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Parawollastonite (wollastonite-2M polytype) from the skarns in Zvezdel pluton,
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The wollastonite polytype in three samples from different zones of skarns in Zvesdel pluton was determined by
single-crystal XRD structure refinement. The studied wollastonite crystals are nearly pure CaSiO, but containing a
few tenths of FeO wt.% (determined using microprobe analysis). The structure refinement confirmed the monoclinic
symmetry of the studied samples (space group P2,/a and unit cell parameters a = 15.413(17) A, b =7.336(5) A, c =
7.070(3) A, p = 95.24(5)° for the crystal from the plagioclase-pyroxene-wollastonite+garnet zone; @ = 15.409(7) A,
b=17.320(3) A, ¢ =7.063(2) A, p = 95.36(3)° — wollastonite from the plagioclase-pyroxene-wollastonite zone, and
a=15.3770(11) A, b=7.2990(4) A, c = 7.0491(5) A, B = 95.340(6)° — wollastonite from the plagioclase-pyroxene-
wollastonite+epidote zone). The latter structure was refined to R, = 0.0521 and R, = 0.0754 using 1970 unique
reflections. The Si—O bond lengths vary between 1.580(3) and 1.667(3) A (mean 1.624 A), Ca—O bond lengths be-
tween 2.251(3) and 2.662(3) A (mean 2.390 A), and the Si—O-Si angles are 140.03(17), 139.39(18), and 150.81(18)°
(mean 143.31°).

The proved monoclinic wollastonite (wollastonite-2M) is regarded as a higher temperature polytype with respect
to the triclinic one. The presence only of the wollastonite-2M polytype in the studied skarns indicates longer duration
of the thermal influence at the contact of carbonate xenoliths with monzonite magma or could be a result of an external
stress, which is probably the stretching of the crystals due to differences in the thermal expansion coefficient of wol-
lastonite with respect to the surrounding matrix.

Key words: skarn, wollastonite-2M, single crystal X-ray diffraction.

INTRODUCTION A series of natural polytypes have been reported

) i . [3-11] with different packing arrangements of the
Wollastqnlte (CaSi0;) occurs 1n two struc- single chains: triclinic polytypes (1T, 3T, 4T, 5T,
turally  different  forms: hlgh—gemperature 7T) and monoclinic parawollastonite (wollastonite-
a-wollastonite stable above ca. 1150 °C and Iow-  onf) The structure of wollastonite-1T was deter-
temperature B—wollastonlte. that is the common .4 by Mamedov and Belov [5] and refined by
CaSiO;-polymorph found in crustal rocks. The  pyerger and Prewitt [6], and Ohashi and Finger [3];
low-temperature wollastonite contains dreier sin- ¢ ohe of wollastonite-2M was solved by Tolliday
gle chains, i.e. chains with three [SiO,]-tetrahedra [7], Trojer [8], Ohashi [4], and Hesse [9]. The struc-
in the repeat unit (pyroxenoid type). The chains {06 of the higher polytypes 3T, 4T, 5T and 7T
are linked to three columns of Ca-centred octa- oo described by Henmi et al. [10] and Henmi et
hedra. Because of the size mismatch of the tetra- ;) 1117, The structural difference between triclinic
hedral repeat units and the octahedral bands, the  yjastonite and monoclinic parawollastonite has
tetrahedra are tilted to accommodate their apices  paep interpreted to be due to different modes of
to the octahedral apices [1-4]. Both chains and  gackine along the direction of the a-axis. These
bands run parallel to the b-axis. forms are not easily distinguishable except by sin-
gle-crystal XRD refinement, since they differ only
in the reflexions with k£ odd, which are always weak
[7]. The structural state of wollastonite is a useful
petrogenetic indicator for the deformation and cool-
* To whom all correspondence should be sent: ing history of a rock. The aim of this Study is to
E-mail: yana.tzvet@gmail.com identify the polytypic modification of wollastonite
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from different skarn zones and to interpret its oc-
currence at Zvezdel-Pcheloyad ore deposit (Eastern
Rhodopes, Bulgaria).

MATERIALS

The studied wollastonite crystals were col-
lected from zoned skarn nodules included in mon-
zonites of the Zvezdel pluton. The following zones
are determined from the proximal parts of the
nodules towards the contact with the monzonites:
garnet, pyroxene-garnet, plagioclase-pyroxene-
wollastonite+garnet (P1-Px-W-Gt), plagioclase-
pyroxene-wollastonite (P1-Px-W), plagioclase-py-
roxene-wollastonite+epidote (Pl-Px-W-Ep), and
plagioclase-pyroxene. Wollastonite, clinopyrox-
ene, plagioclase, calcite, and grossular-andradite
garnet are the major constituents of the wollas-
tonite-bearing zones. Quartz is a subordinate phase
and the associated minor minerals include epidote,
prehnite, and chlorite. Titanite, apatite and mag-
netite are present as accessories.

The wollastonite-bearing zones exhibit massive
or banded fabrics (Fig. la, b, ¢) with no visible
preferred orientation of the crystals. The content
of wollastonite averages 25-30%, but locally at-
tains 70%. Wollastonite occurs mainly as nodular
aggregates or forms prismatic grains up to about 3
mm in length along b (Fig. 1d, e, f). Wollastonite

displays an overlapping composition among the
three zones. It is nearly pure CaSiO, typically con-
taining a few tenths of FeO wt.% (determined with
microprobe analysis).

EXPERIMENTAL

Three wollastonite crystals from the zones PI-
Px-W-Gt, PI-Px-W, and PI-Px-W-Ep were selected
for single-crystal XRD study. The specimens used
in this study have prismatic habit, 0.2—0.3 mm long
(along b), and cross sections of 0.1-0.2 mm. The
crystals were mounted on glass fibres and measured
on an Oxford diffraction Supernova diffractometer
equipped with an Atlas CCD detector. X-ray data
collection was carried out at room temperature with
monochromatized Mo-Ka radiation (A= 0.71073 A).
Data collection strategy was chosen for 100% com-
pleteness and redundancy of 4. Data reduction and
analysis were carried out with the CrysAlisPro pro-
gram [12]. Lorentz and polarization corrections were
applied to intensity data using WinGX [13]. Reliable
model with satisfactory R-values was obtained using
the P2 /a space group and it was chosen for the refine-
ment. Starting atomic coordinates were taken from
[9]. Structure refinements were performed using the
program SHELXTL [13], employing neutral atom
scattering factors. At the final stage of refinement,
anisotropic temperature factors were introduced.

Fig. 1. Hand specimens of wollastonite-bearing skarn zones showing banded and massive texture (a—c);
Photomicrographs (plane polarised light) showing wollastonite crystals of: (d) plagioclase-pyroxene-wollastonite-
epidote skarn zones, (e) plagioclase-pyroxene-wollastonite-garnet zone; and (f) plagioclase-pyroxene-wollastonite
zone. Woll — wollastonite, Px — clinopyroxene, Gt — garnet.
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RESULTS AND DISCUSSION

The results after the refinement confirmed the
monoclinic symmetry of the studied samples with
space group P2,/a (Fig. 2). The final refinement
unit cell dimensions are presented in Table 1.

The structure of a crystal selected from the
P1-Px-W-Ep zone was refined to R, = 0.0521 and
R, = 0.0754 using 1970 unique reflections. The
experimental details are given in Table 2. Final
atomic coordinates and thermal displacement pa-
rameters are listed in Tables 3 and 4. The Si—O
bond lengths vary between 1.580(3) and 1.667(3) A
(mean 1.624 A), Ca—O bond lengths are between
2.251(3) and 2.662(3) A (mean 2.390 A), and
Si—O-Si angles are 140.03(17), 139.39(18) and
150.81(18)° (mean 143.31°) (Table 5). The re-

sults are in good agreement with those obtained
by Hesse [9] and Ohashi [4].

Wollastonite-2M polytype was established for all
wollastonite-bearing zones in the skarns at Zvezdel.
This polytype is regarded as a higher temperature
polytype with respect to the triclinic one [e.g. 10,
14]. Interesting results were reported by Henmi et al.
[10]. The authors studied wollastonites from zoned
skarns, which were formed around andesite dike at
Kushiro, Hiroshima Prefecture, Japan and deter-
mined 1T, 2M, 3T, 4T, and 5T polytypes. The ratios
of 2M to 1T in the skarns decrease gradually with
increasing distances from the dike, and that 3T, 4T
and 5T polytypes were found only at localities where
both 1T and 2M exist. Mazzucato and Gualtieri [14]
studied experimentally the wollastonite polytypes
in the system CaO-SiO, in the temperature range

Table 1. Unit cell parameters of the studied samples

Sample wollastonite from wollastonite from wollastonite from
Parameter PI-Px-W-Gt zone PI-Px-W zone PI-Px-W-Ep zone
a[A] 15.413(17) 15.409(7) 15.3770(11)
b[A] 7.336(5) 7.320(3) 7.2990(4)
c[A] 7.070(3) 7.063(2) 7.0491(5)
p1°] 95.24(5) 95.36(3) 95.340(6)
VA3 796.0(7) 793.2(7) 787.68(9)

Fig. 2. Polyhedral model of the crystal structure of wollas-
tonite-2M showing the stacking sequence of the a [(100)
module] slabs (crystal from the P1-Px-W-Ep zone)

Table 2. Experimental details for wollastonite-2M
from the P1-Px-W-Ep zone

Ne of reflections 6826
R, 0.0541
R 0.0446
h min -20

h max 19

k min -9

k max 10

[ min -9

[ max 8

theta min [°] 3.75
theta max [°] 29.68
unique reflections 1970
Ref. F > 4sigF 1290
Ne of parameters 131

R, 0.0521
R 0.0754
GooF 1.081
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Table 3. Atomic coordinates, U,

the PI-Px-W-Ep zone

180

(U,,) parameters and occupancies for wollastonite-2M from

Label X y z U, orU, Occ.
Sil —0.69845(7) 0.12375(16) —0.44502(14) 0.0107(3) 1
Si2 —0.59235(7) —0.15867(15) —0.23179(15) 0.0101(3) 1
Si3 —0.59227(7) 0.40752(15) —0.23147(15) 0.0105(3) 1
Cal —0.59925(6) —0.12739(15) —0.74079(11) 0.0117(2) 1
Ca2 —0.60095(5) 0.37808(15) —0.73757(11) 0.0119(2) 1
Ca3 —0.74879(5) —0.37530(17) —0.02460(11) 0.0109(2) 1
0Ol —0.6527(2) —0.1142(5) —0.0375(4) 0.0143(6) 1
02 —0.6510(2) 0.3645(5) —0.0365(4) 0.0146(6) 1
03 —0.4912(2) —0.1210(5) —0.2326(4) 0.0150(6) 1
04 —0.7856(2) 0.1246(5) -0.3011(4) 0.0143(6) 1
05 —0.7008(2) 0.1259(5) —0.6727(4) 0.0123(6) 1
06 —0.4903(2) 0.3720(5) —0.2350(4) 0.0162(6) 1
o7 —0.6355(2) 0.3033(4) —0.4073(4) 0.0147(6) 1
08 —0.63592(19) —0.0552(4) —0.4087(4) 0.0143(6) 1
09 —0.6082(2) —0.3755(4) —0.2759(4) 0.0202(7) 1

Table 4. Anisotropic displacement parameters for wollastonite-2M

(sample from the PI-Px-W-Ep zone)
Label Ull U22 u33 U23 Ul3 ul2
Sil 0.0093(6) 0.0122(5) 0.0114(6) 0.0000(4) -0.0044(4) 0.0004(5)
Si2 0.0062(6) 0.0139(7) 0.0105(6) 0.0002(4) ~0.0021(4) 0.0002(4)
Si3 0.0061(6) 0.0140(7) 0.0117(6) 20.0002(4)  —0.0024(4)  —0.0004(4)
Cal 0.0147(4) 0.0133(4) 0.0074(4) ~0.0015(5) 0.0045(3)  —0.0020(5)
Ca2 0.0104(5) 0.0131(4) 0.0125(4) 0.0025(3) -0.0032(3)  —0.0028(3)
Ca3 0.0070(5) 0.0115(4) 0.0148(4) 0.0006(3) ~0.0048(3)  —0.0002(3)
o1 0.0099(16)  0.0200(15)  0.0127(14) 0.0023(15) 0.0001(11)  0.0044(15)
02 0.0119(16)  0.0190(14)  0.0126(14) 0.0009(15) 0.0003(11)  —0.0031(16)
03 0.0072(15)  0.0165(13)  0.0221(16) 0.0016(17)  —0.0048(12)  —0.0003(17)
04 0.0113(16)  0.0176(13)  0.0140(15)  —0.0004(13)  —0.0013(12)  0.0004(14)
05 0.0097(15)  0.0139(12)  0.0138(14) 0.0004(13)  —0.0038(11)  —0.0035(14)
06 0.0061(15)  0.0179(14)  0.0246(16) 0.0007(17)  —0.0015(12)  0.0008(18)
07 0.0137(17) 0.0135(13) 0.0174(16) —0.0012(11) —0.0032(12) —0.0032(12)
08 0.0131(16) 0.0152(13) 0.0151(15) 0.0033(11) —0.0053(12) 0.0043(12)
09 0.0216(17) 0.0116(13) 0.0294(17) —0.0009(13) —0.0134(13) 0.0002(13)

700-1000 °C using in situ synchrotron X-ray pow-
der diffraction data for determination of the kinet-
ics of phase transformation. The authors observed
the following reaction sequence of crystallisation of
the CaO-Si0, parent glass: 1T-wollastonite forms
first and progressively transforms in an intermedi-
ate 1Td-wollastonite metastable disordered form.
Both phases in turn transform into 2M-wollastonite
polytype at 950-1000 °C.
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The presence only of a higher temperature poly-
type (wollastonite-2M) in the studied skarn samples
could be interpreted as a result of a longer duration
of thermal influence at the contact of carbonate xe-
noliths with monzonite magma by infiltration of
hot fluids that were derived during the crystallisa-
tion of the pluton. The crystallisation temperature
of the second monzonite phase of the Zvezdel plu-
ton according to the two-feldspar geothermometer



Y. Tzvetanova et al.: Parawollastonite (wollastonite-2M polytype) from the skarns ... — a single crystal study

Table 5. Si-O bond lengths [A], Ca—O bond lengths [A], and Si-O-Si angles [°] for polyhedra of
wollastonite-2M (sample from the P1-Px-W-Ep zone)

Si-O bond Distance [A] Ca - O bond Distance [A]
Sil—04 1.604(3) Cal - 06 2251(3)
Sil - 05 1.608(3) Cal - 03 2.283(3)
Sil - 08 1.656(3) Cal - Ol 2319(3)
Sil - 07 1.667(3) Cal - 08 2.414(3)
mean 1.634(3) Cal - 05 2.436(3)
Si2—-03 1.580(3) Cal — 04 2.530(3)
Si2-01 1.613(3) Ca2 - 06 2301(3)
Si2 - 09 1.634(3) Ca2-02 23113)
Si2 - 08 1.653(3) Ca2 - 03 2347(3)
mean 1.62003) Ca2-07 2.404(3)
Si3— 06 1.586(3) Ca2-05 2.415(3)
Si3-02 1.605(3) Ca2 - 04 2.501(3)
Si3 - 09 1.637(3) Ca3 -0l 2325(3)
Si3-07 1.644(3) Ca3 - 05 2339(2)
mean 1.618(3) Ca3-02 2.345(3)
Si-O-Si angle Angle [] Ca3 - 04 2.406(3)
Si3-07-Sil 140.03(17) Ca3 -0l 2.408(3)
Si2-08-Sil 139.39(18) Ca3-02 2.418(3)
Si2—09-Si3 150.81(18) Ca3 - 09 2.662(3)

is estimated at about 675 °C [15]. The occurrence of
wollastonite+plagioclase assemblages in the skarn
zones indicates that the temperature was in excess
of 600 °C [16] during the formation of early anhy-
drous minerals in the skarns. This temperature sup-
plies the energy needed for the shift of the tetrahe-
dral chains by 1T—2M polytype transition in wol-
lastonite. This is possible through breaking Ca—O
bonds bridging the chains with the 2M-polytype
remaining stable during cooling of the system in
the late stages of the skarn processes. Swami and
Dubrovinsky [17] observed indications of Ca—O
bonds breaking by 1T—2M polytype transition in
Raman spectra. The estimated lower temperature of
formation of wollastonite-2M polytype compared
to the experimentally obtained results [14] could be
interpreted as due to other factors like inhomoge-
neity of the rock, the chemical composition of the
protolith and the fluid.

These polytype transformations have been ex-
plained as a result of deformation under conditions
of shear stress or strain by some authors [18-21].
Guggenheim [19] stated that a combination of sev-
eral processes may be necessary to produce the peri-
odic faulting that yield polytypes with a repeat unit
along [100] greater than one. During the field obser-
vation we could not find evidence for shear stress at

the time of formation of that polytype, but we can-
not exclude the possibility that the shear displace-
ment leading to the formation of wollastonite-2M
could be a result of an external stress. The latter ex-
plains the stretching of the crystals due to difference
in the thermal expansion coefficient of wollastonite
with respect to the surrounding matrix.
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ITAPABOJIACTOHUT (ITOJIUTUIT BOJIACTOHUT-2M) OT CKAPHUTE
B 3BE3/JIEJICKWA IUIYTOH, U3TOYHU POAOIINA - MOHOKPUCTAJIHO
PEHTI'EHOCTPYKTYPHO U3CJIEABAHE

4. LiseranoBa, M. Kanuiicku, O. [lerpos

Hucmumym no munepanoeus u kpucmanozpaghus, bvieapcka akademus na naykume,
ya. ,,Akao. I'eopeu bonues ™, on. 107, 1113 Cogus

[ocremmna va 20.06.2012 r.; mpueta Ha 09.07. 2012 1.
(Pesrome)

CTpyKTypHHUTE Pa3IUKH MEXIY IMOJUTHIINTS HAa TPUKIMHHUS BOJACTOHUT M MOHOKJIMHHUS ITapaBOIACTOHHUT Ce
CBCTOSIT B pa3IMYHMS HAYMH HA MMOJpenda Ha MUPOKCCHOMIHUS THI BEPHUTH IO MOCOKa Ha g-ocTa. Tesnm popmu ca
TPYAHO Pa3IMINMH, OCBEH C MOHOKPHCTAITHA PSHTTCHOBA TU(PPAKTOMETPHS, THil KaTO CE pa3myaBaT caMmo o pedure-
KCUTE ¢ K-HEeUETHO YUCII0, KOUTO OOMKHOBEHO ca MHOTO Clladu.

C MOHOKpHCTaTHA PSHTICHOBA AH(PPAKTOMETPHS € MU3CICIBaHA TOIUTUIINITA Ha BOJACTOHHUT OT TPH Pa3INIHU
CKapHOBH 30HH OT 3BE3ICJICKUS IUTYyTOH. XUMHYHHUAT CHCTaB HA M3CICIBAHUTE MOHOKPHCTAIM C€ NOOJMKaBa 10
uneannus — CaSiO;, KaTo JaHHUTE OT PEHTI€HOCIEKTPAIHU MUKPOAHAIN3 IOKa3BaT HE3HAUUTENIHO IIPUCHCTBUE HA
FeO (0,n Tern.%). CTpykTypHHUTE YTOYHEHUS MOKa3BaT MOHOKIMHHA CHMETPHS Ha aHAIM3UPAHUTE BOJACTOHUTOBU
KpHcTanu (MpocTpaHCTBeHa Tpyna P2 /a v mapaMeTpH Ha elleMeHTapHaTa kietka a = 15.413(17) A, b = 7.336(5) A,
c=7.070(3) A, = 95.24(5)° 3a BOTAaCTOHMTA OT 30HATA TIATHOK/IA3-TIHPOKCEH-BOTACTOHUTHTpanaT; a = 15.409(7) A,
b=173203) A, c =7.063(2) A, = 95.36(3)° — o 30HaTA MIArHOKIA3-MUPOKCEH-BONACTOHUT, U a = 15.3770(11) A,
b =17.2990(4) A, ¢ = 7.0491(5) A, B = 95.340(6)° — 0T 30HaTa MIATMOKJIA3-MUPOKCEH-BONACTOHUT+emuA0T). [Ipn
paduHanuMsATa Ca JOCTUTHATH Y/IOBIETBOPUTENHH CTOMHOCTH Ha R, = 0.0521 u R, = 0.0754. Bpb3kure Si-O Bapu-
par mexay 1.580(3) u 1.667(3) A (cpenno 1.624 A), nbmxunata na Bpb3kute Ca—O — Mexay 2.251(3) n 2.662(3) A
(cpemno 2.390 A), a romre Mexmy Si-O-Si ca 140.03(17), 139.39(18) u 150.81(18)° (cpemno 143.31°).

ITo excriepuMeHTaTHA TaHHE MOHOKJIMHHATA MOAM(UKAIINS BOIACTOHUT-2M ce orpenens KaTo IO-BHCOKOTEM-
TIepaTyPHHUS TIOJUTHII TI0 OTHOIIICHHE HA TPUKIMHHUSA. [[pUCHCTBHETO caMO Ha MOHOKIMHHUS TIOJHUTHI BHB BCHUKH
CKapHOBH 30HU (HE3aBHUCHMO OT TSAXHATa OTAAJICUYCHOCT OT MOHIIOHHUTA) OM MOTJIO Ja C€ OOSICHHU C MO-TIPOABIDKUTEI-
HOTO BpEMETpacHe Ha TEPMHUYHOTO BIHMSHHC Ha MOHIIOHHTOBAaTa MarmMa Ha KOHTAaKTa ¢ KapOOHATHHUTE KCCHOIHTH.
BB3MokHO € 00pazyBaHETO My Jia € pe3yNITaT U OT BHHIITHU HANIPES)KCHHS, BH3HUKBAIIU TIPH pacTeka Ha KPUCTAJIHTE,
TOopay Pa3IinKy B TEPMUYHIS KOC(PUIIMCHT Ha pa3lIpPeHHE Ha BOJIACTOHHTA IO OTHOIICHUE Ha 3a00WKasIIaTa ro
MaTpHIa [0 BpeMe Ha MIPOTPECUBHUS €Tall Ha METACOMATHYHUS TIPOIIEC.
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