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Ancylite-(Ce) occurs in quartz-calcite-chlorite veins crosscutting the foliation of phyllite in the Dewon Quarry in the foothills of
the Opava Mountains of the eastern Sudetes, south-west Poland. Irregularly shaped grains of ancylite are up to 67 um long
and 22 um wide. The compositional range of ancylite, determined by electron microprobe, is expressed by the empirical for-
mula:  (Sro.65-055Ca0.19-0.14F€0.03-0.00)0.87-0.69  (C€0.58-0.50Nd0.26-0.22L.80.26-0.21P0.06-0.05S M0.05-0.04Gd0.07-0.03DY0.01-0.00)x1.29-1.05
(CO3)2(OH1 67-0.99F 0.22-0.0.06)s1.29-1.05 - 0.95—0.93H,0. Ancylite crystallized directly from CO,-rich hydrothermal solutions as the
last mineral in the veins following precipitation of calcite. The solution temperature, estimated using various chlorite
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geothermometres, was in the range of 260-340°C.
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INTRODUCTION

Ancylite-(Ce), ideally CeSr(COs3),(OH). H,O, was once con-
sidered a rare accessory mineral of nepheline syenites and
carbonatites (Anthony et al., 2003). However, it has recently
gained interest as one of the principal rare earth element
(REE)-bearing minerals of carbonatites, and as an indicator of
hydrothermal or carbothermal processes (Verplanck et al.,
2016). On rare occasions, ancylite-(Ce) has been found in
rocks other than carbonatites or syenites and their associated
pegmatites. For instance, ancylite-(Ce) occurs in the biotite-rich
exo-contact of quartz-sulphide veins (Melgarejo et al., 2011)
and in granitic pegmatites as a product of hydrothermal alter-
ation of allanite-(Ce) (Novak et al., 2013). Recently, the occur-
rence of ancylite-(Ce) in quartz-calcite-chlorite veins crosscut-
ting the foliation in the Dewon-Pokrzywna phyllite deposit
(DPD), in SW Poland, has been noted, though without details
(Sawicka et al., 2018). In this paper, we provide results of elec-
tron microprobe analyses (EPMA) of that ancylite-(Ce) and dis-
cuss its origin. This is the only occurrence of ancylite-(Ce) in the
Sudetes discovered so far.
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Ancylite-(Ce), together with ancylite-(La) (all collectively
termed ancylite if a dominant REE is not specified), and twelve
other minerals, belong to the ancylite group of f~element car-
bonates (Godovikov and Nenasheva, 2020) with a general for-
mula:

(M?*)1:x(REE)3 x(CO3)4(OH)a(1 + x)H20

where: M?* are divalent cations (Ca, Sr, Cu, Pb) and x may vary be-
tween —1 and +1 (Larsen and Gault, 2002).

Inspection of ancylite chemical compositions reported in the
literature reveals a wide range of REE, Sr, and Ca contents and
various proportions of individual REE (e.g., Pekov et al., 1997,
Yakovenchuk et al., 1997; Bulakh et al., 1998; Zaitsev et al.,
1998; Larsen and Gault, 2002; Sadiq et al., 2014; Cooper et al.,
2015; Giebel et al., 2017; Ali-Ani et al., 2018; Jia and Liu, 2020).
Ancylite with predominantly La (0.54 atoms per formula unit;
apfu) and very low Ce (0.08 apfu), was found in a hydrothermal
albitite vein in the llimaussaq alkaline rocks of SW Greenland
(Petersen et al., 2001). Analyses of ancylite with Nd>Ce>Pr>
La and the minimum Nd/Nd + Ce ratio of 0.456 have been re-
ported from ferro-carbonatites in S Westland, New Zealand
(Cooper et al., 2015). Ancylite forms a solid solution with
calcio-ancylite-(Ce) and calcio-ancylite-(Nd) (Orlandi et al.,
1990; Larsen and Gault, 2002). Such a wide compositional
range reflects both the diversity of the local geochemical envi-
ronments and the flexibility of the ancylite structure to accom-
modate various proportions of principal and minor elements.
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GEOLOGICAL SETTING

The ancylite-bearing sample of phyllite was collected in the
Dewon Quarry (50.2943942N, 17.4410747E), located in
Jarnottowek, ~5 km SE of the town of Gtuchotazy in the north-
ern foothills of the Opava Mts. in the Eastern Sudetes, SW Po-
land (Fig. 1). Phyllites intercalated with meta-sandstones and
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meta-conglomerates belong to the Upper Devonian-Lower Car-
boniferous Andélska Hora Unit of the Moravo-Silesian fold-
and-thrust belt (Fig. 1B; Zaba et al., 2005; Zelazniewicz and
Aleksandrowski, 2008). Flysch-type sedimentary deposits, pre-
dominantly alternating slates and psammitic slates, were the
protolith for the phyllites (Stanczak, 2016). The protolith was
metamorphosed under low-temperature greenschist facies to
high-temperature sub-greenschist facies conditions (Sawicka
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Fig. 1A —location of the sample site in SW Poland; B — simplified geological map of the western margin of the Upper Silesia Block
(modified after Zaba et al., 2005) with the location of the Dewon phyllite Quarry; C — quartz- and quartz-calcite-chlorite veins in
folded and sheared phyllites in the Dewon Quarry; D — hand specimen of phyllite adjacent to the quartz-calcite-chlorite vein
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et al., 2018). The phyllites were intensely folded and sheared
during four major stages of tectonic deformation (Zaba et al.,
2005).

Phyllites in the Dewon Quarry are composed of quartz,
muscovite, chlorite (Mg-ripidolite), and albite as the principal
minerals. Biotite, microcline, illite, and kaolinite are minor con-
stituents. limenite, apatite, zircon, allanite, monazite, and xeno-
time are accessory minerals (Sawicka et al., 2018). The argilla-
ceous phyllites are highly enriched in Fe compared to phyllites
from other localities worldwide. Their dark grey colour (Fig. 1D)
is due to finely dispersed amorphous organic matter originating
from bacterial degradation of marine plankton (Sawicka et al.,
2018). The phyllites were affected by intense hydrothermal ac-
tivity as shown by the occurrence of abundant sulphides (pyrite,
chalcopyrite and cobaltite) and numerous quartz-calcite,
quartz, and quartz-albite veins of various thickness, either
intra-foliated or cross-cutting foliation (Fig. 1C).

METHODS

Observations by scanning electron microscopy (SEM) in
the back-scattered electron (BSE) mode were conducted using
a Philips XL30 ESEM/TMP scanning electron microscope
equipped with an energy-dispersive EDAX type Sapphire spec-
trometer and BSE detector operated at 15 kV. The working dis-
tance was 10 mm. The chemical composition of ancylite-(Ce)
and associated minerals (i.e., calcite, chlorite, apatite) was de-
termined by wavelength-dispersive spectrometry (WDS) at the
Inter-Institutional Laboratory of Microanalyses of Minerals and
Synthetic Substances, University of Warsaw, usinga CAMECA
SX-100 electron microprobe operated at an accelerated volt-
age of 15 kV and a sample current of 10 nA. Counting time for
peak and background was 4 s. The beam diameter was either 5
or 10 um, depending on the grain size. ZAF correction proce-
dure was used for data reduction. Reference materials, analyti-
cal lines, diffracting crystals, mean detection limits (in wt.%) and
uncertainties are given in Appendix 1*.

calcite

Fig. 2. BSE image of xenomorphic ancylite-(Ce)
in the quartz-calcite-chlorite (Chl) vein in phyllite

RESULTS

Irregularly shaped grains of ancylite-(Ce), up to 67 um long
and 22 um wide, occur between calcite and Fe-Mg-chlorite in
quartz-calcite-chlorite veins cross-cutting the phyllite foliation
(Fig. 2). They appear uniform in BSE images. However, despite
the lack of visible zoning, the electron microprobe analyses re-
vealed significant differences in the contents of both major and
minor elements within the grains investigated (Appendix 2). The
compositional range of the ancylite-(Ce) is expressed by the fol-
lowing empirical formula derived from data in Appendix 2 and
calculated based on two cations in the formula unit:
(Sro.65-0.55Ca0.19-0.14F€0,03-0.00)50.87-0.69(C€0.58-0.50Nd0 260 22L.80.26-0.21
Pro.06-0.055M0.05-0.04Gd0.07-0.03DY0.01-0.00)x1.29-1.05(CO3)2(OH1 07-0.90
Fo.22-o.o.oe)z1.29-1.05 - 0.95-0.93H,0.

The sum of divalent cations (Sr + Ca + Ba + Fe) is in the
0.704 to 0.857 apfu range (Appendix 2) instead of the ideal
1.000 apfu. According to Dal Negro et al. (1975) there is a ran-
dom (disordered) distribution of divalent and trivalent (REE) cat-
ions in the ancylite structure corresponding to the general for-
mula of RE4(Sr,Ca),—«(CO3)2(OH)y - (2—x)H,0O. Thus, an Sr defi-
cit is possible in ancylite and the charge balance is maintained
by (OH + F) equal to the sum of REE. Numerous published
EPMA data give the sum of Sr + Ca + Ba + Th as low as 0.502
(e.g., Cooper et al., 2015). The Sr/(Sr + Ca) ratio in the
ancylite-(Ce) examined is in the 0.71 to 0.83 range as a result of
very limited Ca substitution for Sr.

Some analyses in Appendix 2 show enrichment in Nd rela-
tive to La with an Nd/La ratio of up to 1.20 (mean 1.03). Cerium
is a dominant REE in all analyses. The Ce/(REE — Ce) ratio
ranges from 0.45 to 0.47 (Appendix 2). The ancylite-(Ce) inves-
tigated, compared to ancylite from other localities, is slightly en-
riched in Y + HREE, particularly in Gd (Appendix 2). The
amount of REE + Y decreases in the following order:
Ce>NdLa>Pr>Gd>Sm>Y>Dy.

The Sr and REE contents in the ancylite-(Ce) examined are
within the range of ancylite chemical compositions from the
worldwide localities compiled by Cooper et al. (2015). Compo-
sitional datasets of DPD ancylite-(Ce) plot on the Sr versus
REE diagram in the middle, between the extreme ancylite com-
positions reported in the literature (Fig. 3).
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Fig. 3. Sr versus REE plot for the ancylite examined (red dots —
sample 1; green triangles — sample 2 in Appendix 2) compared
to the extreme ancylite-group compositions (blue dots) taken
from Cooper et al. (2015)

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1550
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ORIGIN OF THE ANCYLITE

The mode of the occurrence of the ancylite suggests its
crystallisation directly from the vein-forming CO,-rich hydro-
thermal solution as the latest mineral (Fig. 2). The temperature
of that solution was estimated from the chemical composition of
chlorite (intermediate between ripidolite and sheridanite) asso-
ciated with the ancylite-(Ce) (Appendix 3), using various empiri-
cal chlorite geothermometers (Cathelineau and Nieva, 1985;
Kranidiotis and MacLean, 1987; Jowett, 1991; Zang and Fyfe,
1995; Rugierri et al., 2006). All of these geothermometers relate
the number of tetrahedral Al ions (Al") in chlorite to its
crystallisation temperature, because there is a systematic in-
crease in A" with temperature. The number of AlY in the
chlorites examined ranges from 2.25 to 2.69 apfu as calculated
on the basis of 28 oxygens (Appendix 3), i.e., within the range
observed by Sawicka et al. (2018) in slightly peraluminous
chlorites of the ripidolite-sheridanite series from both phyllite
matrix and quartz-calcite veins. The average temperatures ob-
tained from the chlorite geothermometers are in the 261-342°C
range (Fig. 4), i.e., within the temperature range of the phyllite
formation (Sawicka et al., 2018).

The ancylite crystallisation apparently took place from a re-
sidual solution relatively enriched in Sr and REE, and depleted
in Ca due to earlier crystallisation of calcite. The SrO content in
calcite adjacent to the ancylite ranges from 0.33 to 0.69 wt.%,

400—+
T Q
350 §°
o
300— ~ 9 (s 24
1 8- 0
o i
[ 0 :
@ 250—F o '
2
2
5 -
Q.
§ @ T,.=342°C
F200T |e r7,.=339°C
@ T,=295°C
T T,,=340°C
@ T,=261°C
150—
T . n=10
00—+ 1+t 1 +—
1.8 2.0 2.2 2.4 256 2.8

AIIV

Fig. 4. Tetrahedral Al versus temperature plot for chlorites
from the ancylite-bearing quartz-calcite-chlorite vein

Solid circles depict temperature calculated using the chlorite geo-
thermometers of: Cathelineau and Nieva (1985) (black), Kranidiotis
and MacLean (1987) (red), Jowett (1991) (orange), Zang and Fyfe
(1995) (pale-green), and Rugierri et al. (2006) (pale-brown); yellow
field after Sawicka et al. (2018)

corresponding to 0.003 and 0.008 Sr per formula unit, respec-
tively (Appendix 4), equivalent to ~0.5 mol% SrCOs;. This con-
tent of Sr is small compared to 2.41 mol% SrCOj; in calcite as-
sociated with ancylite from the ferrocarbonatites of south
Westland in New Zealand (Cooper et al., 2015). Nevertheless,
even small initial concentrations of Sr and REE in the hydrother-
mal solution were sufficient to precipitate ancylite from the re-
sidual solution after the crystallisation of calcite. Strontium and
REE together with F were concentrated in the residual solution
following the calcite crystallisation and reached supersaturation
level with respect to ancylite.

There are two possible sources of Sr and REEs in the
quartz-calcite veins: internal and external. Phyllite was originally
a fine-grained sedimentary rock such as shale or mudstone,
composed mainly of clay minerals as well as detrital minerals
and/or authigenic sedimentary phases. Many sedimentary
rocks, including shale or mudstone, can host detrital grains as
well as authigenic ones, which commonly are carriers for REEs
and Y (e.g., Evans and Zalasiewicz, 1996; Alipour-Asll et al.,
2012; Szopa et al., 2014, 2020). The protolith of the rock could
have included barite, which is widespread in fine-grained clastic
sediments, and can be a Ba and Sr source (e.g., Stamatakis
and Hein, 1993; Fernandes et al. 2017). These elements may
have been leached and concentrated by fluids from within the
host phyllite, most likely by dissolution of Sr- and REE-bearing
accessory detrital minerals, namely fluorapatite, allanite,
monazite, and xenotime. Like ancylite-(Ce), these minerals are
light REE-rich and Ce-dominant as revealed by their EDS spec-
tra, with the exception of xenotime, which may have been a
source for Y and HREE. Fluorapatite is the second most abun-
dant accessory detrital mineral, after iimenite, in the phyllite. lts
rounded grains are up to 60 um in diameter and are evenly dis-
persed throughout the phyllite matrix. The SrO and REE oxide
contents in the fluorapatite are on ~0.14 and 0.46 wt.%, respec-
tively, equivalent to 0.014 Sr apfu and 0.029 REE apfu (Appen-
dix 5). While Ce is dominant among REE in the fluorapatite, an
enrichment in Nd is noticeable with a Nd/La ratio of 2.25, even
higher than observed in the ancylite-(Ce) (Appendix 2). The
whole-rock contents of Srand Y in the phyllite examined are 79
and 22 ppm, respectively, as determined by XRF during this
study (Winiarski, 2019 unpubl. data).

In this respect, the gold-bearing quartz carbonate veins in
phyllite of the Middle Devonian Vrbno Series — a tectono-meta-
morphic unit adjoining the Andélské& Hora Formation to the west
(Fig. 1B), formed during the late phase of the Variscan orogeny
(Foit et al., 2012). The tectonic deformation of the phyllite and
intra-foliated quartz veins in the Dewon Quarry took place within
the same timeframe (Zaba et al., 2005).

A composite, post-orogenic Zulova pluton composed of bio-
tite granite (291 5 Ma), granodiorite, and quartz monzodiorite
(292 +4 Ma; Laurent et al., 2014) is a possible external source
of REE in hydrothermal fluids that may have circulated within
the phyllites of the Andélska Hora Formation after the Variscan
orogeny. The main body of the Zulova Pluton occurs ~15 km
west of the Dewon Quarry. However, there are numerous small
granite outcrops outside the pluton. One of them occurs in
Gieralcice ~10 km north-west of the Dewon Quarry. Pegmatite
dykes within the Gieralcice granite are enriched in Y + REE up
to 512 ppm, whereas quartz veins have much lower contents of
these elements in the 7 to 49.5 ppm range (Lason and
Markowiak, 2019).

Clearly, a definitive statement about the source of Sr and
REE requires significantly more investigation, which is outside
the scope and intent of the present study.
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CONCLUSIONS

Data obtained in this study support the results of previous
investigators that showed a wide compositional range in ancy-
lite, particularly for REE, Sr/REE, and Sr/Ca. While ancylite-
-(Ce) from the Dewon Quarry is slightly enriched in Y + HREE
compared to ancylite from other localities, its composition is in
the middle of the compositional range for this mineral reported
in the literature.

The ancylite-(Ce) crystallisation within the quartz-calcite-
-chlorite veins was possible due to a relative increase in con-
centrations of essential elements (Sr, REE and F) in the resid-
ual solution following calcite crystallisation. An open question

remains whether the microscopic quantities of ancylite-(Ce) re-
ported in this paper reflect its incidental occurrence in the
phyllite or whether it is a more widespread mineral in the abun-
dant quartz-calcite veins cross-cutting the phyllites throughout
the Andélské Hora Formation.
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