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abStRact

The chevkinite-group minerals (CGM) are dominantly monoclinic REE-Ti-Fe sorosilicates [(REE, 
Ca)4Fe2+(Fe2+,Fe3+,Ti)2Ti2(Si2O7)2O8)], with REE2O3 contents up to ~50 wt%, but members with pre-
dominant Mg, Al, Mn, Cr, Sr, or Zr in one of the cation sites are also known. Twelve members have 
been approved by the Commission of New Minerals, Nomenclature and Classification International 
Mineralogical Association (CNMNC-IMA) but more will undoubtedly be identified. Minerals of the 
group are known from hundreds of terrestrial localities and have also been recorded in lunar and mar-
tian rocks. The main occurrences are in igneous rocks ranging from diamond in kimberlites through 
mafic and intermediate lithologies to metaluminous and peralkaline felsic rocks. They also occur in 
metamorphic rocks, including granulites, metacarbonates, and jadeitites, and in metasomatic rocks, 
such as skarns and fenites, and in rare-metal deposits. Chevkinite-group minerals may form over the 
pressure range 50 to <10 kbar, and over a wide temperature range. Their formation appears to be 
relatively insensitive to PH2O and fO2. 

The stability of CGM vis-à-vis other REE-Ti-bearing accessories is poorly understood. They are 
often the major carriers of REE and actinides, and they have a high potential for fractionating the 
light lanthanides and Th from U. Very little systematic work has been done in determining CGM-melt 
partition coefficients, yet such data are critical in, inter alia, geochemical modeling. Similarly, CGM 
are amenable to geochronology due to their high Th abundances, commonly at the several percent 
level. In common with other REE-bearing accessories, CGM are prone to alteration by hydrothermal 
fluids. The nature and extent of the alteration are primarily determined by the composition of the fluids. 
Fluids poor in ligands tend to generate a Ti-enriched phase whose nature is unknown but is probably 
amorphous. With increasing F + CO2 levels, complex replacement assemblages are formed, usually in 
more than one step. Although observational evidence of the effects of alteration and element mobility 
is accumulating and chemical equations can be constructed to approximate the reactions, there is still 
no firm geochemical basis for understanding element redistribution during these processes.

Keywords: Chevkinite-group, structure, composition, occurrence, alteration, petrogenetic 
significance

intRoduction

The minerals of the chevkinite group are commonly regarded 
as rare accessory phases. Why, then, do they merit a review?

(1) Chevkinite-group minerals (CGM) occur in a very wide 
range of crustal environments, including igneous lithologies 
ranging from mafic to felsic, granulites and gneisses, hydrother-
mal and pegmatitic rocks, and skarns and ore deposits. Members 
of the group are known from hundreds of localities worldwide 
and hundreds more undoubtedly remain to be documented. 
Occurrences in mantle rocks have been reported and the group 
has also gone extraterrestrial: a CGM has been found in lunar 
basalts (Muhling et al. 2014), and Liu and Ma (2015) and Liu 
et al. (2015, 2016) reported two chevkinite group members in a 
benmoreite/trachyandesite clast in a martian breccia meteorite.

While CGM are, in many cases, a minor component of their 

host rocks, in other cases they are relatively abundant. For ex-
ample, Vlach and Gualda (2007) found CGM to be the dominant 
rare earth element (REE)-bearing phase in several A-type granite 
intrusions of the Graciosa Province, Brazil, and Macdonald et al. 
(2013) reported CGM as the most important REE-bearing phases 
in many Paleogene granites of the Scottish and Northern Irish 
sections of the North Atlantic Igneous Superprovince. Padilla 
and Gualda (2016) recorded that of the accessory minerals in the 
rhyolitic Peach Spring Tuff, southwest U.S.A. (titanite, chevki-
nite, zircon, and apatite), chevkinite played the dominant role in 
the partitioning of the light rare-earth elements (LREE: La-Sm). 
In contrast to those examples, CGM are apparently not present 
in the numerous major REE-deposits of Australia, according to 
the compilation of Hoatson et al. (2011).

(2) A total of 55 elements have been recorded in CGM, in 
amounts ranging from parts per million to tens of weight percent; 
for comparison, the total is slightly more than the 52 recorded 
in the apatite supergroup by Hughes and Rakovan (2015). There 
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is, therefore, considerable compositional diversity, resulting in 
many substitution schemes and structural varieties.

(3) The range of host lithologies attests to the remarkable 
range of temperature and pressure conditions under which the 
CGM may form. A CGM found as inclusions in diamond in a 
kimberlite at Ranch River, Zimbabwe, grew under mantle P-T 
conditions (Kopylova et al. 1997a, 1997b). No robust estimates of 
the lower temperature conditions of natural CGM crystallization 
have been made, but their occurrence in amygdales in lavas and 
miarolitic cavities in intrusions points to temperatures perhaps 
as low as 350 °C at very low pressures.

(4) Like many REE-bearing accessory minerals, CGM are 
prone to metasomatic alteration, which is the introduction and/or 
removal of chemical components through the interaction of the 
host rock with fluids. With REE2O3 contents up to ~50 wt% and 
lesser, but significant, abundances of the high field strength ele-
ments (HFSE) and actinides, they can contribute to significant 
element mobility during metasomatism and ultimately to the 
origin of rare-metal ore deposits.

(5) As a result of their high Th concentrations, there is con-
siderable potential for the CGM to be used in geochronology. 
Vasquez (2008) showed that for young chevkinite (<350 ka), 
the compositional variations in single crystals could be linked to 
absolute age through 238U- and 230Th-dating via ion microprobe 
analysis. An advantage is the slow diffusion rates for Th and U 
in comparison with other large cations, estimated as 10-27 and 
10-28 m2/s, respectively (Vasquez et al. 2014), which means that 
CGM dates derived from 238U-230Th disequilibrium are likely to 
be crystallization rather than cooling ages.

(6) Where CGM occur as phenocrysts in volcanic rocks or 
as early crystallizing phases in plutonic rocks, they can have an 
important influence on trace-element partitioning between melt 
and crystals and thus on melt fractionation paths (Green and 
Pearson 1988). As noted below, a few studies have determined 
melt/crystal partition coefficients, but little is yet known about 
how the partitioning varies with bulk-rock composition, P, T, 
and fluid composition. Chevkinite-group minerals may also 
act as refractory phases during partial melting of crustal rocks 
and retain the REE, HFSE, and actinides that might otherwise 
be removed in a melt or fluid phase (Green and Pearson 1988).

(7) The last three decades have seen an exponential increase 
in the use of REE in diverse aspects of modern technology, such 
as in permanent magnets for vehicle motors and wind genera-
tion, high-density batteries, phosphors for screens and lighting, 
and medical image contrast media (e.g., Haque et al. 2014; 
Dickson 2015). This greatly increased use, coupled with the near 
monopoly on REE production held by the People’s Republic 
of China, has led to much REE exploration worldwide. For 
example, Canada wanted to have 20% of the global REE market 
by 2018 (Els 2014). Although CGM have not been described as 
the main REE carrier in any deposit, they may be present in the 
REE ore (e.g., Li and Zhou 2017). Thus, knowledge of CGM 
chemistry and petrogenesis will be important for beneficiation 
and exploration.

The specific aims of the review are to: (1) heighten awareness 
of the CGM (cf. Bagiński and Macdonald 2013); (2) describe 
progress in establishing their compositional range; (3) describe 
the crystal structure and how it varies with chemical composi-

tion; (4) outline the range of lithologies and P-T-X conditions in 
which CGM form; (5) describe compositional changes during 
hydrothermal alteration; (6) explore selected aspects of their 
petrogenetic significance; and (7) make suggestions about fruitful 
future lines of research on the group.

MeMbeRS and StRuctuRal foRMulaS of the 
cHevkinite group

The most widely used formula for the CGM is 
A4BC2D2(Si2O7)2O8, where the common cations in each site 
are: A, REE, Y, Ca, Sr; B, Fe2+; C, Fe2+, Fe3+, Mn, Ti, Al, Zr, 
Mg; and D, Ti (Ito and Arem 1971). Other formulations have, 
however, been used, e.g., A2B2M5(Si2O7)2O8 (Chukanov et al. 
2012a, 2012b), and work on new species has commonly shown 
that the standard formula and site allocations are not always 
applicable. Some workers, e.g., Sokolova et al. (2004) and Chu-
kanov et al. (2012a), have preferred a more rigorous approach 
to classification, using cation allocations to specific sites on the 
basis of site properties, such as size and coordination number. In 
these approaches, up to four M sites replace the B, C, and D site 
terminology. Here the traditional names for sites from the sim-
plified formula are used. The A site is occupied mainly by large 
REE, Ca, and Sr ions, and B, C, and D by cations of octahedral 
MO6 coordination. In the asymmetric unit of the perrierite-type 
structure, there are two A sites (A1 and A2), one B site, one C site, 
and one D site. In chevkinite, the D site splits into D1 and D2. 
The unique sites B, C, D1, and D2 correspond to sites M1–M4 
(Popov et al. 2001; Sokolova et al. 2004: Holtstam et al. 2017) 
and to B, C1, C2A, and C2B (Yang et al. 2002, 2007; Li et al. 
2005; Xu et al. 2008).

The two most abundant members of the group are chevkinite 
and perrierite, which are structurally different. Haggerty and 
Mariano (1983) reported a robust method to discriminate between 
the two phases by measuring the monoclinic b angle (chevkinite 
~100°, perrierite ~113°). The CGM could then be divided into the 
chevkinite and perrierite subgroups (Sokolova et al. 2004). We 
appreciate that the use of subgroups is not recommended by the 
CNMNC-IMA but it has proved immensely useful in descriptive 
studies of the CGM and will continue to do so until a committee 
is set up to formulate a set of nomenclature rules for the group.

The majority of chevkinites and perrierites are completely 
metamict and cannot, therefore, be distinguished by crystal 
structure. Macdonald and Belkin (2002) and Macdonald et al. 
(2009) found that a simple compositional feature, the relative 
proportions of FeO* (total Fe as Fe2+) and (CaO+SrO), matched 
the division based on the b angle almost perfectly: Subsequently, 
the type perrierite-(La) was found to plot just above their sug-
gested boundary line but could be accommodated by a slight 
shift of the line (Fig. 1a). While empirical, the classification 
scheme has proved useful in electron microprobe studies where 
crystal size and/or the metamict nature have precluded structural 
determinations. However, it will be shown below that there are 
ways of crossing the empirical boundary, almost certainly without 
structural modification.

Twelve members of the CGM have been approved to date 
by the CNMNC-IMA, six in the chevkinite subgroup and six 
in the perrierite subgroup, their formulas pointing to variable 
cation occupancy of the “standard” sites (Table 1). The chemical 
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compositions of the type minerals are listed in Supplemental1 
Table S1. Given the wide range of potential host rocks and P-T 
environments, and the flexibility of the CGM structure, it is likely 
that further new phases will be documented, such as Sc-dominant 
chevkinite, Th-dominant chevkinite, and Mg-dominant perrierite.

Certain issues concerning the nomenclature of the CGM need 
to be addressed at this stage. First, which sites should be used to 
distinguish species within the group? For example, conventional 
usage has been that the dominant cation in the C site in chev-
kinite and perrierite can be Fe or Ti. However, Xu et al. (2008) 
proposed that minerals with the ideal end-member composition 
Ce4Fe2+Ti2Ti2(Si2O7)2O8 be named dingdaohengite-(Ce), a pro-
posal accepted by the CNMNC-IMA. Should all chevkinite with 
Ti dominant in the C site be renamed dingdaohengite? In the type 
perrierite-(Ce), from Nettuno, Italy, Al is dominant in the C site 
(Macdonald et al. 2009), which might preclude all perrierites 
with Fe or Ti dominance in the site being termed perrierite. If 
it is assumed that A = Ca, Sr, Y, La, Ce, Nd, Th; B = Mg, Mn, 
Fe2+; C = Al, Ti, Cr, Fe2+, Fe3+, Zr, Nb; D = Ti, Nb; 294 potential 
combinations of site dominance could possibly be used in clas-
sification, probably not a desirable situation.

Second, knowledge of the Fe2+/Fe3+ ratios in a phase may 
be important in classification. Determination by instrumental 
methods, such as Mössbauer spectroscopy, or by wet-chemical 
methods is seldom possible because of small crystal size. The 
ratio is often calculated from stoichiometry but such methods are 
influenced by the presence of non-determined elements and by 
analytical imprecision for elements in low abundance: Macdon-
ald and Belkin (2002) found poor agreement in CGM between 
ratios calculated from stoichiometry and those determined by 
wet chemical methods or Mössbauer spectroscopy. As a further 
example, an electron microprobe analysis by Macdonald et al. 
(2009) of the type perrierite-(Ce) from Nettuno gave the formula 
A4.1BC1.9D2.0(Si2O7)2O8, where all Fe was presented as Fe2+ and 
the sum of cations was 13.0. The formula is close to stoichiomet-
ric and there is apparently no need for Fe3+ in the phase. However, 
our unpublished Mössbauer spectroscopic data for the analyzed 
material indicates an oxidation ratio [Fe3+/(Fe3++Fe2+)] of 0.39. 

The issue of an accurate knowledge of oxidation ratio is par-
ticularly important where Fe3+ proves to be the dominant cation 
in a particular site and could thus have an influence on mineral 
classification. Cation entry into the B site of an Fe-rich chev-
kinite-(Ce) from Mianning County, Sichuan, China, was given 
by Yang et al. (2002) as (Fe3+

0.29Ti0.21Fe2+
0.18Mn2+

0.13Mg0.08o0.11)S1.00.  

figuRe 1. (a) The (CaO+SrO) – FeO* (all Fe as Fe2+) plot used as an 
empirical discriminant between the chevkinite and perrierite subgroups 
by Macdonald and Belkin (2002) and modified by Macdonald et 
al. (2009). Data plotted are for crystals that have had the b angle 
determined, updated with post-2009 data. The Cr- and Mn-analogs 
of chevkinite-(Ce), polyakovite, and christofschäferite, respectively, 
are omitted. Data sources: Supplemental1 Table S1, this paper; Jaffe 
et al. 1956; Gottardi 1960; Segelstad and Larsen 1978; Zhang and 
Long 1987; Čech et al. 1988; Imaoka and Nakashima 1994; Parodi et 
al. 1994; Della Ventura et al. 2001; Yang et al. 2002; Sokolova et al. 
2004; Yang et al. 2008; Miyawaki et al. 2012; Stachowicz et al. 2014. 
(b) All analyses from the data compilation in Supplemental1 Table 
S3 to show the wide spread of compositions across the fields of the 
chevkinite and perrierite subgroups.

Table 1.  Members of the chevkinite group accepted by the CNMNC-IMA
Mineral Formula Reference

Chevkinite subgroup
Chevkinite-(Ce) (REE,Ca)4Fe2+(Ti,Fe3+,Fe2+,Al)2Ti2Si4O22 Ito and Arem 1971
Polyakovite-(Ce) (REE,Ca)4(Mg,Fe2+)(Cr, Fe3+)2(Ti,Nb)2Si4O22 Popov et al. 2001
Maoniupingite-(Ce) (REE,Ca)4(Fe3+,Ti,Fe2+,o)(Fe3+,Fe2+,Nb,Ti)2Ti2Si4O2 Shen et al. 2005
Dingdaohengite-(Ce) Ce4Fe2+Ti2Ti2(Si2O7)2O8 Xu et al. 2008
Christofschäferite-(Ce) (Ce.La,Ca)4Mn(Ti,Fe3+)3(Fe3+,Fe2+,Ti)(Si2O7)2O8 Chukanov et al. 2012b
Delhuyarite-(Ce) Ce4Mg(Fe2

3+W)o(Si2O7)2O6(OH)2 Holtstam et al. 2017

Perrierite subgroup
Perrierite-(Ce) (REE,Ca)4Fe2+(Ti,Fe3+,Fe2+,Al)2Ti2Si4O22 Ito and Arem 1971
Strontiochevkinite (Sr2[La,Ce]1.5Ca0.5)4Fe2+

0.5Fe3+
0.5(Ti.Zr)4Si4O22 Haggerty and Mariano 1983

Rengeite Sr4ZrTi4Si4O22 Miyajima et al. 2001
Matsubaraite Sr4Ti5(Si2O7)2O8 Miyajima et al. 2002
Hezuolinite (Sr,REE)4Zr(Ti,Fe3+,Fe2+)2Ti2O8(Si2O7)2 Yang et al. 2012
Perrierite-(La) (La,Ce,Ca)4(Fe2+,Mn)(Ti,Fe3+,Al)4(Si2O7)2O8 Chukanov et al. 2012a
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Analytical totals were low (92.84–94.23 wt%) and structural 
water was invoked to achieve charge balance. Unusually in 
the CGM, vacancies in the structure were also invoked. The 
phase has clearly been affected by secondary hydration, with 
an increase in the oxidation ratio, as noted by Vlach and Gualda 
(2007).

In the face of these complications, formulas have been 
calculated here on the basis of 22 O atoms and, given the small 
number (13) of available Mössbauer determinations (Supple-
mental1 Table S2), and uncertainties in recalculation schemes, 
all Fe has been taken to be Fe2+. For species approved by the 
CNMNC-IMA the formal names are used here (Table 1). All 
other analyses have been classified using the empirical scheme 
of Macdonald et al. (2009).

structure of cHevkinite-group minerals

Part of the difficulties in determining the structure of CGM 
lies in the multivalent nature of cations in certain crystal-
lographic sites, e.g., Fe2+, Al3+, Ti4+, and Nb5+ in the C site. A 
further complication is that certain cations, importantly Fe, may 
exist in more than one valency state: Stachowicz et al. (2019), 
for example, have argued that Ti occurs as Ti4+, Ti3+, and pos-
sibly Ti2+ in Nb-rich chevkinite-(Ce) from the Biraya deposit, 
Mongolia. Another difficulty in comparing CGM structures is 
due to the use of different choices for the origin of the unit cell in 
part of the structures (a shift by the vector [0, 0, ½]); see below. 
To clarify which site in the crystal structure corresponds to a 
site from the empirical formula, the published data for CGM 
are summarized based on the nomenclature scheme used here 
(Supplemental1 Table S2).

There can also be discrepancies in the assignment of cations 
to particular B, C, and D sites because CGM occur in different 
polymorphic forms, the C2/m and P21/a space groups. Stachow-
icz et al. (2019) noted that annealing of metamict CGM can lead 
to a slightly different crystal structure from the initial structure 
and to the migration of cations to different crystallographic sites.

It was noted earlier that chevkinite and perrierite are dis-
tinguished by different monoclinic b angles (~100° and ~113°, 
respectively). These are associated with a different stacking 
order of sheets consisting of REE cations (Stachowicz et al. 
2014). The arrangement of the remaining cations for both sub-
groups is essentially the same, consisting of sheets of MO6 (C 
and D sites) octahedra interleaved with layers of n[B(Si2O7)] 
hetero-polyhedra (Calvo and Faggiani 1974). CO6 edge-sharing 
octahedra form chains that share a corner with chains of DO6 
edge-sharing octahedra. Each Si2O7 group is joined to six 
BO6 octahedra (Fig. 2). A-cations fill large cavities within the 
framework and are arranged in planar hexagonal arrays, with a 
Si-centered tetrahedron (Figs. 2 and 3) inside each array.

The green planes were plotted on two adjacent REE surfaces 
in both structure types to emphasize the differences in the mutual 
organization of REE atoms, which are the source of the different 
b angles of the unit cells in the two structures. Stachowicz et al. 
(2014) proposed that a characteristic feature of the perrierite-type 
structure, a D/M(3) cation displacement parallel to the tetrad axis 
of the coordination octahedron, is an effect of the REE stacking 
arrangement. A trigonal distortion of BO6 octahedra is present in 
both structure types; four B-O bonds are elongated with a length 

of 2.2 Å and the remaining two are 2.0 Å. The C-O and D-O 
bond lengths in chevkinite and D-O bond lengths in perrierite 
are similar and within 1.9–2.0 Å.

Assuming a value of 3 Å as a limit for the A-site coordination 
sphere, its number varies with the space group. A-coordination 
polyhedra in the C2/m space group have the following numbers: 
VIIIA1 and XA2 in perrierite (Miyajima et al. 2002; Yang et al. 
2012) and chevkinite (Popov et al. 2001; Yang et al. 2002, 2007; 
Sokolova et al. 2004). In the P21/a space group the numbers are 
IXA1 and IXA2 in perrierite (Calvo and Faggiani 1974; Miyawaki 
et al. 2002; Chukanov et al. 2012a) and chevkinite (Calvo and 
Faggiani 1974; Xu et al. 2008). Stachowicz et al. (2019) found 
these trends in natural Nb-rich chevkinite-(Ce), one with a C2/m 
space group and the other with P21/a. Moreover, with transforma-
tion due to annealing from C → P of a particular crystal a change 
in coordination numbers XIIIA1 → IXA1 and XA2 → IXA2 was also 
observed, which is associated with a bending of the Si-O-Si angle 
in sorosilicate groups. The exceptions are perrierite-(Ce) with 
C2/m and IXA1 and IXA2 (Gottardi 1960) and delhuyarite-(Ce) 
with C2/m and VIIIA1 and XIIA2 (Holtstam et al. 2017). The only 
CGM member with the P21/m space group, christofschäferite-
(Ce), has four independent A sites in the asymmetric unit, VIIIA1, 
XA2, VIIIA3, and XA4 (Chukanov et al. 2012b).

status of dingdaoHengite-(ce) and 
maoniupingite-(ce)

The status of the Fe-Ti-dominant phases maoniupingite-(Ce) 
(Shen et al. 2005) and dingdaohengite-(Ce) (Xu et al. 2008; 
Kasatkin et al. 2015) is unclear, in particular their relationship 

figuRe 2. The 010 projection of a 2 × 2 multiplied lattice cell of 
(a) perrierite-type structure and (b) chevkinite-type structure. Each 
projection contains bold black lines representing the real unit cell of the 
crystal structure and bold red lines representing the unit cell of the other 
subgroup type. (Color online.)
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to chevkinite-(Ce) (Belkin et al. 2009). Xu et al. (2008) assigned 
Fe2+ to the B/M1 and C/M2 sites; however, the corresponding 
deposited crystal structure cif file contains different information. 
Xu et al. (2008) placed the origin of the unit cell in their crystal 
structure in a different position relative to their reference struc-
ture determined by Sokolova et al. (2004). Xu et al. (2008) also 
exchanged the B/M1 and D2/M4 sites in their crystal structure. 
The error came from a comparison of identical fractional coor-
dinates to those of Sokolova et al. (2004), despite their different 
Wyckoff positions. Moreover, although the C/M2 site is assigned 
correctly there are two crystal information files (cif) available, 
one in the one in the American Mineralogist Crystal Structure Da-
tabase (AMCSD, http://rruff.geo.arizona.edu/AMS/amcsd.php, 
cif reference code 0014198) and one in the Inorganic Crystal 
Structure Database (ICSD, cif reference code 157061). The oc-
cupancies for the C sites are different in the two files, 23.2 and 
21.4 assigned electron counts, yet the anisotropic displacement 
parameters are identical. The same applies to the D2/M4 site. In 
the ICSD cif the occupancy is 0.84 Fe, in the AMCSD cif there is 
a full occupancy of Fe (21.8 vs. 26 electrons) yet the anisotropic 
displacement parameters are again identical. We recommend that 
the crystal structure of dingdaohengite-(Ce) be revisited, with 
Fe2+ and Mg2+ being assigned to the B site, which will result in 
electron counts close to the experimentally refined value.

Maoniupingite-(Ce) (Shen et al. 2005), first referred to as 
Fe-rich chevkinite-(Ce) by Yang et al. (2002), is acknowledged 

as a mineral species due to the dominance of Fe3+ in the B site. 
Yang et al. (2002) allocated to this site the following compo-
nents: Fe3+

0.29Th0.21Fe2+
0.18Mn2+

0.13Mg0.09o0.11. The ratio of Fe3+/SFe = 
0.61 was based only on charge distribution calculations (Nespolo 
et al. 1999). In later structural studies of chevkinite-(Ce) from 
the same locality and based on the same average of 24 electron 
microprobe analyses (Li et al. 2005; Yang et al. 2007) the total 
Fe3+/(Fe3++Fe2+) ratio, based on Mössbauer spectroscopy, was 
given as 0.39, which contradicted the earlier assumption from 
charge distribution calculations. The B site was considered to be 
occupied by the following cations: Fe2+

0.61Mn0.13Ti0.12Mg0.08. The 
experimental evidence apparently shows that maoniupingite-(Ce) 
should be discredited as a mineral species, instead it is chevkinite-
(Ce), as suggested by Belkin et al. (2009).

Given these uncertainities, dingdaohengite-(Ce) and 
maoniupingite-(Ce) have not been included in the following 
discussion of compositional variation in chevkinite and perrierite.

composition of cHevkinite-group minerals

Chemical compositions of CGM were collected from the 
literature and our unpublished data (Supplemental1 Table S3). In 
our experience, an oxide total ≥96 wt% is acceptable for CGM, 
in that few analyses present the full range of elements, especially 
all the REE, Nb, Th, and Zr, and some Fe is commonly present 
as Fe3+ although all Fe is normally presented as Fe2+. After ap-
plication of the 96 wt% filter, the number of analyses compiled 
was 266, with 164 in the chevkinite subgroup and 102 in the 
perrierite subgroup. The nature of the data set is variable: some 
are averages, while others are multiple point analyses of several 
crystals in the same sample, especially where the compositional 
range in the sample was taken to be important. In places, refer-
ence is made in the text to specific analyses not included in the 
data set, e.g., the Th-chevkinite of Doelter (1931).

One caveat concerning the elemental composition of CGM, 
especially minor components, is that most published data are 
obtained with electron microprobe wavelength-dispersive 
spectroscopy that limits, or precludes, detection of elements 
such as B, Be, and Li. Laser ablation-inductively coupled mass 
spectroscopy analysis of CGM would be helpful in obtaining a 
more complete inventory of substituent elements.

Chevkinite and perrierite
The compositional ranges in chevkinite and perrierite (ex-

cluding Sr-rich varieties, polyakovite and delhuyarite, which 
are discussed separately) are given in Supplemental1 Table S4. 
There are major overlaps between the subgroups for all elements. 
Given the nature of the compositional discriminant employed 
(Figs. 1a and 1b), a main difference is in the (CaO+SrO) and 
FeO* contents. Perrierite has higher average abundances of 
Al2O3, MgO, CaO, SrO, and ZrO2, and lower average contents 
of FeO*, Nb2O, and SREE2O3 than chevkinite. In the C site of 
chevkinite Fe > Ti > Al; in perrierite Ti > Al > Fe. Magnesium 
is required to fill the C site in many perrierite analyses but not 
in chevkinite. The main compositional variations are expressed 
in the general equation proposed by Vlach and Gualda (2007): 
(Ca2+ + Sr2+)A + (Ti4+ + Zr)C ↔ [(REE,Y)3+]A + (M2+,3+)C (Fig. 4).

Compositional evolution within the chevkinite and perrierite 
subgroups generally follows the trend shown in Figure 4, the 

figuRe 3. The unit-cell contents of (a) perrierite and (b) chevkinite, 
with an additional (lowermost green) sheet of REE. This plane is 
displaced by the vector [0 ½ 0] when comparing the two structure types—
see broken-off bond. It ends in the middle of an REE hexagon in perrierite 
(a) and between two REE atoms in chevkinite (b). (Color online.)
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trend toward an increasingly “chevkinitic” character indicating 
an increasingly felsic character of the host rocks. This tendency 
was shown in a S(La2O3-Sm2O3)-FeO*-(CaO+SrO+MgO+Al2O3) 
plot by Macdonald and Belkin (2002) (Fig. 5).

One consequence of the compositional trends is that some 
magmatic trends may cross the empirical boundary on the dis-
criminant plot (Fig. 6). It is improbable that the structure changes 
(e.g., the b angle from ~113° to ~100°), especially within single 
crystals, as represented by the Azambre et al. (1987) example 
shown in Figure 6. It is more likely that there is a zone around 
the boundary where phases can exist in either structural state, as 
predicted by Macdonald and Belkin (2002). As Muhling et al. 
(2014) stressed, structural study is required to determine precisely 

the nature of phases in the transitional zone. Nevertheless, the 
discriminant has proven to be a useful tool in CGM studies, 
allowing preliminary names to be given to phases where no 
structural study has been possible.

A site
The dominant cations in the A site are REE and Ca. Rare earth 

elements predominate, exceptions being two point analyses from 
kersantites of the Oroscocha volcano, Peru, where Ca > REE 
(Fig. 7), potentially making the phase perrierite-(Ca). A constraint 
on describing REE distribution is the scarcity of complete data 
sets. For example, Eu concentrations have been reported in 
only 45 analyses (including values given as below detection). 
The large compositional range is, therefore, demonstrated here 
on a plot of [La/Nd]CN (as a measure of fractionation within the 
LREE) against [La/Y]CN [fractionation of LREE from heavy rare 
earth elements (HREE; Gd-Yb), with Y proxying for the HREE] 
(Fig. 8). The full data set has the following features.

(1) Ce is overwhelmingly the dominant REE in the site; La 
exceeds Ce in only seven cases. The type perrierite-(La) was 
described from the Eifel volcanic district, Germany, by Chukanov 

figuRe 4. The main compositional variation in chevkinite and 
perrierite, using the scheme of Vlach and Gualda (2007). Sr-rich varieties 
of perrierite, polyakovite and christofschäferite omitted. The perrierites 
with values of Ca+Sr+(Ti,Zr) <1 are mainly Al-rich varieties. Data 
source: Supplemental1 Table S3.

figuRe 5. Triangular plot to show that chevkinite and perrierite tend 
to occur in different igneous lithologies. The fields marked “evolved, 
undersaturated” and “evolved, oversaturated” are occupied only by 
chevkinite. The field of mafic and intermediate igneous rocks includes 
only perrierite. Slightly simplified from Macdonald and Belkin (2002). 
Data gathered since 2002 have tended to blur the distinction between 
the two “evolved” fields.

figuRe 6. CaO+SrO – FeO* plot showing various magmatic trends 
crossing the empirical boundary between the chevkinite and perrierite 
subgroups. The arrows point in the down-temperature direction. 1 = 
tholeiitic dolerite, French Pyrenees (Azambre et al. 1987); 2 and 3 = 
Woodie and Eel Creek tholeiitic intrusions, Western Australia (Muhling et 
al. 2014); 4 = Little Chief porphyry stock, California (McDowell 1979); 
5 = Roseland, Virginia (Macdonald et al. 2009).

figuRe 7. Cation distribution in the A site in CGM. Data source: 
Supplemental1 Table S3.
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et al. (2012a), although perrierite analyses with dominant La had 
earlier been reported, without structural data, from Bjørkedalen 
in the Oslo region, Norway (Segelstad and Larsen 1978), and 
Golden Lake in Ontario, Canada, and Rajasthan, India (Macdon-
ald et al. 2009). Chevkinite with La exceeding Ce was reported 
from Sandefjord, Bjørkedalen, and Stokkoya, Oslo region, by 
Segelstad and Larsen (1978), in trachyandesites from Moravia, 
Czech Republic (Macdonald et al. 2017a), granites from Zhitkov-
ichi, Belarus, by Povarennykh and Ganzeeva (1972) and without 
presenting an analysis from a hornfels in the Khibiny massif, 
Kola Peninsula, Russia, by Yakovenchuk et al. (2005). However, 
the species has not yet been submitted to the CNMNC-IMA. 
Proshchenko (1967) presented three analyses of chevkinite in 
albitites from eastern Siberia, with La/Ce (atomic) ratios of 2.7, 
1.21, and 1.16. It would be valuable to restudy this material, to 
determine whether the La dominance is a function of the para-
genesis or the result of an analytical problem. A quite exceptional 
Y-dominant perrierite was described from a quartzofeldspathic 
gneiss of the Archean Napier Complex, Antarctica, by Belkin et 
al. (2009), the only record so far of a Y-dominant mineral in the 
CGM. Liu and Ma (2015) and Liu et al. (2015, 2016) reported 
a CGM with Nd dominant in the A site from martian breccia 
meteorite NWA 7034, the first record of such Nd dominance.

(2) Chevkinite has slightly higher SREE2O3 (37.4–53.2 wt%; 
average 44.5 wt%) than perrierite (26.5–51.0 wt%; average 40.7 
wt%) (Supplemental1 Table S4) but clearly REE contents alone 
are insufficient to distinguish the subgroups.

(3) The great majority of analyses are LREE-enriched, with 
[La/Y]CN ranging from 2–5608 (Fig. 8). Chevkinite shows stron-
ger LREE enrichment relative to HREE than perrierite (average 
[La/Y]CN 420 and 271, respectively). In both subgroups, there 
is no simple relationship between the degree of enrichment, the 
nature of the host rock or the paragenesis. Note, for example, the 
major overlaps on a La-Y plot between CGM from peralkaline 
rhyolites (comendites) and tholeiitic intrusions, and between 
CGM from potassic volcanics and the A-type Woshui syenite in 
the Emeishan igneous province, SW China (Fig. 9).

(4) Both subgroups show large ranges in [La/Nd]CN, indicat-
ing significant fractionation within the LREE (Fig. 8). There is 
apparently no simple link between the value of the ratio and any 
other parameter, such as host lithology or mineral paragenesis.

(5) Cerium anomalies are ubiquitous and can be positive or 
negative, although positive anomalies are dominant (85%). The 
magnitude of the anomalies is similar in chevkinite (Ce/Ce* 
0.6–1.4; average 1.1) and perrierite (Ce/Ce* 0.7–1.3; average 
1.1). The lowest values (0.6–0.7) in both cases are predictably 
from the La-dominant phases from Oslofjord noted above (Se-
gelstad and Larsen 1978).

Europium anomalies (Eu/Eu*) have been calculated for only 
16 samples. Shellnutt and Iizaka (2013) recorded unusually large 
positive anomalies (Eu/Eu* 2.3–23) in CGM from the metalu-
minous Woshui syenite, noting that the anomalies mirror those 
in the whole rocks. Huraiová et al. (2007) reported, without 
comment, chevkinite-(Ce) in a syenite xenolith from the Pincina 
maar, Slovakia, with equally large positive anomalies (3–28). 
In an interesting approach, Troll et al. (2003) used an Onuma 
diagram to estimate the proportions of Eu3+ and Eu2+ (~33% Eu2+) 
in chevkinite-(Ce) from Gran Canaria, Spain.

Strontium levels are very low (<0.2 apfu) in the great majority 
of chevkinite and perrierite analyses (Fig. 7), with the excep-
tion, inter alia, of perrierite-(Ce) from the Bearpaw Mountains, 
Montana, U.S.A. (0.35–1.18 apfu; Chakhmouradian and Mitchell 
1999) and Sr-Zr-rich perrierite-(Ce) from the Burpala massif, 
Russia (0.88 and 0.94 apfu; Portnov 1964; Macdonald et al. 
2012). Thorium abundances reach a maximum of 8.4 wt% ThO2 
(0.40 apfu) in perrierite-(Ce) from the Joe Lott Tuff Member of 
the Belknap Volcanics, Utah (Budding et al. 1987), an exception 
being a Th-rich chevkinite-(Ce) from the Urals, Russia, which 
has 20.9 wt% ThO2 (Doelter 1931). Thorium abundances do not 
appear to be correlated with any other geochemical feature. Ura-
nium abundances are low (≤0.30 wt% UO2), with the exception 
of chevkinite-(Ce) from Samalpatti, India (2.53 wt%; Semenov 
et al. 1978), and Samchampi, India (0.69 wt%; Viladkar et al. 
2009). Barium levels are also low, reaching 0.45–0.54 wt% 
BaO in chevkinite-(Ce) from syenite xenoliths in the Pinciná 
basaltic maar, Slovakia (Huraiová et al. 2007), although such 
high values may be an artifact arising from Ti uncorrected for 
peak interference.

figuRe 8. [La/Nd]CN (as a measure of fractionation within the LREE) 
vs. [La/Y]CN (as a measure of LREE vs. HREE fractionation).

figuRe 9. La vs.Y plot to show that the degree of LREE enrichment 
is not simply dependent on host rock composition. Fields: 1 = Woshui 
syenite, China; 2 = comendites (mildly peralkaline rhyolites); 3 = tholeiitic 
intrusions, Western Australia; 4 = perrierite in potassic volcanics; 5 = Al-
rich perrierite, Antarctica and India. Data from Supplemental1 Table S3 
and references cited therein (Supplementary Material). (Color online.)
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B site
The B site is filled in 90% of analyses by Fe2+. The deficit 

in the remaining analyses is made up by Mn ± Mg, with the 
exception of a low-Fe perrierite-(Ce) from the Khibiny massif 
(SB = 0.83 apfu; Yakovenchuk et al. 2005). The Fe-deficient 
rocks include perrierite from Italian potassic volcanoes (Van 
Bergen 1984; Parodi et al. 1994; Della Ventura et al. 2001; 
Macdonald et al. 2009), potassic volcanics from the Oroscocha 
volcano (Carlier and Lorand 2008), and Al-rich perrierites from 
Antarctica and India (Harley 1994; Hokada 2007; Belkin et al. 
2009). The latter also contains the highest levels of Mg in the B 
site, up to 0.77 apfu (Harley 1994), making the phase the Mg-
Al-dominant analog of perrierite-(Ce).

In christofschäferite-(Ce) (Table 1) Mn fills the octahedral site 
B, Ti dominates the C and D2 sites, and D1 is occupied by Fe and 
Ti (Chukanov et al. 2012b). The phase contains 4.39 wt% MnO 
(0.76 Mn apfu). Povarennykh and Ganzeeva (1972) presented 
an analysis of chevkinite in albititized granites at Zhitkovichi, 
Belarus, with 5.0 wt% MnO (0.90 Mn apfu). The formula can 
be written as: (La1.87Ce1.51Ca0.49Nd0.17)4.04(Mn0.90Fe2+

0.10)(Fe3+
1.02Ti0.79 

Fe2+
0.21)2.02Ti2.00(Si2O7)2O8, which would potentially make it the 

La-dominant analog of christofschäferite-(Ce).

C site
The only cations to achieve dominance in the C site are Ti, 

Fe2+, and Al, which occur in very variable proportions (Fig. 10). 
Macdonald et al. (2009) listed several perrierite occurrences 
in Antarctica and India where Al is dominant in the site; Al-
dominance in chevkinite is uncommon but has been recorded 
in albitites from Siberia (Proschchenko 1967) and the Pyrenees 
(Monchoux et al. 2006). Fe- or Ti- dominance appears not to be 
specific to certain lithologies; indeed both forms can be found 
in the same sample.

All determinations of oxidation ratio [Fe3+/(Fe3++Fe2+)] by 
Mössbauer spectroscopy of which we are aware are listed in 
Supplemental1 Table S2. The majority are for members of the 
chevkinite subgroup. Values range from 0.18 to 0.61 and have 
no simple relationship to mineral species or to the nature of the 
host rock.

In the majority of point analyses the Mg levels are low (<0.3 
apfu; <1 wt% MgO). The maximum Mg value recorded is 0.90 
apfu (2.99 wt% MgO) in perrierite-(La) from a metacarbonate 
at Golden Lake, Ontario (Macdonald et al. 2009). The most con-
sistently Mg-rich phases are Al-rich perrierites from Antarctica 
and Anakpalle, India (0.21–0.77 apfu; 0.72–2.74 wt% MgO; 
Harley 1994; Hokada 2007; Belkin et al. 2009). The majority 
of Mn values are low (≤0.5 wt% MnO; <0.1 apfu Mn) but there 
is a continuum of compositions to 0.50 apfu; then there is an 
apparent compositional gap to christofschäferite (1 apfu Mn).

Chromium oxide levels in chevkinite and perrierite are 
extremely low (≤0.13 wt%), indicating a huge compositional 
gap between them and polyakovite-(Ce). Scandium abundances 
have been reported for only seven occurrences, in only one in 
significant amounts, perrierite-(Ce), from Bayan Obo in Inner 
Mongolia, China (3.26 wt% Sc2O3; 0.57 apfu Sc; Shimazaki et al. 
2008a). Mention may be made here of the so-called Sc-perrierite, 
first recorded from quartz-fluorite pegmatites in Akzhaylau, 
southeastern Kazakhstan by Semenov et al. (1966). Its Sc content 

was 0.82 apfu (Sc2O3 4.14 wt%). Scandium was thought to have 
entered the structure through the substitution Sc3+ + Fe3+ = Fe2+ 
+ Ti4+ and the formula given as Ce4ScFe3+Fe2+Ti2Si4O22. The 
analysis as presented has 43.3 positive charges and plots in the 
chevkinite field of the empirical discrimination scheme of Mac-
donald et al. (2009). A reinvestigation of this interesting material 
would be welcome. Vanadium has been reported in three samples, 
the highest value being 0.49 wt% V2O3 in perrierite-(Ce) from 
alkaline silicate–carbonate assemblages of the Vishnevogorsky 
complex, South Urals (Makagonov and Muftakhov 2016).

Niobium is commonly present in low to moderate concen-
trations (<5 wt% Nb2O5). Makarochkin et al. (1959) described, 
from a fenitised granite in the Ilmen Mountains, southern Urals, 
Russia, a phase that they named niobochevkinite. However, 
the phase contains only 7.4 wt% Nb2O5 (Nb 0.71 apfu) and is 
strictly Nb-rich chevkinite. Sample 10047-11 from the Moon has 
~3 wt% Nb2O5 (Muhling et al. 2014). The most Nb-rich CGM 
so far recorded is from the Biraya carbonatite complex, Russia, 
with 11 wt% Nb2O5 (Stachowicz et al. 2019 and in review). 
Niobium is usually allocated to the C site, perhaps because in 
almost all chevkinites and perrierites, the D site is taken to be 
filled by Ti. However, Popov et al. (2001) allocated Nb to the D 
site in polyakovite and Stachowicz et al. (2019b) found Nb to 
be allocated between both C and D sites in their Nb-rich phase.

Taking 0.10 wt% as a reasonable limit of detection, 31 Ta 
determinations are available (Supplemental1 Table S3), with a 
maximum Ta2O5 value of 0.50 wt% in chevkinite-(Ce) from 
the Paleogene Meall Dearg granite, Isle of Skye, Scotland 
(Macdonald et al. 2013).

Zirconium shows a fairly continuous spread of values up 
to 7.0 wt% ZrO2 (0–0.63 apfu Zr). The highest values are in 
perrierite from the Oroscocha volcano (Carlier and Lorand 
2008), in mafic sills of Western Australia, and in lunar samples 

figuRe 10. Relative proportions of Fe2+-Ti-Al in the C site of 
minerals of the chevkinite and perrierite subgroups, excluding Sr-
dominant phases, christofschäferite-(Ce) and polyakovite-(Ce). All Fe 
taken as Fe2+. GP marks the composition of perrierite-(Ce) crystallized 
from REE-enriched silicate liquid at 20 kbar, T 1050 °C, by Green and 
Pearson (1988, sample 948).
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(Muhling et al. 2014). Taking 0.10 wt% as a reasonable detec-
tion limit for HfO2, 20 determinations of Hf are available, 
with a maximum value of 0.44 wt% in perrierite-(Ce) from 
the Woshui syenite.

D site
With two exceptions, the D site is filled with Ti. Belkin et al. 

(2009) described two samples of perrierite-(Ce) from Antarctica 
with Ti and Nb abundances unable to fill the site and suggested 
that some Al (0.21 and 0.56 apfu) may enter the site. In their 
structural study of Nb-rich chevkinite from the Biraya complex, 
Stachowicz et al. (2019 and in review) allocated, in addition to 
Ti, Nb, Fe3+, Fe2+, and Mg to the D site.

T site
In 87% of analyses, the tetrahedral site is filled by Si. 

Phosphorus is sometimes considered to be a minor constituent: 
CGM from tholeiitic sills of Western Australia have the highest 
values, up to 0.062 apfu (0.37 wt% P2O5; Muhling et al. 2014). 
Huraiová et al. (2007) allocated some Al to the site (up to 0.065 
apfu). Carlier and Lorand (2008) also raised the possibility of Al 
entering the site in perrierite-(Ce) from Oroscocha.

Anion site
Water has been reported in analyses of CGM, in amounts 

up to 0.90 wt% (Supplemental1 Table S3). The question arises: 
did the water enter the mineral when it formed or was it added 
under subsolidus conditions, e.g., by hydrothermal fluids? In a 
study of chevkinite-(Ce) from an aegirine granite at Mianning, 
Yang et al. (2008) used single-crystal FTIR to detect OH in the 
structure, suggesting that it possibly replaced oxygen. However, 
their analysis gave only 42.24 positive charges; from charge 
balance, they calculated an OH content of 1.76 pfu (1.27 wt% 
H2O). Despite this addition, the analytical total was still low 
(95.22 wt%), and the structural role of the OH is uncertain. 
More recently, Holtstam et al. (2017) recorded structural water 
and vacancies in delhuyarite (see below).

Fluorine has also been reported in chevkinite and perrierite, 
at levels up to 1 wt% (Supplemental1 Table S3). It has been 
argued by Belkin et al. (2009) that the F values determined by 
electron microprobe represent interference between the FKa (l 
= 18.3199 Å) and Ce-Mx (l = 18.3499 Å) peaks. Chlorine has 
been recorded in four samples of chevkinite, at levels ≤0.03 wt%, 
possibly below a realistic detection level.

We know of no example of an absolutely pristine CGM, 
occurring, for example, as phenocrysts in young eruptive rocks, 
being shown to carry OH and F. Lacking positive evidence of 
these components being incorporated during crystallization, we 
suggest that pristine CGM are volatile free.

Polyakovite-(Ce)
Polyakovite-(Ce) was first recorded in a carbonatite (dolo-

mite) veinlet cross-cutting a phlogopite-olivine rock in the Ilmen 
Mountains (Popov et al. 2001). It is an unusual member of the chev-
kinite group, in that Cr is a species-forming element. The struc-
tural formula is (Ce1.86La1.23Nd0.35Pr0.15Sm0.01Y0.04Ca0.24Th0.12)4.00 

(Mg0.80Fe2+
0.20)1.00(Cr1.28Fe3+

0.72)2.00(Ti1.52Nb0.32o 0.16)2.00Si4.00O22.00. 
Magnesium is dominant at the B site [M(1) in the terminology of 

Popov et al. (2001)], and Cr is dominant at the C [M(3) and M(4)] 
sites. Also unusual is the presence of vacancies in D [M(2)]. A 
later analysis of a co-type from the same locality showed slightly 
higher Cr2O3 and Nb2O5 contents, and lower SiO2, FeO*, MgO, 
CaO, and La2O3 contents (Macdonald et al. 2012). Their struc-
tural formula did not include vacancies.

Earlier, Kopylova et al. (1997a, 1997b) had described a min-
eral that they termed Cr-chevkinite, occurring as inclusions in 
diamonds from the River Ranch kimberlite pipe in Zimbabwe. 
They gave the formula as (Ce2.22La0.96Nd0.51Pr0.18Th0.06Sr0.29)3.99 

(Mg0.46Fe2+
0.23Ca0.13)0.83Cr1.95(Ti1.44Nb0.26 Al0.32)2.02Si4.02O22. Despite 

some minor differences, there are clear similarities to polyako-
vite-(Ce), a particular point of interest being the much higher Cr 
content. The inclusions in the River Ranch kimberlite may have 
been formed during a K-metasomatic event and incorporated into 
diamonds outside the diamond stability field prior to, or during, 
kimberlite eruption (Kopylova et al. 1997b).

Delhuyarite-(Ce)
Delhuyarite-(Ce), the newest CGM, is known from only one 

locality, the Nya Bastnäs Fe-Cu-REE deposit in Sweden (Holt-
stam et al. 2017). Its ideal formula is given as Ce4Mg(Fe2

3+W)
o(Si2O7)2O6(OH)2. The W content (0.89 apfu; 15.53 wt% WO3) 
is quite unique in the CGM. Also notable are the dominance 
of Mg in the M1 site, the presence of H2O, confirmed by IR 
spectroscopy from a strong absorption band at 3495 cm–1, and 
a 50% vacancy in the M2 site. Vacancies in the structure were 
invoked partly to explain the entry of W into the phase, via a 
charge-balanced exchange mechanism of the type: 2Ti4+ + 2O2– 
↔ W6 + + o + 2(OH-). The unusual nature of the phase may be 
related to its formation from hot (initially ≥400 °C), originally 
juvenile magmatic fluids (Holtstam et al. 2017).

Sr-rich varieties
These are defined here as having Sr > Ca and include, there-

fore, the Sr-dominant species rengeite, matsubaraite, strontio-
chevkinite, and hezuolinite (Table 1). Possible compositional 
relationships between the species are shown in Figure 11.

Rengeite [Sr4ZrTi4(Si2O7)2O8] is compositionally variable. 
Two varieties, occurring in association with natrolite and 
analcime in jadeitites from the type area in the Itoigawa-Ohmi 
district, Japan (Miyajima et al. 2001; Goto et al. 2017), contain 
very different proportions of REE, Ca, and Sr (Fig. 7). An ortho-
rhombic polymorph, reported as microdomains in the rengeite, 
contains neither Ca nor REE (Mashima et al. 2008); however, 
the phase has not been submitted to the CNMNC-IMA and 
may not be valid. Rengeite is also known from Mount Kaskas-
nyunchorr, Khibiny massif, occurring in an albite-anorthoclase 
hornfels from a large xenolith in foyaite (Yakovenchuk et al. 
2005; Mikhailova et al. 2007). It contains no REE and has 
the highest Ca/Sr ratio so far reported in the mineral (0.16). 
Matsubaraite [Sr4Ti5(Si2O7)2O8] is known only from its type 
locality, the same jadeitite locality as for rengeite. It can be 
considered as the Zr-free analog of rengeite (Miyajima et al. 
2002; Miyawaki et al. 2002).

The type locality of hezuolinite [(Sr,REE)4Zr(Ti,Fe3+,Fe2+)2 

Ti2O8(Si2O7)2] is in sodic lujavrite of the Saima alkaline com-
plex, northeastern China (Yang et al. 2012; Wu et al. 2016). 
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It has not been recorded elsewhere but is in some respects 
similar to strontiochevkinite {(Sr2[La,Ce]1.5Ca0.5)4Fe2+

0.5Fe3+
0.5 

(Ti,Zr)2Ti2(Si2O7)2O8} (Haggerty and Mariano 1983), except 
that Zr and Fe occupy different positions in the B and C sites. 
There is, however, a substantial compositional gap between 
strontiochevkinite and Sr-Zr perrierite, such that it is difficult 
to identify substitution schemes. A possible scheme connecting 
strontiochevkinite and Sr-rich perrierite-(Ce) from Pegmatite 
Peak in the Bearpaw Mountains, Montana (Chakhmouradian 
and Mitchell 1999) is 2REE3+ + Fe2+ = Ti4+ + Zr4+ (Fig. 11). 
Strontiochevkinite and Sr-Zr perrierite-(Ce) may be connected 
by the scheme REE3+ + Fe2+ = Sr2+ + Fe3+ (Fig. 11).

occurrence of cHevkinite and perrierite

Igneous rocks
Chevkinite and perrierite have been recorded in very di-

verse igneous lithologies, in a range extending from ultramafic 
cumulates to granitic pegmatites. Mutanen (1997) reported 
perrierite as an intercumulus phase in ultramafic cumulates 
of the Akanvaara and Koitelainen mafic layered intrusions, 
northern Finland. It has long been recognized that CGM are 
common in mafic and intermediate rocks of potassic affinity. 
However, it is increasingly recognized that they also occur in 
more sodic types; Muhling et al. (2014) described CGM in 
tholeiitic intrusive rocks from Western Australia and Melluso 
et al. (2014) found CGM in low-Ti, low-Fe tholeiitic rocks 
from Tasmania. In the tholeiitic types, the CGM commonly 
occur in late-stage granophyric patches, indicating that they 
crystallized when the residual melts had felsic compositions.

There are some lithologies where CGM are scarce or absent, 
such as peraluminous granites where the main REE-bearing 
phase tends to be monazite. Their absence from mid-ocean 
ridge basalts possibly results from the low Ti and REE contents 
of such rocks. CGM are also relatively uncommon in strongly 
peralkaline [(mol. (Na2O+K2O)/Al2O3 > 1.3)] rhyolites and 
granites, where aenigmatite and astrophyllite tend to be the 
stable Ti-bearing phases. However, Noble (1965) recorded 
chevkinite in pantellerite of the Gold Flat Member of the Thirsty 
Canyon Tuff, Nevada; although he did not present an analysis 
we have confirmed its presence via electron microprobe analy-
ses (unpublished data).

Early magmatic
Chevkinite-group minerals occur as (micro)phenocrysts in 

a wide range of lithologies, from quartz latite (Warren et al. 
1989), through trachyandesites-dacites (Van Bergen 1984) and 
metaluminous rhyolites (Ewart 1981; Martz and Brown 1981; 
Cameron and Cameron 1986; Macdonald and Belkin 2002; 
Miyawaki et al. 2012; Vasquez et al. 2014; Padilla and Gualda 
2016) to peralkaline rhyolites (Jørgensen 1980; Novak and Ma-
hood 1986; Sawyer and Sargent 1989; Macdonald et al. 2002, 
2015a; Troll et al. 2003; Marshall et al. 2009; Vasquez et al. 
2014; Peretyazhko et al. 2015) (Fig. 12a).

Estimates of the temperatures and pressures of equilibration 
and of fO2 for various CGM phenocryst occurrences have been 
made by different methods, including coexisting oxides, QUILF 
(which assesses equilibrium among T-magnetite, ilmenite, augite, 
pigeonite, orthopyroxene, olivine, and quartz, or subassemblages 
thereof), clinopyroxene-melt, D18O (quartz-magnetite) and phase 
equilibrium studies, and are not strictly comparable. The tem-
perature range is from >900 °C in quartz latites (e.g., Mills et al. 
1997; Bindeman and Valley 2003) to ~700 °C in rhyolites (Mills 
et al. 1997; Scaillet and Macdonald 2001), with perrierite being 
the typical CGM at higher T and chevkinite at lower T. Pressure 
estimates are less well constrained but where the geological con-
text is provided the phenocrysts can be inferred to have formed 
at P ≤5 kbar. Oxygen fugacities vary from DFMQ –1 to +2 and 
show no simple relationship to host lithology (Mills et al. 1997; 
Scaillet and Macdonald 2001; Bindeman and Valley 2003; Troll 
et al. 2003; Macdonald et al. 2015a).

Estimates of the water contents of CGM-phyric felsic 
magmas generally show that such magmas were water-rich, 
with H2O contents in the range 4–5 wt% (Novak and Mahood 
1986; Mills et al. 1997). This is consistent with experimental 
evidence that chevkinite crystallized from peralkaline rhyolites 
(comendites) under conditions of near H2O saturation (Scaillet 
and Macdonald 2001).

Also considered to be of early magmatic crystallization 
are CGM found as inclusions in early phases in plutonic 
rocks, such as feldspar, pyroxene, and amphibole (Van Bergen 
1984; Ridolfi et al. 2003: Macdonald et al. 2013) (Fig. 12b). 
Estimates of the P-T-fO2 conditions of CGM formation are 
broadly in line with those for phenocrysts. McDowell (1979) 

figuRe 11. Graphical representation of possible substitution mechanisms in Sr-dominant perrierites (Table 1). Possible substitutions to Sr-
bearing perrierite from the Bearpaw Mountains (Chakhmouradian and Mitchell 1999) and Sr-Zr perrierite, Burpala Massif (Macdonald et al. 2012) 
are also shown, as dashed lines.
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estimated that GGM groundmass grains in the Little Chief 
granite porphyry stock, California, crystallized at 700–750 °C 
and 1.5 kbar, with fO2 >NNO. Liquidus temperatures of between 
800 and 900 °C at fO2 close to FMQ were estimated for A-type 
alkaline granitoid intrusions of the Graciosa Province, Brazil, 
where CGM are the typical REE phase (Vlach and Gualda 
2007). The Paleogene Western Granite on the island of Rum, 
Scotland, gave the range 808–781 °C at fO2 ~NNO, at PH2O 
<1 kbar (Macdonald et al. 2013).

Late magmatic
One form of late magmatic CGM is at grain boundaries be-

tween the major phases. Cellai et al. (1993) recorded perrierite-
(Ce) up to 30 mm long, generally occurring enclosed in the rims 
of K-feldspars in an evolved minette from Montecatini Val di 
Cecina, Tuscany, Italy. Enclosure of CGM within feldspar rims 
was also noted in weakly peralkaline syenites from the Agua 
de Pau volcano, São Miguel, Azores Islands, by Ridolfi et al. 
(2003). Carlier and Lorand (2008) recorded perrierite crystalliz-

figuRe 12. BSE images of CGM occurrences in igneous rocks. (a) Subhedral phenocryst of chevkinite-(Ce) (Chv) in comendite obsidian 
(glass, Gl), Olkaria complex, Kenya Rift Valley. (b) Associated with primary quartz (Qtz) and biotite (Bt), Lucerne Granite, Hancock County, 
Maine, U.S.A. Associated accessories are zircon (Zrn), ilmenite (Ilm), and LREE-bearing apatite (Ap). The crystal is surrounded by a hydrated 
alteration zone (black arrows). (c) Late magmatic chevkinite-(Ce) growing along boundaries between alkali feldspar crystals (Afs), Ełk syenite, NE 
Poland. (d) Euhedral chevkinite-(Ce) in pegmatite, Haramosh, Pakistan. (e) Acicular perrierite (P), in vug in sanidinite (Sa), Anguillara, Latium, 
Italy (https://www.e-rocks.com). (f) Chevkinite-(Ce) in quartzolite, Rova occurrence, Keivy massif, coexisting with monazite-(Ce) (Mnz), zircon 
(Zrn), and fergusonite-(Y) (Fer) (Macdonald et al. 2017b). (Color online.)
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ing alongside sanidine and tridymite as late-magmatic phases in 
kersantites of the Oroscocha volcano; formation conditions were 
estimated at 950 °C and oxygen fugacity at FMQ+5 log units. 
The chevkinite-(Ce) shown in Figure 12c grew along boundaries 
between alkali feldspar crystals in the Ełk syenite, NE Poland. 
Hezuolinite forms a late magmatic mineral, in association with 
titanite, loparite-(Ce) and britholite-(Ce)? in lujavrite from Saima 
(Wu et al. 2016). A further form of late magmatic crystalliza-
tion is in mesostases and interstices, for example in tholeiitic 
intrusions (Melluso et al. 2014; Muhling et al. 2014). de Hoog 
and van Bergen (2000) described perrierite-(Ce) growing in the 
groundmass of a potassic trachyandesite from the Lewotolo vol-
cano, Indonesia. Chevkinite found as microlites in groundmass 
glass from high-silica vitrophyres from the Yellowstone caldera, 
Wyoming, must also represent late magmatic crystallization 
(Vasquez et al. 2009).

Carbonatites and associated hydrothermal metasomatic 
rocks

Chevkinite-group minerals are perhaps uncommon compo-
nents of carbonatite bodies. For example, Berger et al. (2009) 
recorded chevkinite as occurring in only 4 out of 58 Nb- and 
REE-bearing carbonatite deposits. Chevkinite-(Ce) was re-
ported in carbonatite of the Bayan Obo Nb-REE-Fe deposit by 
Shimazaki et al. (2008b) and Smith et al. (2016), associated 
with tremolite-richterite, barite, monazite-(Ce), bastnäsite-(Ce), 
fluorbritholite-(Ce), gadolinite-(Ce), FeTi-oxides, and sulfides. 
Chevkinite also occurs in a sövite dike in the Maoniuping REE 
deposit, China (Wang et al. 2001; Xu et al. 2008). Shen et al. 
(2005, p. 216) suggested that the type maoniupingite-(Ce), which 
occurs in carbonatitic veins and pegmatites at Maoniuping, 
“directly crystallized from a type of F-, water- and REE-rich 
mineralizing fluids during the transitional stages of magmatic-
hydrothermal processes.” Viladkar et al. (2009) reported that 
chevkinite-(Ce) is the only REE-bearing accessory mineral in 
carbonatites of the Samchampi massif, suggesting that it formed 
by hydrothermal alteration of ilmenite or magnetite in the late 
stages of carbonatite formation. Perrierite-(Ce) occurs concen-
trated at the endocontact between a carbonatite dike and host 
melanephelinite in the Danadai alkaline complex, Rajasthan, 
India (Macdonald et al. 2009). A Nb-rich chevkinite has been 
found in a carbonate vein in the Biraya Fe-REE deposit by 
Mills et al. (2012) and Stachowicz et al. (2019 and in review). 
Makagonov and Muftakhov (2016) reported perrierite-(Ce) in 
apatite-albite-phlogopite-calcite veins of the the Vishnevogor-
sky complex, suggesting that they characterized the silicate-
to-carbonatite transition in the complex. Sr-Zr-rich perrierite 
was found in apatite veins in the Mushgai-Khuduk carbonatite 
complex, Mongolia, by Andreev and Ripp (1995).

The type strontiochevkinite, from a rheomorphic fenite asso-
ciated with carbonatites at Cerro Sarambi, Paraguay, is estimated 
by Haggerty and Mariano (1983) to have formed at a depth of 
~5 km at high fO2 (much greater than MH) and at T ~500–550 °C.

Albitites occur in several forms, including large concordant 
bodies, discordant pegmatites and dikes, and albite breccias, and 
are formed by several mechanisms, such as Na-metasomatism 
of granitic rocks, partial melting of amphibolites, and liquid im-
miscibility from gabbroic magma. Proshchenko (1967) reported 

“chevkinite-(La)” in albitites from eastern Siberia. It would be 
valuable to restudy this material, to determine whether the La 
dominance is a function of the paragenesis. Monchoux et al. 
(2006) recorded chevkinite-(Ce) in igneous albitite dikes intrud-
ing lherzolite in the western Pyrenees, France, in association 
with albite, muscovite, biotite, chlorite, epidote, zircon, titanite, 
thorite, pyrochlore, aeschynite-(Ce), ferrocolumbite, rutile, 
ilmenite, magnetite, allanite-(Ce), apatite, and monazite-(Ce). 
The albitites are thought to have been formed by very low-
degree (<1%) partial melting of a shallow mantle, harzburgitic, 
source previously enriched by carbonate-related metasomatism 
(Pin et al. 2006).

Pegmatites, quartzolites, and miarolitic cavities
Included in this category are parageneses where a significant 

fluid phase coexisted with melt.
Pegmatites. Pegmatites are a common host of CGM, with 

some impressive occurrences (Fig. 12d). Rajesh (2003), for 
example, noted CGM crystals up to 0.1 m long in pegmatites as-
sociated with the Puttetti syenite, India. CGM-bearing pegmatites 
are generally, but not invariably, associated with syenitic and 
granitic intrusions, and can be of both metaluminous (Semenov 
et al. 1966; Mitchell et al. 1976; Miyazaki and Santosh 2005; 
Prol-Ledesma et al. 2012) and alkaline or peralkaline (Segelstad 
and Larsen 1978; Čech et al. 1988; Chakhmouradian and Mitchell 
1999; Macdonald et al. 2015b) affinity.

Miarolitic cavities. Parodi et al. (1994) described perrierite-
Ce) occurring in association with titanite, zircon, and baddeleyite 
on the walls of miarolitic cavities in an ejected syenite block in 
the Sabatini complex, Latium, Italy, linking its origin to the late 
pneumatolitic-pegmatitic stages of the regional volcanic activity 
(Fig. 12e). Della Ventura et al. (2001) reported perrierite-(Ce) 
in miarolitic cavities in a syenite block from the Roccamonfina 
volcano, Latium, which they related to late metasomatic stages. 
Chevkinite occurs in miarolitic cavities in the Kuiqi peralkaline 
granite, SE China, associated with inter alia apatite, allanite, 
zircon, titanite, xenotime, and pyrochlore (Martin et al. 1994). 
The type perrierite-(La) occurs in miarolitic cavities in lava in 
the Eifel, in association with sanidine, phlogopite, pyrophanite, 
zirconolite, members of the jacobsite-magnetite series, zircon, 
and fluorcalciopyrochlore (Chukanov et al. 2012a).

Quartzolites (“silexites” in the Russian literature) are 
rocks composed primarily of quartz (>60 vol%) and with 
quartz:feldspar ratios ≥9:1 (Bel’kov et al. 1988; Zozulya and 
Eby 2010; Macdonald et al. 2017b). They are transitional 
between higher-temperature orthomagmatic granites and fluid-
magmatic rocks, such as pegmatites, and mesothermal hydro-
thermal rocks. Significant amounts of fluorite and other F- or 
OH-bearing minerals indicate the active involvement of fluids 
in their formation. In the Western Keivy massif quartzolites 
commonly host rare metals, such as the Purnach (Bel’kov 
and Batieva 1991), Pessarjok (Macdonald et al. 2012) and 
Rovozero (Macdonald et al. 2012; Lyalina et al. 2014) occur-
rences. In the Keivy quartzolites, zircon is the main mineral 
in the ore assemblages, accompanied by various combinations 
of aeschynite-(Y), chevkinite-(Ce), fergusonite-(Y), britholite-
group minerals, yttrialite-(Y), thorite, monazite-(Ce), xenotime-
(Y), and bastnäsite-(Ce) (Fig. 12f).
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Metamorphic rocks
Chevkinite-group minerals have been recorded in several 

high-grade metamorphic occurrences (gneisses and associated 
pegmatites), e.g., Archean charnockitic gneisses in the West 
Hoggar, Algeria (Acef et al. 2001), from various localities in 
Antarctica (Atrashenok et al. 1967; Grew and Manton 1979a, 
1979b; De Paolo et al. 1982; Harley 1994; Hokada 2007; Belkin 
et al. 2009; Fig. 13a), and the Eastern Ghats Province, India 
(Grew and Manton 1986; Belkin et al. 2009; Fig. 13b). Čech et 
al. (1988) reported chevkinite-(Ce) in a pegmatite associated with 
a pre-Upper Proterozoic peralkaline quartzo-feldspathic gneiss 
at Mbolwe Hill, Zambia. CGM-bearing pegmatites are known 
from the largely granulitic gneiss terrain of the Purulia district, 
West Bengal, India (Baidya 1992).

Temperatures and pressures of 1000–1180 °C and 3–4 kbar 
have been estimated for the formation of perrierite in a partially 
melted sapphirine granulite xenolith from the Vestfold Hills, 
Antarctica (Harley 1994; Harley and Christy 1995), and tem-
peratures up to 1100 °C in granulites of the Archean Napier 
Complex, Antarctica (Harley 2008). The high Al content of the 
perrierite (≤9 wt%; Supplemental1 Table S3b) has been attributed 
to the high pressures of crystallization. This is consistent with 
experimental evidence; in CGM crystallized from a series of 
REE-enriched compositions ranging from basalt through andesite 

to rhyolite at pressures from 7.5 to 20 kbar and temperatures 
from 900–1050 °C, the Al content of the CGM increased with 
increasing pressure (Green and Pearson 1988) (Fig. 10).

The type examples of the rare minerals, rengeite and matsub-
araite (Fig. 13c), occur in jadeitite in the high P-T type Renge 
belt, Itoigawa-Ohmi-district, Japan (Miyajima et al. 2001, 2002). 
The belt (330–280 Ma) was metamorphosed under glaucophane-
schist to epidote-amphibolite facies conditions. Chevkinite-(Ce) 
and perrierite-(La) occur in different layers of Proterozoic meta-
carbonate rocks at Golden Lake, Ontario (Macdonald et al. 2009) 
(Fig. 13d). No study has yet examined the factors stabilizing the 
different phases.

So far as we know, CGM have not yet been recorded in a 
low-grade metamorphic rock although, given their occurrence 
in hydrothermal and ore deposits, such parageneses cannot be 
precluded. Neither has a CGM been reported growing in a low-
temperature sedimentary environment.

A potentially rewarding study would be the role of CGM 
in influencing REE and HFSE behavior during partial melting 
of crustal rocks. Hokada (2007), for example, suggested that 
the conditions for the formation of perrierite in an ultrahigh-
temperature (UHT) sapphirine-quartz gneiss from East Antarc-
tica might have been achieved by the generation of an anatectic 
melt, leaving the LREE and Ti, incorporated into the perrierite, 

figuRe 13. BSE images of CGM in metamorphic rocks. (a) Perrierite (P) with inclusions of garnet (G) and sillimanite (S) in a quartz and 
garnet assemblage, quartzofeldspathic granulite from the Napier Complex, East Antarctica (from Belkin et al. 2009). (b) Acicular perrierite in 
mesoperthite, in migmatitic sapphirine granulite, Anakpalle, south India (from Belkin et al. 2009). (c) Matsubaraite (Mat) in jadeitite (Jd), Itoigawa-
Ohmi district, Niigata prefecture, Japan (from Miyajima et al. 2002). (d) CGM (Chv) along with contact between carbonate crystals, metacarbonate, 
Golden Lake, Ontario.
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behind in the solid rock. Another natural laboratory for such 
studies might be a migmatite suite where the products of partial 
melting and their subsequent evolution can be recognized. For 
example, Johnson et al. (2003) have inferred a genetic connec-
tion between migmatites, leucosomes, dikes, and peraluminous 
granites in the Proterozoic Dalradian rocks of NE Scotland, but 
no study has been made of the accessory minerals from this rock 
suite, and how their assemblages and compositions varied as the 
inferred melting proceeded.

Skarns
Chevkinite-group minerals occur in calc-skarns of eastern 

Tuva and eastern Siberia, where they formed in fissures in 
association with pyrochlore, fergusonite, fluorite, phenakite, 
meliphanite, and zircon (Kudrin et al. 1967). Ontoyev (1993) de-
scribed, from the Bayan Obo rare-earth deposit, CGM in humite 
and humite-clinohumite skarns formed at or close to the contacts 
between dolomites and syenitic rocks. Associated minerals are 
humite, clinohumite, spinel, periclase, phlogopite, allanite, fluo-
rite, and titanomagnetite. The skarns are thought to have formed 
at temperatures >500 °C. The type dingdaohengite-(Ce) was first 
recognized in magnesian skarns at Bayan Obo (Xu et al. 2008).

Chevkinite-group minerals can also form by recrystallization 
of primary CGM by interaction with metasomatic fluids. For 
example,Macdonald et al. (2015d) described, in a quartz-epidote 
metasomatite from the Khaldzan Buregtey massif, Mongolian 
Altai, prismatic chevkinite-(Ce) crystals up to 8 × 1.5 cm in 
size that had grown by recrystallization and enlargement of the 
same mineral in the precursor pegmatite where it never exceeded 
1 mm in size.

The range of occurrences testifies to the ability of CGM to 
form under very diverse, relatively low temperature conditions, 
with different fluid compositions, and in a multitude of para-
geneses. Quantifying the variables active during their formation 
will undoubtedly be difficult: REE-bearing deposits can be 
formed in several stages, with changes in temperature and fluid 
composition(s) and under disequilibrium conditions.

hydRotheRMal alteRation of cgM
The presence of even moderate concentrations of actinides 

makes the CGM prone to metamictization (e.g., <0.5 wt% ThO2; 
Sokolova et al. 2004). The structural damage, in turn, promotes 
entry of water into the structure; thus in common with other 
accessory minerals, such as apatite, monazite, and xenotime, 
CGM can be susceptible to alteration by magmatic and/or 
hydrothermal fluids. Studies of the hydrothermal alteration of 
CGM go back at least as far as that of Lacroix (1915) and were 
then pursued chiefly by Russian workers, such as Mineev et al. 
(1962), Marchenko et al. (1968), and Rozanov et al. (1983). 
We discuss here only more recent work where microanalytical 
techniques have allowed a more complete characterization of 
the phases involved in the alteration.

Three general replacement schemes can be recognized: 
(1) compositional modification of the CGM produced a zone 
of “altered chevkinite” (Jiang 2006; Vlach and Gualda 2007; 
Bagiński et al. 2015); (2) formation of this zone was followed 
by the development of a new mineral assemblage (Jiang 2006; 
Macdonald et al. 2015b, 2015c); and (3) alteration proceeded 

directly to the formation of a new assemblage (Macdonald et al. 
2015d; Bagiński et al. 2016). The examples provided below were 
chosen to describe the three schemes and to show the effects of 
different ligands on the alteration products.

“Altered chevkinite”
Bagiński et al. (2015) described the alteration of chevkinite-

(Ce) in quartzolite from the Keivy massif, where the mineral 
was replaced by a presumably amorphous phase that, lacking 
structural information, they simply termed altered chevkinite, 
after the usage by Jiang (2006) and Vlach and Gualda (2007). 
In places, the altered material is present as rims on the unaltered 
CGM, or developed along fractures (Fig. 14a). Elsewhere, the 
alteration proceeded to a very complex mixture of unidentified 
phases of different BSE brightness, occurring as amoeboid 
patches and fibers (Bagiński et al. 2015). No structural data exist 
for these phases. The compositional modification of the CGM 
during alteration is described below.

Alteration of CGM with formation of new phases
In some cases, the formation of altered chevkinite was fol-

lowed by the formation of a different phase assemblage. This 
progression presumably reflected the continuity of fluid input 
and the aggressivity of the fluid (essentially its temperature and 
content of ligands).

In a study of hydrothermally altered chevkinite-(Ce) in sy-
enites of the Shuiquangou intrusion, China, Jiang (2006) found 
that the chevkinite was replaced by an allanite-ilmenite associa-
tion in the inner part of a corona texture, either directly or via 
a thin zone of altered chevkinite. This was in turn mantled by a 
ring of allanite, titanite, and ilmenite and then by a distal rim of 
epidote. A detailed description of element redistribution during 
replacement was given. Jiang (2006) did not specify the com-
position of the fluid, but from the nature of the alteration assem-
blage it apparently had low F and CO2 contents. Hydrothermal 
alteration of CGM to allanite and titanite was also recorded by 
Savel’eva and Karmanov (2008, 2010), Hirtopanu et al. (2013) 
and Papoutsa and Pe-Piper (2013).

A broadly similar replacement sequence to that in Jiang (2006) 
was reported by Macdonald et al. (2015c) in chevkinite-(Ce) 
from a quartz-epidote metasomatite from the Keivy massif. 
In this case, the allanite zone comprises ferriallanite-(Ce) and 
davidite-(La), rimmed by a zone of allanite-(Ce) richer than 
the ferriallanite-(Ce) in the epidote component, and there is 
no ilmenite in the titanite-rutile mantle (Fig. 14b). Rare-earth 
carbonates, aeschynite-(Ce) and aeschynite-(Y) were accessory 
minerals in all the alteration zones. The hydrothermal fluids were 
inferred to have had high Ca activities and significant contents of 
F and CO2. Li and Zhou (2017) have also recorded replacement 
of chevkinite-(Ce) by allanite-(Ce) and aeschynite-(Ce) from 
the Sin Quyen deposit.

A complex alteration sequence was described in a syenitic 
pegmatite from the Vishnevye Mountains by Macdonald et al. 
(2015b). The chevkinite-(Ce) was altered, via a series of textur-
ally complex intermediate steps, to a bastnäsite-(Ce)-ilmenite-
columbite-(Fe) assemblage (Fig. 14c). The intermediate stages 
involved partial replacement and formation of symplectite tex-
ture. An approach to equilibrium was achieved only during the 
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final stages of alteration. The hydrothermal fluids were inferred 
to have been F- and CO2-rich, with variable levels of Ca activity.

Ignoring the complexities of the intermediate stages, the 
critical reaction in the alteration of the chevkinite-(Ce) was 
given as:

2[Ce3.5Ca0.5)S4Fe(Fe1.5Ti0.5)S2Ti2(Si2O7)2O8] + 8CO2 +7F- = 
                  chevkinite-(Ce) 
7CeCO3F + 5FeTiO3 + 8SiO2 + CaCO3 +5O2–

bastnäsite        ilmenite     quartz

Li and Zhou (2017) described replacement of chevkinite-(Ce) by 
allanite-(Ce) + aeschynite-(Ce) ± bastnäsite-(Ce) ± columbite-
(Fe) ± ilmenite at Sin Quyen.

Alteration directly to new phases
A quartz-epidote metasomatite from the Khaldzan Buregtey 

massif is an example of alteration of a CGM proceeding directly 
to new phases (Fig. 14d) (Macdonald et al. 2015d). A peralkaline 
granite pegmatite was metasomatized by hydrothermal fluids, 
where minerals in the pegmatite, including chevkinite-(Ce), 
fergusonite-(Y) and epidote supergroup minerals, were recrys-
tallized and texturally coarsened at temperatures in the range 
318–446 °C. An influx of low-temperature fluids (156–160 °C) 

resulted, inter alia, in the replacement of chevkinite-(Ce) by 
titanite-cerite-(Ce)-REE carbonate assemblages. The hydrous 
fluids were interpreted to have been acidic and oxidizing, with 
significant amounts of CO2 but poor in F and Cl.

Many other replacement schemes undoubtedly exist. 
Kartashov (1994; reaction 3), for example, proposed a reaction 
involving high Ca and CO2 activities for altered chevkinite from 
the Khaldzan Buregtey massif:

Ce4Fe(Fe,Ti)2Ti2Si4O22 + Fe2+ + 4Ca2+ + 8CO3
2– + 2H2O → 

      chevkinite REE
4CaCe(CO3)2(OH) + 3FeTiO3 + 4SiO2

       carbonate                 ilmenite       quartz 

As further examples, Mitchell et al. (1976) described perrierite 
with alteration crusts of halloysite, monazite, and anatase in a 
granitic pegmatite from Bedford County, Virginia, and Prol-
Ledemsa et al. (2012) reported replacement of perrierite-(Ce) by 
a symplectitic intergrowth of allanite-(Ce) + titanite + thorite in 
the El Muerto granitic pegmatite. Vasyukova and Williams-Jones 
(2016) reported, in an inclusion in granite from the Strange Lake 
pluton, chevkinite-(Ce) being locally replaced by karnasurtite-
(Ce) [(Ce,La,Th)(Ti,Nb)(Al,Fe3+)(Si,P)2O7(OH)4·3H2O] or, 
in some cases, by an intergrowth of bastnäsite-(Ce), fluorite, 

figuRe 14. BSE images of various examples of CGM alteration. (a) Chevkinite-(Ce) (Chv) crystal altered along its rim and along internal 
cracks (Alt. Chv), in quartzolite, Keivy massif (from Bagiński et al. 2015). (b) Chevkinite-(Ce) partially replaced by ferriallanite-allanite-(Ce) 
(Aln), davidite (Dav), and aeschynite (Aes); in metasomatite, Keivy massif, Kola massif (from Macdonald et al. 2015c). (c) Chevkinite-(Ce) 
(Zone A) replaced first by altered chevkinite (Zone B) and then by a bastnäsite–ilmenite–thorite (Bst–Ilm–Thr) assemblage (C1), veins of which 
have penetrated into the chevkinite; metasomatite, Keivy massif, Kola Peninsula (from Macdonald et al. 2015b). (d) Chevkinite-(Ce) (A) replaced 
first by minerals of the epidote supergroup (B) and then by titanite-rutile-cerite-REE carbonate assemblages (C). From Macdonald et al. (2015d).
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and a Na-deficient variety of gagarinite-(Y) [Na(REExCa1–x)
(REEyCa1–y)F6].

Important studies remain to be made of the controls of the 
different replacement sequences

In considering the difference between columbite-bearing and 
columbite-free sequences, Macdonald et al. (2015b) suggested 
that columbite has low solubility in CO2-rich fluids, resulting 
in two potential assemblages: (1) ilmenite + titanite + rutile + 
(Nb,REE)-oxides = low X(CO2) and higher Ca or (2) ilmenite + 
columbite + REE-carbonate = high X(CO2) and lower Ca.

The examples above show that the alteration products of 
CGM are dependent on the compositions of the host rock and 
CGM, the pressure and temperature and the composition of the 
fluids, in particular, the activities of Ca, F, and CO2. Studies of 
the fluids are, however, hampered by their loss from the system 
and by the fact that they may change composition as alteration 
proceeds. In the case of the CGM, difficulties in interpreting the 
record of the passage of fluids through the rocks are exacerbated 
by the lack of any experimental information on CGM-fluid 
interactions, in contrast, for example, to monazite (Harlov and 
Hetherington 2010; Budzyń et al. 2011; Harlov et al. 2011; 
Harlov 2015).

compositional modifications during 
HydrotHermal alteration to altered cHevkinite

Bagiński et al. (2015) outlined some of the compositional 
changes occurring in CGM during interaction with hydrothermal 
fluids. Initial alteration generally results in Ca enrichment, but 
with increasing degrees of alteration, Ca abundances fall, as do 

those of the REE, Fe, and Si. Levels of Ti increase strongly, with 
less marked enrichment in Nb ± Th. Oxide totals of the altered 
phase are very low (sometimes <90 wt%) and cation totals are 
not stoichiometric. As a measure of the degree of alteration, the 
parameter Ti* was introduced by Bagiński et al. (2015), defined 
as (total Ti apfu – 2), i.e., a measure of the Ti excess over that 
filling the D site. Figure 15 shows the variation of Ti* and Ca 
in CGM from various suites. The data generally follow a looped 
distribution, somewhat arbitrarily divided in the inset into unal-
tered, partly altered and strongly altered segments.

The overall compositional variations during alteration in 
many ways mirror in the initial stages those produced by mag-
matic crystallization and, as in that process, the trend may cross 
the empirical boundary between the chevkinite and perrierite 
subgroups, but this time from chevkinite to perrierite (Vlach 
and Gualda 2007) (Fig. 16). For comparison, perrierite from 
apatite-albite-phlogopite-calcite veins in the Vishnevogorsky 
complex also became more calcic with increasing hydration 
(Makagonov and Muftakhov 2016). Are there ways of telling 
whether compositional zonation in a given CGM results from 
hydrothermal alteration rather than crystallization? Using A-type 
syenites and granites of the Graciosa Province, Brazil, Vlach and 
Gualda (2007) noted that magmatic chevkinites followed (quasi-)
horizontal trends on a Th-Ti plot, whereas altered CGM fol-
lowed positive trends. Furthermore, as noted above progressive 
alteration is almost always accompanied by a decrease in oxide 
totals and increasingly non-stoichiometric structural formulas.

Payette and Martin (1988) gave a description of the altera-
tion of chevkinite-(Ce) in alkali granites of the Welsford igne-
ous complex, New Brunswick, Canada. They reported altered 
“chevkinite” with remarkable levels of Ti enrichment (up to 7.17 
apfu; 50.6 wt% TiO2). Compared to other altered occurrences, 
the chevkinite shows strong Ca depletion starting from Ti* 
values of 1 (Fig. 15). This occurrence would undoubtedly repay 

figuRe 15. Ca plotted against Ti* (total Ti–2 apfu) for various suites 
carrying altered CGM. Data sources: samples numbered 160b are from 
the El’ozero occurrence, Keivy (Bagiński et al. 2015); K4 = syenitic 
pegmatite, Vishnevye Mountains (Macdonald et al. 2015b); 1–93 = 
quartzolite, Rova occurrence, Keivy (Macdonald et al. 2012; Bagiński 
et al. 2015); Ardnamurchan = Paleogene granite, Scotland (Macdonald et 
al. 2013); Shuiquangou syenite, China (Jiang 2006); Wentworth granite, 
Nova Scotia (Papoutsa and Pe-Piper 2013); Main Sayan Fault, southern 
Baikal, Russia (Savel’eva and Karmanov (2008). The inset shows a 
generalized trend from unaltered to strongly altered phases, based on 
the solid dashed trend in the main figure. The thin dashed line is for 
the Graciosa Province (Vlach and Gualda 2007). From Bagiński et al. 
(2015), except the Welsford trend, drawn from data for sample AGP-1 
in Payette and Martin (1988).

figuRe 16. (CaO+SrO) – FeO* plot to show how hydrothermal 
alteration can drive CGM across the empirical boundary between the 
chevkinite and perrierite subgroups (Macdonald et al. 2009). The trends 
are opposite to those formed by magmatic crystallization (Fig. 5). 1 
= A-type syenites and granites, Corupá, Brazil (Vlach and Gualda 
2007); 2 = syenitic pegmatite, Vishnevye Mountains (Macdonald et al. 
2015b); 3 = Shuiquangou syenite (Jiang 2006); 4 = quartzolite, Rova 
occurrence, West Keivy massif (Bagiński et al. 2015); 5 = carbonate 
veins, Vishnevogorsky complex (Makagonov and Muftakhov 2016).
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a detailed study of the structural, textural, and compositional 
changes during the alteration process(es).

implications

Geochemical modeling
Chevknite-group minerals (CGM) occurring as phenocrysts 

or as inclusions in early crystallized minerals in plutonic rocks 
may strongly influence trace element distribution during frac-
tional crystallization of intermediate to felsic magmas. In several 
igneous rock suites, for example, CGM have been the dominant 
control over LREE distribution (Vlach and Gualda 2007; Hokada 
2007; Viladkar et al. 2009; Macdonald et al. 2013; Padilla and 
Gualda 2016). As an indication of its fractionation potential, 
Troll et al. (2003) calculated that crystallization of 0.05 wt% 
chevkinite from a peralkaline rhyolite (comendite) magma 
with 300 ppm Ce would produce 207 ppm in the residual melt. 
The CGM may also play an important role in controlling trace 
element behavior during partial melting of crustal rocks; where 
refractory, they could retain such elements in the restite (Green 
and Pearson 1988; Hokada 2007).

Testing of geochemical models requires a detailed knowledge 
of the partitioning of trace elements between CGM and host 
melts. The most complete information on the partitioning of 
REE between CGM and coexisting melts comes from high-silica 
rhyolites, including comendites from the Olkaria complex, Kenya 
(Macdonald et al. 2002; Marshall et al. 2009), Gran Canaria 
(Troll et al. 2003), and from the metaluminous Peach Spring Tuff 
(Padilla and Gualda 2016). All three data sets show strong parti-
tioning of the LREE into chevkinite-(Ce), with apparent partition 
coefficients for La and Ce exceeding 1000 (Supplemental1 Table 
S5). Chevkinite-(Ce) also concentrates the HREE, although less 
strongly. In all cases, Ce/Ce* values in chevkinite-(Ce) micro-
phenocrysts are closely similar to those in matrix glass, indicating 
that CGM crystallization does not significantly affect the size of 
the Ce anomaly. Similarly, Eu anomalies are fairly comparable 
in CGM and coexisting glasses and are not affected by CGM 
crystallization. There is a similar situation in the metaluminous 
Peach Springs Tuff rhyolite.

Although the partition coefficients are for chevkinite-(Ce) 
in a compositionally similar set of rocks (high-silica rhyolites), 
there are some important inter-rock differences. For example, 
two samples have steep decreases at Eu, two do not (Fig. 17). 
The apparent partition coefficient for Sr in the Gran Canaria 
chevkinite-(Ce) (84) greatly exceeds those in Olkaria (≤27). Such 
differences may be related in part to the crystallization of other 
accessory minerals, such as allanite or titanite. In their study of 
chevkinite-(Ce) and titanite microphenocrysts in a Gran Canaria 
ignimbrite, for example, Troll et al. (2003) found that (1) the 
chevkinite-(Ce) was enriched in LREE by some three orders of 
magnitude above that of the glass matrix, whereas titanite was 
enriched by only 1.5 orders of magnitude; (2) the titanite, but not 
the chevkinite-(Ce), showed minima at La and Eu on chondrite-
normalized REE plots; and (3) the titanite was more sensitive to 
melt composition than the chevkinite-(Ce). They concluded that 
chevkinite, where present, might be the controlling REE-bearing 
phase in peralkaline rhyolitic magmas. Padilla and Gualda (2016) 
found, in the metaluminous Peach Spring Tuff, that whereas 
chevkinite-(Ce) concentrated the LREE more efficiently than 

other minerals, titanite had a significant preference for the REE 
between Sm and Ho.

These studies have clearly shown that, to be most valuable, 
partition coefficients should be determined for individual suites 
and that any accessory cannot be treated in isolation from any 
coexisting phases. A potentially rewarding way forward is via a 
detailed examination of multi-phase accessory assemblages in 
volcanic rocks (Padilla and Gualda 2016). For example, many 
Cenozoic latite to rhyolite eruptive sequences of Nevada, U.S.A., 
have microphenocryst assemblages containing various propor-
tions of titanite, allanite, perrierite, apatite, zircon, and monazite 
(Broxton et al. 1989; Warren et al. 1989). In the example shown 
in Figure 18, from the Devine Canyon Tuff, Oregon, four ac-
cessory phases (CGM, REE-Si-bearing apatite, zircon, and 
ilmenite) were incorporated into a growing clinopyroxene, with 
the enclosing glass acting as a guide to the melt composition. By 
documenting specific textural relationships, such assemblages 
provide an excellent opportunity to distinguish the effects of 
melt composition, temperature, and fO2 on mineral stabilities and 
to track the partitioning of elements into the accessory phases.

The relationships between CGM and other REE-bearing 
accessory phases

It is important to understand as fully as possible the relation-
ships between the CGM and other accessory minerals coexisting 
in the same rocks. During equilibrium or near-equilibrium crys-
tallization, the first major REE phase to appear may preclude or 
have a tendency to limit the abundance of the other competing 
phase(s). Such relationships will determine inter alia trace element 
fractionation paths in residual melts and our ability to decipher 
P-T-fO2 conditions during magma crystallization. Determining the 
stability relationships between CGM and coexisting accessory 
minerals may, however, be extremely difficult due to the textural 
complexities and ambiguities and to the non-equilibrium condi-
tions under which the minerals often form. In this section, some 
aspects of the relationships between CGM and two REE-bearing 
phases, allanite and monazite, in igneous suites are described.

figuRe 17. Apparent chevkinite/melt partition coefficients for 
REE in mildly peralkaline (1 to 4) and metaluminous (5) rhyolites. 1 = 
ignimbrite X, Gran Canaria (Troll et al. 2003); 2 and 4 = samples SMN49 
and ND002, Olkaria complex, Kenya Rift Valley (Macdonald et al. 2002); 
3 = sample BL210b, Olkaria (Marshall et al. 2009); 5 = Peach Springs 
Tuff, Arizona (Padilla and Gualda 2016).
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Reconnaissance experiments by Vasquez et al. (2004) 
showed that allanite saturation in high-silica rhyolites occurred at 
760–770 °C, whereas at 780 °C, chevkinite replaced allanite. This 
is consistent with textural evidence of allanite mantling chevkinite 
in granites from the Aztec Wash Pluton, Nevada (Robinson and 

Miller 1999), Paleogene granites (Macdonald et al. 2013), and the 
Lucerne intrusion, Maine, U.S.A. (Fig. 19a) (Prol-Ledemsa et al. 
2012) have reported perrierite-(Ce) inclusions up to 5 cm across 
occurring in allanite in the wall zone and first intermediate zone 
of the El Muerto granitic pegmatite. Vlach and Gualda (2007) 
showed that in the A-type granites of the Graciosa Province, Brazil, 
chevkinite-(Ce) is the main REE phase in metaluminous syenites, 
alkali-feldspar syenites and peralkaline alkali-feldspar granites of 
the alkaline association, while allanite-(Ce) is the main REE phase 
in the aluminous association.

In cooling silicate liquids, monazite is the only common ac-
cessory phase with a REE abundance similar to CGM. Monazite 
solubility increases with increasing peralkalinity (Montel 1986, 
1993) and decreases with increasing alumina saturation index 
(Rapp et al. 1987). In contrast, we know of no record of a CGM 
in a peraluminous granite. This may suggest that CGM are favored 
in metaluminous and peralkaline melts vs. peraluminous melts.

Monazite and CGM do seem to be able to coexist, apparently 
in, or close to, equilibrium. Hokada (2007) recorded perrierite and 
monazite in sapphirine-quartz gneiss from the Napier Complex, 
East Antarctica, noting that the perrierite is the dominant phase. 
Monazite and CGM coexist in the Boso and Noto volcanics 
(Miyawaki et al. 2012). Liu et al. (2015) reported subhedral 
monazite-(Ce) and chevkinite in a lithic clast in a martian brec-
cia meteorite. In a quartzolite from the Rova occurrence, Keivy 
massif, Macdonald et al. (2017b) found that chevkinite-(Ce) 
and monazite-(Ce) formed part of the primary crystallizing as-

figuRe 19. (a) 
A chevkini te-(Ce) 
(CGM) crystal that 
has partially reacted 
to form allanite-(Ce) 
(Aln), Lucerne Granite, 
H a n c o c k  C o u n t y, 
Maine, U.S.A. Later 
alteration, marked “a”, 
around the periphery 
of the allanite-(Ce) has 
removed most of the 
REE. Note the bottom 
middle two arrows 
indicating a scalloped 
reaction front. Other 
phases are biotite (Bt), 
apatite (Ap), ilmenite 
(Ilm), and plagioclase 
(Pl). (b) Chevkinite-
(Ce) and monazite-(Ce) 
apparently growing 
in equil ibrium, in 
a s s o c i a t i o n  w i t h 
zircon and fergusonite-
(Y), in quartzolite, 
Keivy massif (from 
Macdona ld  e t  a l . 
2017b). (c) Chevkinite 
(Chv) and monazite 
(Mnz) mantled by 
allanite, Sin Quyen (Li and Zhou 2017). An irregular layer of fluorapatite (Ap) lies between the monazite and allanite. Image courtesy of X.-C. Li. (d) 
Chevkinite-(Ce) (Chv) in plagioclase, with late monazite-(Ce) (Mnz) on rims. Cañada Pinabete granite, Questa complex, New Mexico.

figuRe 18. Slightly reversely zoned hedenbergite from the Devine 
Canyon Tuff, Juntura, Oregon, U.S.A., sample DCT_B. The crystal is 
filled with silicate melt inclusions (MI) and various solid inclusions, 
such as ilmenite (Ilm), REE-Si-rich apatite (Ap), zircon (Zrn), and 
chevkinite-(Ce) (CGM). The hedenbergite is surrounded by glass (Gl), 
with phenocrysts of alkali feldspar.

Downloaded from https://pubs.geoscienceworld.org/msa/ammin/article-pdf/104/3/348/4652944/am-2019-6772.pdf
by University of Arizona user
on 12 March 2019



MACDONALD ET AL.: CRITICAL ASSESSMENT OF THE ROLE OF CHEVKINITE366

American Mineralogist, vol. 104, 2019

semblage, in association with fergusonite-(Y) and zircon (Fig. 
19b). Li and Zhou (2017, 2018) reported that monazite-(Ce) and 
chevkinite-(Ce) formed together from high-temperature fluids, and 
were subsequently mantled by allanite (Fig. 19c), in the early ore-
forming stage at Sin Quyen. Monazite crystallization post-dating 
that of CGM is recorded in a perrierite-(Ce) in plagioclase, with 
late monazite-(Ce) on the CGM rims, Cañada Pinabete granite, 
Questa complex, New Mexico (Fig. 19d).

Thus, while it appears that the relationship between CGM 
and allanite is generally determined by melt composition and 
temperature, that between CGM and monazite is more complex, 
especially in the low-temperature regime where fluid composition 
and availability become important factors.

Geochronology
Several studies have demonstrated the usefulness of CGM in 

geochronology in rocks ranging from Archean to Recent. Using 
U-Th-Pb elemental ratios, Hokada (2007) found a chemical age 
of 2460 ± 110 Ma for perrierite from a sapphirine gneiss of the 
Napier Complex. In situ sensitive high-resolution ion micro-
probe (SHRIMP) U-Pb methods were employed by Rasmussen 
et al. (2014) to date CGM from a tholeiitic sill of the Eel Creek 
Formation, Western Australia (~1.07 Ga), but high common Pb 
contents resulted in an unreliable date. Min et al. (2006) used the 
(U-Th)/He method to date (1.62 ± 0.11 Ma) volcanic phenocrysts 
with chevkinite and britholite inclusions, in the Jemez Volcanic 
Field, New Mexico. Vasquez et al. (2014) reported 238U-230Th 
dating of chevkinite in rhyolites from La Primavera, Mexico 
(125–85 ka) and Yellowstone (110–250 ka) calderas. A poten-
tially useful project would be to use CGM altered by interaction 
with hydrothermal fluids to date the alteration event but, so far 
as we know, no such study has yet been published.

CGM and magma mixing
Given the ubiquity of magma mixing in the evolution of 

igneous suites, an interesting question is whether the CGM 
have been used to identify the process. The accessory mineral 
assemblage titanite, perrierite, zirconolite, and baddeleyite was 
reported as late magmatic phases in kersantites of the Oroscocha 
volcano by Carlier and Lorand (2008). The assemblage formed 
under low water pressure and high fO2 (FMQ+5), the strongly 
oxidizing conditions having been promoted by magma mixing 
between lamprophyric and felsic end-members. Macdonald 
et al. (2013) ascribed reverse zoning and resorbed textures in 
chevkinite-(Ce) to possible magma mixing in A-type granites of 
the U.K. Paleogene province but did not present robust evidence 
as to the nature of the mixing components.
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