® 014).

Figure 8 shows calculated endmember fractions as a function of either mixing ratio of the
edgemember B composition (primary x-axis) or actinide content (secondary x-axis). The
compositional ranges observed in our data are accentuated. The relationships between the linearly
independent and the linearly dependent endmembers are also demonstrated. If a set comprising
laachite (red field in the figure) and independent endmembers, i.e. ideal zirconolite (all orange
fields) and endmembers of Gieré et al. (1998) (other colors) are chosen to describe the relevant
part of the composition space, our observed Hakestad-type compositions yield an ideal
zirconolite fraction of c. 31-34%. Alternatively, contribution of 18-29% laachite and 29-46%
CaREEZr,Ti;Me’"Me*'04 may be extracted from a bulk composition giving 8-20% ideal
zirconolite (orange fields with patterns of dashes and crosshairs). Nevertheless, this fraction of
ideal zirconolite must be coupled with other independent endmembers to keep the bulk (Me®" +
Me*)/(Me* + Me®" + Me” " + Ti) ratio equal to 0.25. Therefore, the fraction of ideal zirconolite is
zero if the bulk composition is expressed by means of the ACT-, REE- and Fe’"-bearing linearly

dependent endmembers (patterns in Fig. 8).
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DiscussION

Alpha-decay damage, thermal annealing and characterization by means of X-ray powder
diffraction

The initial XRPD pattern of investigated zirconolite from Hékestad lacked any characteristic
diffraction maxima (Fig. B1 in Appendix B). Such a pattern is symptomatic of a crystal structure
that has been completely damaged by self-irradiation induced by alpha decay of thorium and
uranium incorporated during mineral formation. Based on the measured actinide contents and
approximate geological age of 295 Ma (Dahlgren et al. 1996; Ramo6 and Andersen 2011; our
unpublished data), the accumulated radiation dose is calculated after Holland and Gottfried
(1955), (see also Lumpkin et al. 1997) to achieve values of 1.06-2.48x10'® a-decays/mg in the
Hiakestad zirconolite, 1.77-3.10x10'® a-decays/mg in Agnes zirconolite and 1.05-1.85x10'° a-
decays/mg in the Stélaker zirconolite. Even the lowest of these values exceed the range of c.
0.05-0.90x10'® a-decays/mg at which the crystalline-amorphous transformation of natural as well
as of synthetic, short-lived actinide-doped zirconolite, takes place (Lumpkin et al. 1986; Weber et
al. 1986; Clinard et al. 1991; Lumpkin et al. 1997). Our X-ray powder diffraction data are thus in
agreement with these works. Like this study, Lumpkin et al. (1998) investigated radiation damage
of zirconolite from the LPC, Norway, and reported doses reaching 4.4x10'° a-decays/mg for most
actinide-rich samples, while relics of crystallinity were preserved in some actinide-depleted
samples which absorbed doses as low as c. 0.1x10'° a-decays/mg. Furthermore, some zirconolite
specimens from different and older terranes remained partially crystalline even though they were
exposed to doses exceeding 10'® a-decays/mg, due to long-term thermal annealing (Lumpkin et
al. 1998). However, remarkable structure recovery and substantial increase of critical
amorphization dose associated with such process is relatively moderate in zirconolite younger

than c. 300 Ma (Lumpkin et al. 1998, their Fig. 2). Therefore, long-term thermal annealing is
21
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assumed to be rather ineffective in zirconolite from the LPC, and all samples described in this
study are very likely entirely amorphous.

The experimental annealing between 400 and 800 °C induced recrystallization to a phase with an
X-ray powder diffraction pattern that corresponds to a cubic symmetry, namely the space group
Fm-3m. Very similar results were obtained by Bulakh et al. (1998) after heating metamict
“zirkelite” from Sebl’yavr, Kola Peninsula, Russia at 600-1000 °C. However, goniometric
measurements and stereographic projections of their results confirmed a cubic symmetry and a
space group Fm3m of their cubooctahedral specimens. Their minerals were thus interpreted to
match the cubic zirkelite sensu stricto (Bayliss et al. 1989) at the time of their formation. By
contrast, thorough examination of the morphology of the metamictized zirconolite crystals from
the LPC by means of reflection goniometry (Bragger 1890), as well as more recent examination
of the habits of Stalaker zirconolite (Larsen 2010, see the figure on the page 222) revealed well
developed long prismatic, pyramidal as well as basal pinacoidal faces corresponding to
orthorhombic symmetry. Brogger (1890) obtained an axial ratio a:b:c = 0.712 : 1 : 0.512, which
is in very good agreement with the ratio 0.717 : 1 : 0.515 reported by Mazzi and Munno (1983)
for crystalline zirconolite-30 from Campi Flegrei, Italy.

Nevertheless, metamict zirconolite from Sri Lanka initially recrystallized to a cubic, fluorite-type
structure prior to a second phase transformation into highly twinned monoclinic structural type
intergrown by other polytypes at higher temperature (Lumpkin et al. 1986). In a similar manner,
synthetic, originally monoclinic, Cm-doped self-radiation damaged zirconolite heated at 575-850
°C and gave an X-ray diffraction pattern very similar to the pattern of our cubic phase (Fig. 1b),
while further heating between 900 and 1150 °C restored original monoclinic symmetry (Weber et
al. 1986). Regarding formation of the cubic phase in our experiment, we adopt suggestions of

Lumpkin et al. (1986) and Weber et al. (1986) that amorphous zirconolite initially recrystallizes
22
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to a disordered, defect fluorite structure. Obviously, the empirical observations together with
disagreement between morphology of Norwegian zirconolite and XRPD patterns of the initial
annealed phase clearly indicate that original structural type has not been recovered between 400
and 800 °C.

Rietveld analysis of the XRPD pattern acquired at 900 °C implies that the material recrystallized
to a mixture of two polytypes — an orthorhombic predominating over the trigonal. Twinning of
zirconolite and intergrowths of the different structural polytypes have been observed in both,
synthetic (e.g. White 1984) as well as natural (e.g. Mazzi and Munno 1983; Bellatreccia et al.
2002; Zubkova et al. 2018) zirconolite. Difficulties with a structural description of zirconolite
have been discussed by Bellatreccia et al. (2002) who described an acicular, non-metamict
zirconolite from syenitic ejecta of the Vivo volcanic complex, Italy, interpreted as zirconolite-30
with electron diffraction pattern, however, showing many features consistent with -37 polytype.
Zubkova et al. (2018) observed intergrowths of a crystalline zirconolite-37 and a morphologically
different, acicular zirconolite-30 (stefanweissite according to Chukanov et al. 2019) occurring in
cavities of a nosean syenite in the Laacher See volcano, Germany. The recrystallization of our

studied material highly probably resulted in such kind of intergrowths of the two latter structural

types.

Nevertheless, the thermal annealing experiment on metamict mineral does not prove the original
crystal structure was restored (e.g., Tomasi¢ et al. 2006; Britvin et al. 2019). Careful goniometric
measurements of similar “polymignyte” crystals from the same region by Bregger (1890) and
examination of the habits of the Stilaker zirconolite (Larsen 2010), as described above, strongly

suggests that our studied zirconolite originally crystallized as the orthorhombic polytype. Unlike
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in the case of the intergrowths described from Laacher See, no morphological features

characteristic for a trigonal symmetry has been observed.

Comparison of chemical compositions with other zirconolite occurrences

In contrast to the ideal zirconolite composition, our investigated zirconolite samples are strongly
enriched in REE’s, actinides, Fe as well as in Nb, which matches well with zirconolite-related
minerals from Laacher See (Della Ventura et al. 2000; Chukanov et al. 2018, 2019; Zubkova et
al. 2018). In both of the ternary plots comparing contents of components allocated into M[VIII]
or M[VLV,IV] sites, respectively, our compositions are scattered very close to type
stefanweissite and noggerathite (Fig. 9). The most significant difference regarding chemical
compositions in our samples are the moderate manganese content of up to c. 0.8 wt% MnO, while
zirconolite-related minerals from Laacher See have a high content of 2-9.4 wt% MnO. Despite
the elevated actinide concentrations in zirconolite from the both regions, our samples are of
Permian age and thus completely radiation-damaged (radiation doses >10'® a-decays/mg) unlike
young Quaternary c. 13 ka old (e.g., Bogaard 1995) and fully crystalline minerals (doses of
<2x10'? a-decays/mg; our calculations from the published compositions) from Laacher See. Such
young crystals are favorable for structure refinement by means of single-crystal X-ray diffraction,
based on which Chukanov et al. (2014, 2018, 2019) reported ordering of Nb and Ti octahedral
sites. Although our investigated metamict minerals should be labelled zirconolite (without a
suffix) in accordance with Bayliss et al. (1989), their empirical formulae (as well as the assumed
structure type) correspond well to type stefanweissite or ndoggerathite (in the case of the four most
REE-rich Stélaker compositions giving Xggg = 0.502-0.504, thus REE>Ca). We suggest that

ordering of Ti and Nb could also occur in crystal structures of zirconolite crystals from Larvik
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Plutonic Complex at the time of their formation. If so, zirconolite from Hakestad, Agnes and
Stalaker are essentially identical minerals as the crystalline analogues of ziroconolite-30,
stefanwessite and/or ndggerathite, respectively from Laacher See.

Nevertheless, empirical formula of zirconolite-37 from Laacher See (Zubkova et al. 2018) is very
similar to the formula of type stefanweissite as well as of zirconolite described in this study
(compare the plotted compositions in Fig. 9). The occurrences of zirconolite-37 associated (and
intergrown) with orthorhombic stefanweissite in Laacher See as well as assumed intergrowths of
the both structural types in our thermally annealed material imply that both structural types may

be formed having almost identical composition at identical P-T conditions.

In contrast to the tiny, up to several tens of micrometers long, crystals from Laacher See,
zirconolite from Larvik Plutonic Complex occur as macroscopic crystals, several centimeters in
length.

Apart from the above-mentioned reference specimens from Laacher See, zirconolite from
Schryburt Lake, Canada (Gieré et al. 1998) are characterized by elevated contents of up to c. 21
wt% REE,Oj; as well as up to c. 16 wt% Nb,Os, which are similar to our samples (Fig. 9).

With regard to the chondrite-normalized REE patterns, the preferential incorporation of light to
medium rare earth elements observed in our compositions (Fig. 3) is relatively common. Well-
pronounced patterns of this type were yielded by REE-rich zirconolite originating from sanidinite
from Laacher See, Germany (Della Ventura et al. 2000, Chukanov et al. 2018, 2019) or
carbonatites from Schryburt Lake, Canada or Araxa, Brazil (both reported by Williams and Gieré
1996 and Gieré et al. 1998; see also the bright reference REE pattern in Fig. 3). On the contrary, a
different type of REE pattern with elevated contents of yttrium and heavy rare earth elements

(dark reference REE pattern in Fig. 3) is given by a distinct kind of REE-rich zirconolite. This
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group comprises samples from lunar basalt (Rasmussen et al. 2008), metasomatic fracture fillings
from Koberg Mine, Sweden (Zakrzewski et al. 1992), a marble skarn from Bergell, Switzerland
(Gieré 1986; Williams and Gieré¢ 1988), a sapphirine granulite from Vestfold Hills, Antarctica
(Harley 1994), a nepheline syenite from Tchivira, Angola (Williams and Gieré 1996), a gabbro
pegmatite from St. Kilda, Scotland (Harding et al. 1982) and an alkaline metasomatite from

Dmitrovka, Ukrainian Shield (Sharygin 2014).

Relationships among Hakestad-type mode, stefanweissite and noggerathite within the
composition space (Ca,REE),Zr(Ti,Me**)s(Me*)O14

We suggested above that our observed compositions as well as compositions of type
stefanweissite (and noggerathite) can be approximated by involvement of the intermediate
endmember CaREEZr,Ti-Me’'Me*"Oy4, which is supported by the projection of these
compositions into ternary plots in Figs. 9 and 10. If such endmember is mixed with the ideal
laachite formula, Ca,Zr,Me ", TiMe* 0,4, resultant compositions show predominance of Ca over
REE and Nb may still prevail over Ti in only one octahedral site at a certain range of mixing
ratios, thus agreeing with the definition of stefanweissite. It is noteworthy, that slight distortion of
a crystal structure should occur between laachite and stefanweissite compositions. Although both
minerals are analogs of zirconolite-30, the former is monoclinic (pseudo-orthorhombic, =
90.072°), while the latter is orthorhombic (Chukanov et al. 2014, 2019).

On the other hand, to get compositions with REE>Ca, the composition space must be extended
towards Ca-free, REE-bearing terminal composition. Regarding a simplified subspace
(Ca,REE)Zr,(Ti,Me’")3sMe* 0,4, the only possibility is to lengthen the substitution vector REE +
Ti = Ca + Nb from laachite via the intermediate CaREE-member towards REE,Zr,TisMe> O 4

(Fig. 10). The higher Ti/Me”" ratio observed in type ndggerathite compared to type stefanweissite
26
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agrees with this substitution vector. Given that the compositions of ideal laachite (note that type
laachite composition remarkably deviates from the ideal) and type stefanweissite and
ndggerathite are approximately colinear in ternary plots in Figs. 9 and 10, the suggested colinear
endmember series model nicely approximates the relationships among these 3 minerals.

In actuality, type (and co-type) ndggerathite compositions from Chukanov et al. (2018) defined as
REE-dominant are rather close to the intermediate endmember, CaREEZrzTizMeS+Mez+Ol4, and
slightly differ from type stefanweissite (see their Fig. 6 and our Figs. 9, 10; The positions of the
plotted points somewhat differ between their projections and ours). In their ternary plot, the cited
authors neglected a significant fraction of Mn allocated into the M[VIII] site according to their
structural model, while we added this fraction of Mn to divalent Ca. We suggest that instead of
using the dominant constituent rule, the difference between type noggerathite and stefanweissite
could be more convincingly demonstrated using an extension of the dominant valency rule after
Bosi et al. (2019). As the type noggerathite is enriched in actinides, the root-charge arrangement
(M*"),Zr,TisFe* 014 predominates over (M”"),Zr,Nb,TiFe*'Oy4 in the mineral if the CaACT
configuration is considered (along with REE,) to represent (M>"), (see Bosi et al. 2019).

Obviously, compositions of the Ca,Zr,Me’,TiMe” 014 — REE,Zr, TisMe* ‘O series approaching
the latter endmember break the definition of “Nb prevailing in one octahedral site” despite being
REE-dominant and thus can not be classified as ndggerathite. Although the zirconolite
endmember REE,Zr,TizMe? 014 has not been described yet, similar, or related compositions have
been published (Fig. 9). The closest of them is likely the composition of zirconolite from
Dmitrovka metasomatite, Ukrainian Shield, reported by Sharygin (2014) and characterized by
formula (after recalculation per 14 O): Y1,4HREEO,4Ca0,2Zr2Ti2,6Nb0.4Mn0.6Fez+0.4O14, (actually
with Mn>Fe). Existence of this previously unrecognized endmember is also strongly supported

by compositions of lunar zirconolite described by Brown et al. (1972), Busche et al. (1972),
27
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Roedder and Weiblen (1973), Wark et al. (1973), Meyer and Boctor (1974) and tabled by
Williams and Gieré (1996) and those by Rasmussen et al. (2008), (Fig. 9). The fact that ferric
iron was not detected in lunar rocks (e.g., Herzenberg and Riley 1970, Wadhwa 2008) indicates
the REE-rich and Nb-poor compositions cannot be explained in terms of endmembers suggested
by Gieré¢ et al. (1998) as their only REE- and Ti- dominated endmember (REEQZrzTizMe3+2014)
contains trivalent Fe. Further occurrences of zirconolite containing high amounts of the
REE,Zr,TizMe? 014 endmember, as obvious from Fig. 9, are the nepheline syenite from Tchivira,
Angola (Williams and Gieré 1996), the sapphirine granulite from Vestfold Hills, Antarctica
(Harley 1994) and the gabbro pegmatite from St. Kilda, Scotland (Harding et al. 1982). It should
be noted that these zirconolite samples are characterized by preferential incorporation of yttrium
and heavy rare earth elements (Fig. 3). Unlike its Nb- (and possibly Ca-) enriched analogs,
crystal-chemical configuration of REE,Zr,TisMe> 0,4 thus seems to be favorable for enrichment

in heavy REE.

Relevance of an extended composition space (Ca,REE,ACT),Zr,(Ti,Me®")s(Me**, Me**)O14

Projections of our compositions from Hakestad and Agnes in the Ti— (Me*" + Me’")-Me’" ternary
plot (Fig. 9b) are nearly colinear with points representing endmember series
Ca,ZroMe ", TiMe* 014 — REE,Zr,TisMe*" 04 mentioned earlier in the text. All of the
compositions are plotted between Me” ", Ti(Me*" ,Me"), and Tiz(Me*",Me*") line segments in
Figs. 9, 10. In contrast to the mentioned model endmembers, our natural compositions show
significant and somewhat variable contents of actinides and trivalent iron. As shown above, this
compositional behavior can be simulated by coupling of the corresponding ACT- and Me®*-
bearing endmembers of Gieré et al. (1998) with ideal zirconolite. It provides clear evidence of

involvement of ACT- and Me’- bearing analogs of the endmembers from the subspace
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(Ca,REE),Zr»(Ti,Me’")sMe*" 04 Such analogs could be characterized by the following chemical
formulae (Fig. 10): CaACTZrzTi3M62+Ol4, CaQZrzTizMeS+Me3+Ol4, CaREEZrzTi3Me3+Ol4.

In fact, a large number of c. 450 published natural zirconolite compositions cluster around the
Me™",Ti(Me*",Me*")-Tis(Me*",Me’") line segment in the Ti— (Me**+Me* )-Me’" ternary plot
(Figs. 9, 10), implying that the modified endmember scheme could be compatible with many

natural zirconolite compositions.

Iron oxidation state and its relationship to other composition variables

Our presented data yield a good agreement between the oxidation state of iron determined using
Mossbauer spectroscopy and charge-balance-based calculations. It implies that the latter indirect
quantification may give meaningful values.

Zirconolite from Schryburt Lake, Canada (Gieré et al. 1998) shows wide ranges of Xgpr and
Xmes+, and relatively low actinide contents (Fig. 9a). In addition, like the compositions described
above, compositions from Schryburt Lake cluster around the Me " Ti(Me* ,Me’")-
Tis(Me*" Me™) line segment in the Ti—(Me*+Me’")-Me’" ternary plot (Fig. 9b). Such
compositional behavior could be represented by a simplified, actinide-free composition subspace
(Ca,REE),Zr»(Ti,Me’")3(Me*",Me’ )04 constrained by the endmember set from the two previous
sections. Thus, there should be a clear relationship among the composition variables Xgrgg, Xmes+
and oxidation state of iron, Xge3+, or rather Xyez+ = (Me3+)/(Me3+ + Mez+). In other words, Xgreg
and Xyes+ values should span a constrained field in a corresponding binary plot and provide an
independent estimate of X3+ (although Xpes+ and Xwes+ are mostly equal, they may differ in
Mg-, Mn-, or Al-enriched compositions, respectively). The relationship is as follows:

Xmez+=2 - 2 Xgeg - 3 Xmes+ (1)
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As seen in Fig. 9b, numerous compositions of zirconolite worldwide are shifted towards the
vertex Ti (i.e. contain < 1 Me*™ + Me®" atom per 14 O) compared to Schryburt Lake zirconolite.
We assume that in most cases, this is due to the involvement of uncoupled ideal zirconolite in the
solid solution. Moreover, Fig. 9a shows that a large number of REE-enriched compositions
contain significant amounts of actinides. Therefore, participation of CaACTZr,TisMe* 04
showing the same root-charge arrangement as REEQZrzTi3M62+Ol4 (and thus plotted in the same
point in Fig. 11a) is considered. The improved calculation regarding participation of the two
additional endmembers becomes (see Appendix C for details of the approach):

Xmez+= 2 - 2Xrees - 3Xmes++ (2)

where the modified variables (with asterisk) are defined as follows:

(REE+2ACT)

X = 3

REE* ™ |REE+ACT+Ca—2X4] 3)

Me5+

Xogost, = ——ae ™ 4

Me " T [MeS+4+Ti-4X,4] )
X, = 4(Ti+Me>1) (5)

ld ™ (Me2t+Me3*+MeS++Ti)

To test the suggested relationship, Eq. 2 was solved for zirconolite compositions from 7
occurrences worldwide (109 analyses), all of which contain approximately 1 atom Me®" + Me®"
per 14 O. The results were compared with Xpyes+ obtained from the charge-balanced
stoichiometric formulae (based on 8 cations and 14 oxygens). The following zirconolite
occurrences were used in this test: Schryburt Lake, Canada (Williams and Gieré 1996; Gieré et
al. 1998), Kovdor, Russia (Williams 1996; Williams and Gieré 1996; Wu et al. 2010); Evate,
Mozambique (Hurai et al. 2018); Vestfold Hills, Antarctica (Harley 1994); Tchivira, Angola
(Williams and Gieré 1996); Koberg, Sweden (Zakrzewski et al. 1992; Williams and Gieré 1996);

Malawi (Platt et al. 1987; Williams and Gieré 1996).
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As demonstrated in Figure 11b, X3+ values determined from Eq. 2 agree well with the charge-
balance-based X3+ values, even though both are indirect and mutually independent estimates
rather than originating from instrumental measurements of iron oxidation state. It should be
noted, that Gieré et al. (1998) assumed zirconolite from Schryburt Lake to be dominated by
trivalent iron based on strong negative correlations between REE vs. Ca and between Ti vs. Me” ™.
Regarding their set of endmembers, this could only be explained by substitution #22 (Ca + Me’”
= REE + Ti) between two ferric-iron-bearing endmembers, CazZrzMe5 +2M63+2014 and
REE,Zr,Ti,Me* 0,4 (see their Fig. 3). Nevertheless, our calculation shows that these
compositions are plotted in the ferrous-iron-dominated part of the diagram in Fig. 11a, and may
be expressed through participation of three major endmembers, e.g. CayZr,Me’ >TiMe* Oy,
REE,Zr,TizMe* 0,4 and CaREEZr,TisMe’ 0,4 marked with L, IIL, IV. in the plot (accompanied
by small amounts of CaACTZr,TizMe*"Oy4 and uncoupled ideal zirconolite). The calculated
Xmes+ values are in perfect agreement with X3+ obtained from charge-balanced formulae (Fig.
11a, b). Although our explanation validates the major role of substitution #22 (Ca + Nb = REE +
Ti) as seen in Fig. 11a, we oppose the conclusion of Gieré¢ et al. (1998) that this mechanism

operates between two ferric iron-bearing endmembers as predominant constituents.

Relationship of Xge3+ in zirconolite to redox conditions during crystallization

Our studied zirconolite yields moderate Xpe3+ values below c. 0.2. The redox conditions during
the crystallization of larvikite in the host complex were buffered by silicate melt, Fe-Ti oxides
and mafic silicates to approximately one log(fo,) unit below the QFM (quartz — fayalite —
magnetite) buffer (Neumann 1976). The associated zirconolite-bearing alkaline pegmatites are
assumed to show comparable redox conditions (Andersen et al., 2013). Similar Xge3+ values

below c. 0.1 were given by stoichiometric, charge-balanced formulae of zirconolite from
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chromites in the Finero Complex, Italy (Zaccarini et al., 2004), in which the mineral is
genetically related to olivine — spinel symplectites giving log(fo,) values between QFM-3.2 and
QFM+1.8.

However, oxidation state of iron in zirconolite can vary from purely ferrous to purely ferric, as
obvious from Figure 11. On the one hand, the former sort of zirconolite may crystallize in
strongly reducing conditions such as lunar basalts, where iron occurs solely in metallic or
divalent form (Herzenberg and Riley 1970, Wadhwa 2008). These extraterrestrial rocks show
oxygen fugacity values equal or below the IW (iron — wiistite) buffer, 1.e. c. 4 to 6 orders of
magnitude below the QFM buffer (e.g. Wadhwa 2008 and references therein). By contrast,
Carlier and Lorand (2008) reported ferric zirconolite (giving Xges+ values of c. 1 based on charge-
balanced stoichiometric formulae) associated with hematite in groundmass. The host potassic
kersantite in Oroscocha Quaternary Volcano, Peru, underwent drastic late-magmatic oxidation,
during which log(fo,) increased from QFM-1 to QFM+5, above the HM (hematite — magnetite)
buffer. Furthermore, ferric-iron-dominated zirconolite was described by Hurai et al. (2018) from
the Evate apatite deposit, Mozambique, where the oxidation event is assumed to correlate with
infiltration of oxidizing, hematite-buffered, sulfate-rich brines, the remnants of which are
preserved as fluid inclusions in apatite. Occurrences of zirconolite in such distinct geological

environments imply that the mineral may crystallize in a very wide range of redox conditions.

Necessary extension of zirconolite composition space

The composition space as defined by Gieré et al. (1998) is insufficient to describe compositions
outside the triangle outlined by points II., IV., and V. in the plot in Fig. 11a. Obviously, all
published compositions of zirconolite from Kovdor, Kola Peninsula (Williams and Gieré 1996),

compositions approaching laachite, Ca,Zr,Me’",TiMe*"Oy4 (mark 1.), or the new endmember
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revealed in this study, REE,Zr,TizMe* 014 (mark III.), could not be projected in the original
composition space. However, the set of 5 linearly independent endmembers from Gieré et al.
(1998) is meaningful and satisfactory. The modified (and extended) reciprocal composition
subspace (e.g., Dolivo-Dobrovol 'sky 2010) suggested in this study can be described by linear
combination of the members of this basic set, but subtraction, not considered by Gieré et al.
(1998), must be involved in these operations. The following linear algebraic expressions

demonstrate the relationship between the two sets of endmembers:

1 0 0 0 0 o[ C3ZrMe*TiMe® 01, 1 05 05 o —05 05
01 0 0 0 0| |CaREEZr,Ti;Me>*Me**Oyy| |05 05 0 0 0
001000 REE,Zr,TisMe**0y4 | _|05 05 0 05 —05|,
0 001 00O CaACTZr,TizMe?*0,, 05 0 05 0 0
0 000 1O CaREEZr,Ti;Me3*0,, 05 0 0 05 0
0.0 0 0 0 | ¢ 70 Ti MeS*tMe3*0,, | 05 0 0 0 05
Ca,Zr,Tiy044 1
REE,Zr,Me3*Me2*0,,
ACT,Zr,Ti,Me3*0,, (6)
REE,Zr,Ti,Me3*0,,
| Ca,Zr,MeS*Me3+0,, |

IMPLICATIONS
Natural zirconolite is an example of a complex mineral composed of a high number of chemical
constituents (24 elements were detected by EPM analyses in our study) occupying several distinct
crystallographic sites. The corresponding composition space may be simplified, and the number
of chemical constituents reduced by grouping of elements based on their valences and affinities
for the given crystallographic sites (e.g., Gieré et al. 1998). Despite this, the involvement of about
5 or more major endmembers in such a solid solution gives a set of about 10 or more basic

substitution vectors to be regarded during a statistical analysis performed to describe the
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substitutional behavior. However, participation of any of these vectors is inferred from an even
higher number of binary (constituent-constituent pair) relationships (see e.g., correlation matrices
in Tabs. Al to A9 in Gieré et al. 1998). Moreover, identification of the basic vectors alone is
insufficient for a quantitative description of a compositional behavior of a zoned mineral grain or
a mineral population, respectively. Instead, the compositional variability may be, in many cases,
unequivocally and simply characterized by a single, composite, general vector, which results
from a linear combination of the several basic vectors. The mixing of several endmembers may
be alternatively expressed as a binary mixing between two terminal (and hypothetical)
compositions situated at the edges (i.e. where content of at least one constituent drops to zero) in
the composition space as shown in the cases above. Thus, they are called edgemembers in our
study. Unlike endmembers, the edgemember compositions are only meaningful for a distinct
characteristic trend of a mineral population or a zoned mineral. Nevertheless, the general
substitution vector may be very simply obtained from the difference between the pair of
edgemembers. Therefore, identification of this pair provides a simple and fully quantitative
description of the compositional behavior. Obviously, this concept is not restricted to the study of
zirconolite and may be applied to other complex solid solutions.

Despite the remarkable compositional variability of natural zirconolite, the content of Zr is
relatively regular and somewhat uncommonly deviates from c. 2 atoms per 14 O. Therefore, the
set of zirconolite endmembers suggested in this study, like the endmember set of Gieré et al.
(1998), does not consider Zr to enter sites other than M[VII] or be substituted by other elements
in significant amounts, as a reasonable approximation. In addition, both approaches regard
chemical composition and empirical allocation of the participating elements into nominally Ca-
and Ti-bearing sites (Gieré et al. 1998), respectively, rather than detailed structural refinement

(e.g., Chukanov et al. 2014, 2018, 2019). Such detailed structural data can hardly be refined for
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most natural zirconolites. In particular, distribution of elements among the distinct octahedral, or
split sites, all of which are nominally Ti-bearing, is highly uncertain, and thus not regarded.

In contrast to the composition space constrained by Gieré et al. (1998), the extended composition
space  suggested in our study comprises compositions approaching laachite,
CayZr,Me” ", TiMe* 04 (Chukanov et al. 2014) and REE,Zr,TisMe* 04, respectively. Obviously,
the common substitution vector Ca + Nb = REE + Ti that is observed by Gieré et al. (1998), i.e.
their vector #22, operates between these two endmembers (Figs. 9b, 10b, 11a). Therefore, this
relationship does not necessarily indicate ferric-iron-bearing compositions (i.e. mixing of
CaZr,Me’ ,Me’ 5014 and REE,Zr,TipMe’,0,4), as the authors assumed (compare their
interpretation of samples from Schryburt Lake, Kovdor and lunar basalts with our Figs. 9, 11).
Furthermore, compositions of two analogs of zirconolite-30: stefanweissite and ndggerathite
agree with the scheme suggested in this study.

Based on these conclusions, we suggest a new scheme, comprising Ca,Zr,Me” > TiMe* 014 —
REE,Zr,TisMe* 014 — CaACTZr,TisMe* Oy4 — CaREEZr,TisMe’ 014 — CayZr, TioMe’ Me® Oy
and ideal zirconolite, Ca,Zr,Ti4014, to be well representative of zirconolite containing c. 2 atoms
of Zr and Me*" + Me®" totaling <1 atom per 14 O, which is fulfilled by most natural zirconolite
compositions (Figs. 9b, 10b). In addition, the suggested endmembers are closely approached by
natural zirconolite compositions, unlike endmembers of Gieré et al. (1998), which are
hypothetical and never closely approached by natural zirconolite. On the other hand, limited
participation of the endmembers of Gieré et al. (1998) is observed in less common cases, in
which the Me*" + Me®” sum exceeds unity (e.g. zirconolite from Stilaker described in this study).
In such cases, endmembers from both sets may mix with each other but the ideal zirconolite

formula is not involved.
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The significance of the suggested scheme is strongly supported by the method successfully
relating Xyes+ to other composition variables. As discussed above, the parameter X3+ is closely
related to Xpe3+ and thus to iron oxidation state. In natural zirconolite, the Xp.3+ value may range
between 0 and 1 and very likely reflects the redox conditions of the host environment during
crystallization which may vary from strongly reducing to strongly oxidizing as shown above. We
suggest that the new method of independent estimation of Xg.3+ as well as the improved
knowledge of zirconolite mixing properties raise the potential of zirconolite as an indicator of

redox conditions during crystallization of a host rock.
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LIST OF FIGURE CAPTIONS
Figure 1. X-ray powder diffraction patterns of thermally annealed zirconolite from the LPC and
Rietveld refinement of the data. (a) Pattern of zirconolite annealed at 800 °C. Rietveld refinement
is based on a structural model of a cubic ZrO, (labeled cub; Wyckoff 1963). (b) Pattern of

zirconolite annealed at 900 °C. Rietveld refinement is based on structural models of
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stefanweissite (labeled 30; Chukanov et al. 2019) and zirconolite-37 (labeled 3T; Zubkova et al.
2018). Weight fractions of 0.612(4) and 0.388(5) are obtained for the two phases.

Figure 2. BSE images of zirconolite from the LPC. (a) Zirconolite from the Hakestad quarry.
Simple magmatic zoning (if it occurs) may be visible in the BSE image. (b) Zirconolite from
Agnes. Significant patchy zoning reflects contents of Th and U (higher contents in brighter
zones).

Figure 3. Chondrite-normalized REE pattern of zirconolite from the LPC. Chondrite composition
was adopted from McDonough and Sun (1995). The reference pattern of LREE-rich zirconolite
was compiled with data from Williams and Gieré (1996) and that of HREE-enriched zirconolite
was compiled with data from Williams and Gieré (1988), Harley (1994) and Rasmussen et al.
(2008). See text for detailed description.

Figure 4. Diagrams showing compositional trends observed in zirconolite from the LPC. (a) Plot
showing negative correlation between Ti and Nb. (b) Plot showing relationships among
compositional variables Xgrggp, Xmes+ and actinide content. See text for explanation of the
variables.

Figure 5. Ternary plots depicting chemical composition of zirconolite from the LPC. (a) Ca —
ACT — REE plot involving elements assumed to occupy M[VIII] site. The relationship of
compositional variable Xyes+ to these components is demonstrated using a color scale. (b) Ti —
(Me”™" + Me’") — Me’" plot involving elements assumed to occupy the M[VI,V,IV] sites. The
relationship of ACT content to these components is demonstrated using a color scale.

Figure 6. Diagrams showing the compositional trends as a function of increasing ACT content.
The compositional behavior is simulated by introduction of so called “edgemembers” (triangles).
The dashed lines correspond to general vectors determined from the observed trends. See text for

description of the approach.
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Figure 7. Simulation of the observed data from Figs. 4b, 5 is based on 2-component mixing of
two edgemembers (Fig. 6). Edgemembers A of both observed modes are close to endmember
series Ca,Zr,Me”,TiMe* 014 — CaREEZr,Ti;Me’"Me* 0,4 — REE,Zr,TisMe> 0,4 (projected as
filled circles in c). See text for description of the approach.

Figure 8. Quantitative model of involved endmember fractions (y axis) as a function of mixing
ratio of edgemember B (primary x axis) or ACT content (secondary x axis). (a) Hékestad-type
compositional trend. Note the coupling of linearly independent endmembers from the set by
Gieré et al. (1998) (blue, green and vyellow fields) providing a constant ratio of
(Me* +Me’")/(Me* +Me* +Ti+Me ) = 0.25. Alternatively, the set of linearly dependent
endmembers (patterns) may be involved to describe such behavior. (b) Stalaker-type
compositional trend. Note lack of the coupling in this mode.

Figure 9. Compositions of zirconolite from the LPC projected in the ternary plots involving
elements assumed to occupy the M[VIII] (a) and M[VLV,IV] (b) sites, respectively, and their
comparison with other occurrences worldwide. The Ca vertex represents Ca + ""Mn in the
cases of laachite, stefanweissite, noggerathite and zirconolite-37 from Laacher See considering
structural models of Chukanov et al. (2014, 2018, 2019) and Zubkova et al. (2018).

Figure 10. The linearly dependent endmembers suggested in this study (black filled circles,
labels in bold) projected in the ternary plots involving elements assumed to occupy the M[VIII]
(a) and M[VLV,IV] (b) sites, respectively. About 450 published zirconolite compositions
worldwide are projected for comparison (gray filled circles). Projections of the endmembers from
the set by Gieré et al. (1998) are also shown (open circles, labels in plain).

Figure 11. (a) A diagram showing the relationships among the compositional variables Xggg+,
Xmes++ and Xyes+ (color scale) for zirconolite from 7 localities worldwide (109 analyses) showing

(Me*™ + Me®")/(Me*" + Me>™ + Ti + Me™) = 0.25. The color of every point corresponds to charge-
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1106  balance-based X3+, while the color isopleths are calculated from Eq. 2. (b) A diagram
1107  comparing the Xyes+ values obtained from the charge-balanced stoichiometric zirconolite
1108  formulae and X3+ calculated from Eq. 2, respectively. The same compositions as shown in (a)

1109  are plotted. Coefficient of determination: R* = 0.9.
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Table 1.Representative electron microprobe analyses (wt%) and formulae of zirconolite from LPC.

Hakestad Hakestad Hakestad Agnes Agnes Agnes Stalaker Stalaker Stalaker
Anal. num. 29./3 15/2. 21/2. 39./3 32./3 37./3 1./3. 10./3 7./3.
Nb20s 17.25 13.71 12.47 15.11 12.87 11.33 15.46 15.26 14.48
Taz0s 1.04 1.10 1.06 0.81 0.84 1.02 0.86 0.98 1.23
SiO2 0.00 0.00 0.00 0.09 0.08 0.11 0.13 0.10 0.07
TiO2 17.43 20.14 20.87 18.59 20.77 20.56 17.29 17.48 17.34
ZrQ, 27.37 28.05 28.15 27.81 27.95 28.01 27.36 27.01 27.13
HfO, 0.40 0.24 0.23 0.58 0.42 0.40 0.47 0.48 0.43
ThO2 2.55 4.32 4.84 3.09 3.94 5.20 2.91 3.16 3.47
uo, 0.65 1.39 1.79 1.38 1.62 2.46 0.81 0.97 1.36
Y203 1.44 1.39 1.45 1.38 1.55 1.80 1.96 1.97 2.14
Laz05 1.60 1.14 1.03 1.85 1.28 0.94 1.94 1.73 1.47
Cez03 6.57 5.05 4.37 5.38 5.28 4.76 7.25 7.13 6.59
Pr20; 0.60 0.69 0.64 0.66 0.70 0.74 0.95 0.87 1.00
Nd20s3 217 2.81 2.86 2.1 2.61 2.96 2.83 2.92 3.58
Sm20s 0.37 0.51 0.59 0.40 0.54 0.60 0.48 0.49 0.65
Gd,03 0.32 0.33 0.45 0.28 0.39 0.46 0.37 0.47 0.45
Dy203 0.24 0.29 0.37 0.16 0.24 0.35 0.36 0.26 0.44
Er,0; 0.14 0.18 0.19 0.13 0.16 0.20 0.21 0.18 0.25
Yb203 0.13 0.18 0.22 0.25 0.20 0.05 0.15 0.23 0.23
MgO 0.06 0.16 0.15 0.07 0.12 0.21 0.14 0.16 0.20
Cca0o 7.60 7.25 7.1 7.85 7.23 6.53 6.60 6.31 5.90
MnO 0.88 0.66 0.61 0.72 0.61 0.54 0.64 0.68 0.64
FeO* 8.32 8.43 8.49 8.17 8.16 8.15 8.78 8.66 8.85
PbO 0.11 0.17 0.22 0.15 0.18 0.18 0.14 0.16 0.17
Total 97.24 98.19 98.16 97.02 97.74 97.56 98.09 97.66 98.07
REE 03 13.58 12.57 12.17 12.60 12.95 12.86 16.50 16.25 16.80
Formulae on the basis of 8 cations and 14 oxygens
Th 0.082 0.138 0.154 0.100 0.126 0.168 0.094 0.104 0.114
u 0.020 0.044 0.056 0.044 0.050 0.078 0.026 0.030 0.044
Y 0.108 0.104 0.108 0.104 0.116 0.136 0.148 0.150 0.164
La 0.084 0.058 0.054 0.096 0.066 0.050 0.102 0.092 0.078
Ce 0.340 0.258 0.224 0.278 0.272 0.248 0.378 0.374 0.348
Pr 0.030 0.036 0.032 0.034 0.036 0.038 0.050 0.046 0.052
Sm 0.018 0.024 0.028 0.020 0.026 0.030 0.024 0.024 0.032
Nd 0.110 0.140 0.144 0.106 0.130 0.150 0.144 0.150 0.184
Gd 0.016 0.016 0.020 0.014 0.018 0.022 0.018 0.022 0.022
Dy 0.010 0.014 0.016 0.008 0.010 0.016 0.016 0.012 0.020
Er 0.006 0.008 0.008 0.006 0.008 0.008 0.010 0.008 0.012
Yb 0.006 0.008 0.010 0.010 0.008 0.002 0.006 0.010 0.010
Ca 1.154 1.088 1.068 1.188 1.088 0.998 1.008 0.970 0.912
Pb 0.004 0.006 0.008 0.006 0.006 0.006 0.006 0.006 0.006
sSMIVII] 1.988 1.942 1.930 2.014 1.960 1.950 2.030 1.998 1.998
ACT 0.106 0.188 0.218 0.150 0.182 0.252 0.126 0.140 0.164
REE 0.728 0.666 0.644 0.676 0.690 0.700 0.896 0.888 0.922
Zr 1.890 1.916 1.926 1.916 1.914 1.950 1.900 1.892 1.908
Hf 0.016 0.010 0.010 0.024 0.016 0.016 0.020 0.020 0.018
Mn 0.106 0.078 0.072 0.086 0.072 0.066 0.078 0.082 0.078
SMVII] 2.012 2.004 2.008 2.026 2.002 2.032 1.998 1.994 2.004
Nb 1.104 0.868 0.790 0.964 0.816 0.732 0.996 0.990 0.944
Ta 0.040 0.042 0.040 0.032 0.032 0.040 0.034 0.038 0.048
Si 0.000 0.000 0.000 0.012 0.012 0.016 0.018 0.014 0.010
Ti 1.856 2122 2.202 1.974 2.194 2.208 1.852 1.888 1.882
Fed* 0.106 0.146 0.168 0.200 0.142 0.110 0.198 0.128 0.148
Mg 0.012 0.034 0.032 0.014 0.026 0.044 0.030 0.034 0.044
Fe2* 0.878 0.842 0.828 0.766 0.816 0.864 0.848 0.912 0.920
SMIVLV,IV] 3.996 4.054 4.060 3.962 4.038 4.014 3.976 4.004 3.996
Fe ot 0.984 0.988 0.996 0.966 0.958 0.974 1.046 1.040 1.068
o* 14.000 14.000 14.000 14.000 14.000 14.000 14.000 14.000 14.000
scations 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000

Note: FeO* represents hypothetical FeO equivalent to measured Fe
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