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Abstract 
The structure of bismoclite BiOCl from the Jean Baptiste mine, Lavrion area, Greece, was characterised by single-crystal 

X-ray diffraction. The mineral is tetragonal, space group P4/nmm with unit-cell parameters a = 3.887 (2), c = 7.357 (5) Å, Z 
= 2, V = 111.16 (14) Å3 (R1 = 0.0134 and wR2 = 0.0363). Bismoclite is isostructural with the mineral matlockite PbFCl. Chem-
ical analyses showed in some cases partial substitution of Bi by Ca and traces of Fe incorporated. A Raman spectrum of 
bismoclite reveals the most intense Raman band at 144 cm–1 and additional bands of lower intensity at 198 and 396 cm–1.

1. Introduction
Bismuth as an essential component of minerals has 

been reported thus far for 250 species according to the 
IMA Mineral List (2025). The majority of them belonging 
to sulphides and sulfosalts (154), oxides (24), sulphates 
(16) and the group of phosphates, arsenates and vana-
dates (37). Bismuth halides (5) are rather rare; examples 
include gananite BiF3, zavaritskite BiOF and bismoclite 
BiOCl. 

Synthetic BiOCl as a layer-structured semiconductor is 
known for various potential technical applications due to 
its special electrical, magnetic, optical, luminescent and 
catalytic properties (cf. Tian et al., 2012 and literature cit-
ed therein). Studies focus on its suitability as a photoca-
talytic material (Liu and Peng, 2020; Xu et al., 2022, 2024; 
Wu et al., 2023; Gordon et al., 2024, Pare et al., 2024; He et 
al., 2024), light emitting phosphors (Halappa et al., 2019; 
Wang et al., 2019) or for its dielectric properties (Unuma 
et al., 2020; Nalawade et al., 2020).

Bismoclite BiOCl was first discovered and described 
as a new mineral from Jakkalswater, South Africa (Moun-

tain, 1935) on a specimen kept at the McGregor Museum, 
Kimberley. Bannister and Hey (1935) synthesised BiOCl. 
The crystal structure was solved on these lab-grown 
samples by X-ray photographs in space group P4/nmm 
with unit-cell dimensions a = 3.89 and c = 7.37 Å proving 
isotypy with matlockite PbFCl (Bannister and Hey, 1934). 
Later, the structure was refined on synthetic material 
by single-crystal X-ray diffraction with unit-cell data a 
= 3.887 (5), c = 7.354 (5) Å, R = 9.17% (Keramidas et al., 
1993) and by powder X-ray diffraction (PXRD) a = 3.892 
(2), c = 7.371 (2) Å, Rp = 3.51% (Halappa et al., 2019). New 
studies (Testa et al., 2016) on bismoclite from a Bi-Cu-Au 
deposit, Argentina, included infrared analysis, thermal 
analysis using DTA and TGA, chemical analysis via induc-
tively coupled plasma mass spectrometry (ICP-MS) and 
instrumental neutron activation analysis (INAA), as well 
as scanning electron microscopy (SEM) and PXRD. 

The bismoclite group (Dana classification 10.02.01; 
Gaines et al., 1997) moreover includes the isotypic min-
erals zavaritskite BiOF (Dolomanova et al., 1962; Aurivil-
lius, 1964; Yatimov et al., 2022), and daubréeite BiO(OH,-
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Cl) (Domeyko, 1876; Bannister and Hey, 1935). Besides 
matlockite PbFCl (Bannister and Hey, 1934; Pasero and 
Perchiazzi, 1996), bismoclite is further isostructural with 
the minerals rorisite CaFCl (Liebich and Nicollin, 1977; Ku-
likov et al., 1982; Chesnokov et al., 1990), zhangpeishanite 
BaFCl (Sauvage, 1974; Shimazaki et al., 2008) and a large 
number of synthetic compounds with a triple combina-
tion following the matlockite-type system MFX (M = Ca, 
Sr, Ba, Sm, Eu, Pb; X = Cl, Br, I) (Weil and Kubel, 2001).

In the Lavrion Mining District numerous ore types, 
such as intrusion-hosted, skarn-, carbonate-replacement, 
and vein-type ores, can be found (see Voudouris, 2021 
and the references therein). This area comprises the west-
ern part of the Attic-Cycladic metamorphic core complex, 
which includes base- and precious-metal skarn, intru-
sion-related, and epithermal mineralisations. When the 
metamorphic core complexes were uplifted to near-sur-
face levels over the south-west retreating Hellenic sub-
duction zone, extensional kinematic conditions partially 
controlled the plutonic and arc-related subvolcanic rocks 
that are spatially associated with these mineral occur-
rences (Neubauer, 2005). Recently, bismoclite was report-
ed from the Jean Baptiste mine, Lavrion, Greece (Rieck et 
al., 2018); this material now for the first time allowed a 
modern single-crystal X-ray diffraction study on a natural 
sample.

2. Occurrence and material
Bismoclite is proven from various localities world-

wide; within Europe, the mineral has been reported from 
Austria, France, Germany, Italy, Norway, Poland, Spain, 
UK, and Greece. For Austria, bismoclite has been men-
tioned from a small, ancient quartz quarry with subor-
dinate copper mineralisation in a quartz layer located 
southwest of Wolfgruben in the Leoben District, Styria, 
at an elevation of approximately 770 m above sea level. It 
is there observed as a secondary product of an unnamed 
Bi2Te phase in galena matrix, only a few µm in size (Auer, 
2019).

The Lavrion mining district (Fig. 1), Attika, Greece, is 
known for the presence of bismoclite, also found as a 
secondary mineral, formed by Cl-bearing aqueous solu-
tions altering primary Bi-bearing minerals, although only 
in small quantities without any economic significance. 
At the Kamariza mines in Agios Konstantinos, bismo-
clite was discovered (Fig. 2) in 2014 on the 2nd level of 
the Jean Baptiste Mine (Rieck et al., 2018). The primary 
Bi-bearing mineral was maldonite Au2Bi. Its breakdown 
led to the formation of native gold and native bismuth, 
which in turn was altered to numerous Bi-bearing sec-
ondary minerals. Among these, bismoclite and isostruc-
tural zavaritskite BiOF are present. Figure 3 shows well 
crystallized bismoclite on a matrix of quartz, iron oxides/
hydroxides, Sb-bearing bismuthinite Bi2S3, Ag-bearing 
gold, native bismuth and various secondary minerals. 
Figure 4 illustrates long-bladed crystals of bismoclite in 
a cavity in preisingerite. From the locality in the Hilarion 

Mine, maldonite too is reported as a primary Bi-bearing 
mineral. However, there is evidence that other Bi-bearing 
sulfosalts in large part contributed to the availability of 
bismuth in the oxidizing environment. A completely dif-
ferent type of occurrence in the Lavrion Mining District is 
observed in the Sclives Mine where native bismuth and 
bismuthinite accompany Co-bearing phases in narrow 
veins (Rieck et al., 2022). Bismoclite has there been iden-
tified in µm-sized particles only in polished sections. Fi-
nally, the Plaka Mine No. 80 has to be mentioned: the late 
stage As-Sb-Ag-veins occasionally contain small quanti-

Figure 1: A map showing the Lavrion Mining District (which corre-
sponds exactly to that of the Lavreotiki UNESCO Global Geopark) as 
grey shaded area at the tip of the Attika peninsula. The occurrences of 
bismoclite are marked.

Figure 2: Locality of bismoclite in the Jean Baptiste mine, April 2014. 
© Branko Rieck.
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ties of native bismuth. While rare, the largest individual 
grains of native bismuth were found in this environment. 
Alteration of these veins further produced very well de-
veloped crystals of bismoclite (Fig. 5). Especially in the 
Plaka area, sea-water seeping into the abandoned mines 
may have contributed to the Cl-content of the fluids re-
sponsible for the alteration of the Bi-bearing minerals.

3. Methods
3.1 Raman spectroscopy

Raman spectra (Fig. 6) were collected at room tem-
perature using a dispersive LabRAM HR Evolution spec-
trometer. The system was equipped with Olympus BX-se-
ries microscope, 1800 grooves per millimetre diffraction 
grating and Peltier-cooled charge-coupled device (CCD) 
detector. Spectra were excited using a 532-nm emission 
of a frequency-doubled Nd3+:YAG laser (17 mW at the 

Figure 3: Pale brown, square, thin platy crystals of bismoclite from the 
Jean Baptiste Mine with small quantities of brown iron oxides/hydrox-
ides (limonite) almost entirely covering the matrix of ore minerals. © 
Branko Rieck.

Figure 4: SEM image (scanning electron microscope JEOL JSM-6610LV) 
of a polished ore section with lamellae of bismoclite in a matrix of 
preisingerite Bi3(AsO4)2O(OH) which contains small, brighter areas of 
Cl-bearing bismutite Bi2[O2|CO3] from the 2nd level of the Jean Baptiste 
Mine. © Uwe Kolitsch.

Figure 5: Bismoclite from the Plaka Mine. © Branko Rieck.

Figure 6: Raman spectrum (532 nm excitation) of bismoclite.

sample surface). A 50× objective (numerical aperture 
0.55, free working distance 10.6 mm) was used to obtain 
Raman spectra. The resulting laser-power density was 
well below the threshold of absorption-induced sample 
changes. In view of the large crystal sizes, the system was 
operated in non-confocal mode. For more details see 
Zeug et al. (2018). 

3.2 Chemical analysis
Bismoclite was studied by WDS (wavelength-disper-

sive X-ray spectrometry) on an EMPA (electron probe 
microanalyzer) JEOL Hyperprobe JXA8530F. The results 
are based on the average of 14 spot-analyses (10 kV and 
20 nA) belonging to seven individual crystal fragments. 
The large beam diameter of 30 µm was chosen to avoid 
volatilization of Cl. Reference materials used for calibra-
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tion were wollastonite Ca3(Si3O9) for Ca (Kα1, Kα2, Kβ1), bis-
muth(III) oxide Bi2O3 for Bi (Lα1, Lα2) and halite NaCl for Cl 
(Kα1, Kα2, Kβ1).

3.3 X-ray work
A small fragment (0.03×0.05×0.05 mm3) of bismoclite 

from the Jean Baptiste mine was investigated by sin-
gle-crystal X-ray diffraction analysis on a Bruker Apex II 
system equipped with a CCD area detector and an In-
coatec Microfocus Source IµS (30 W, multilayer mirror, 
Mo-Kα) at ambient conditions. Several sets of phi- and 
omega-scans with 2° scanwidth were combined at a crys-
tal-detector distance of 35 mm to achieve respective full 
sphere data up to 90° 2θ. Data handling with integration 
and absorption correction by evaluation of multi-scans 
was done with the Bruker Apex4 suite (Bruker, 2021). The 
structure model was taken according to Keramidas et al. 
(1993), i.e., the respective atom positions and labelling 
were chosen using origin choice 2 at center 2/m. The 
least-squares refinement was done with the SHELXL soft-
ware (Sheldrick, 2015) implemented in the ShelXle GUI 
tool (Hübschle et al., 2011).

4. Results
4.1 Raman spectroscopy

A representative Raman spectrum of bismoclite is 
shown in Figure 3. The most intense Raman band lies at 
144 cm–1. This band is relatively sharp (full width at half 
maximum between 5–6 cm–1) and notably asymmetric 
toward higher energies. Zhang et al. (2012) and Bunda 
and Bunda (2014) have assigned this band to an overlap 
of a (dominating) 144–145 cm–1 A1g band with a (minor) Eg-
type band at 149–150 cm–1. In addition, there are bands 
of lower intensity at 198 cm–1 and 396 cm–1 whose assign-
ment remains controversial. For instance, the 198 cm–1 
band was interpreted as Eg mode by Tian et al. (2012) and 
Zhang et al. (2012) whereas Bunda and Bunda (2014) as-
signed it to an A1g-type vibration. The 396 cm–1 band has 
been discussed by Zhang et al. (2012) who assumed it to 
be a B1g-Eg combination. The bismoclite band at 60cm–1 
(assumed to be A1g by Zhang et al. 2012, and Eg by Bunda 
and Bunda 2014) could not be measured with our equip-
ment, because the edge filter of the Raman system for 
blocking the Rayleigh-scattered laser light only allows 
the acquisition of spectra well above 60 cm–1 Raman shift. 
Our spectra do not show significant variations depend-
ing on random sample orientation.

4.2 Chemical analysis
The chemical composition of seven bismoclite sam-

ples from the Jean Baptiste mine was examined. Within 
the individual grains, no zonal differences were observed 
between the core and the rim areas. However, it turned 
out that the composition of the respective crystals var-
ied noticeably among each other. Two crystal fragments 

proved to be very low in calcium with a Bi:Ca ratio close to 
Bi0.98:Ca0.02. Four samples had significant calcium contents 
with a molar Bi:Ca ratio of ~0.88:0.12, and in one crystal 
minor iron contents (~0.02 atoms per formula unit) could 
be observed as well. None of the samples showed F con-
tents above the detection limit which under the condi-
tions used is 80 ppm (3σ). In all cases, the balance of char-
ges may occur by partial substitution of O2- by Cl1- and/or 
through the incorporation of hydroxyl anions, although 
the presence of OH groups could not be verified reliably 
by IR spectroscopy. Relying on the determination of the 
Cl content, the average composition of the samples with 
low Ca is [Bi0.98Ca0.02][O0.98Cl0.02][Cl0.95(OH)0.05]. 

4.3 Structure refinement
The single-crystal X-ray diffraction analysis of bismo-

clite confirmed the structure model with the formula 
BiOCl in space group P4/nmm with unit-cell parameters a 
= 3.887 (2), c = 7.357 (5) Å, Z = 2, V = 111.16 (14) Å3. The re-
finement converged at final values R1 = 0.0134 and wR2 
= 0.0363 from 309 unique data with Fo > 4σ(Fo). Based on 
the structure refinement, the sample examined turned 
out to be almost Ca-free, with a substitution of Bi by Ca of 
only 1% which was not considered as significant.

The crystallographic data as well as details of the mea-
surement and refinement are listed in Table 1, the atomic 

Crystal Data  BiOCl 
space group P4/nmm 
a (Å) 3.887 (2) 
c (Å) 7.357 (5) 
V (Å3) 111.16 (14) 
Z 2 
calc (g cm-3) 7.781 
µ (MoK) (mm-1) 80.084 

Data collection and refinement  

2θmax (°)  90.7 
total measured reflections 10494 
Rint 0.047 
h, k -7 to 7 
l -14 to 14 
unique data 319 
data with Fo>4(Fo) 309 
variables 10 
R1 [for Fo>4(Fo)] 1 0.0134 
wR2 [for all Fo

2] 1 0.0363 
a, b 1 0.022, 0.067 
∆min / max (eÅ-3) -2.56 / 2.94 
1R1=  Fo – Fc /  Fo ; wR2 = [w(Fo2 – Fc2)2 / w(Fo2)2]½;  
w = 1 / [2(Fo2) + (aP)2+ bP]; P = {[max of (0 or Fo2)] + 2Fc2} / 3 
 

Table 1: Crystal data and details of the intensity measurement and 
structure refinement for bismoclite
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coordinates and displacement parameters are compiled 
in Table 2. Selected interatomic distances as well as bond 
valence calculations (Brese and O’Keeffe, 1991) are given 
in Tab. 3. Further details of the crystal structure investiga-
tion can be obtained from the joint CCDC/FIZ Karlsruhe 
online deposition service: https://www.ccdc.cam.ac.uk/
structures/ by quoting the deposition number 2424842.

5. Discussion
The Raman spectrum of bismoclite from Lavrion cor-

responds well with the spectrum of bismoclite from 
Antofagasta, Chile, in the RRUFF database (www.rruff.
info, accessed on 11 December 2024; spectrum R100197). 
Additionally, it corresponds to spectra of synthetic BiOCl 
obtained by Bunda and Bunda (2014), and the identically 
composed “bismuth white” pigment (Burgio, 2024). Band 
positions and relative intensities observed herein (most 
intense band at 144 cm–1, and weaker ones at 198 cm–1 
and 396 cm–1) concur well with Raman parameters of 
“bismuth white” observed by Burgio (2024; intense at 145 
cm–1, and weak at 199 cm–1 and 398 cm–1). Although the 
Raman fingerprint pattern consists of only a few bands, it 
is very characteristic and enables fast and reliable miner-
al identification.

In the structure of bismoclite all atoms are located on 
special positions: the Wyckoff sites are 2c for Bi, Cl and 2b 
for O with site symmetries of 4mm and 4m2, respectively. 
The atomic arrangement is characterised by Bi3+ cations, 
coordinated to each four O2– and Cl– ligands – located on 
opposite sides – to form a tetragonal antiprism. Bond an-

Figure 7: Crystal structure of bismoclite, illustrating the arrangement 
of the BiO4Cl4 antiprisms, sharing faces and edges to form double-lay-
ers parallel (001).

Site x y z Ueq U11 = U22 U33 

Bi 0.25 0.25 0.17044 (2) 0.00824 (6) 0.00801 (7) 0.00868 (8) 

O 0.25 0.75 0 0.0079 (5) 0.0072 (7) 0.0093 (11) 

Cl 0.25 0.25 0.6500 (2) 0.0125 (2) 0.0132 (3) 0.0111 (4) 

 

Mineral (1) (2) (3) (4) (5) (6) (7) 
A–X (Å)    4× 2.3129 (1) 2.320(4) 2.273 (2) 2.32 2.539 (1) 2.362 2.649 
A–Y (Å)    4× 3.0495 (6) 3.068 (4) 2.748 (2) 3.028 3.089 (4) 2.963 3.2856 
A–Y*(Å)   1× 3.5283 (15) 3.489 (8) 2.920 3.4854 3.217 3.049 3.1960 

ν A[8]–XY (v.u.) 3.07 2.99 2.98 2.79 1.89 1.78 1.95 
ν A[9]–XYY* (v.u.) 3.13 3.053 3.06 2.83 2.01 1.94 2.21 
 

Table 3: Compilation of bond distances (Å) and bond valence sums ν 
(v.u.) for bismoclite and isostructural minerals. Atoms are listed in the 
AXY system with A = Bi3+, Pb2+, Ca2+, Ba2+; X = O2–, F–; Y = Cl–, F–, OH–.
(1) Bismoclite BiOCl this study; (2) Bismoclite BiOCl Halappa et al., 2019; 
(3) Zavaritskite BiOF Aurivillius et al., 1964; (4) Daubréeite BiO(OH,Cl) 
Bannister, 1935; (5) Matlockite PbFCl Pasero and Perchiazzi, 1996; (6) 
Rorisite CaFCl Liebich and Nicollin, 1977; (7) Zhangpeishanite BaFCl 
Sauvage, 1974. Y* Next nearest neighbour capping the tetragonal an-
tiprism.

Table 2: Atom coordinates and displacement parameters with e.s.d.’s 
in parentheses for bismoclite. All atoms are located on special Wyckoff 
positions, i.e. Bi, Cl at 2c: and O at 2b with site symmetries of 4mm and 
4m2, respectively, therefore U12, U13 and U23 are zero.

gles O-Bi-O (4×), Cl-Bi-Cl (4×) and O-Bi-Cl (8×) are 72.91, 
79.18 and 72.50°, respectively. The oxygen atom is tetra-
hedrally coordinated to 4 Bi3+ ions with Bi-O-Bi angles of 
107.09 and 114.34°, (each 3×).

The BiO4Cl4 polyhedra share faces and edges to form 
double-layers parallel (001) as illustrated in Figure 7. Bond 
valences to oxygen and chlorine sum up to 2.21 and 0.86 

v.u., respectively. This asymmetric coordination is influ-
enced by the 6s2 lone electron pair of Bi3+, not involved 
in chemical bonding. Cations with ns2 electron pair (Tl1+, 
Pb2+, Sn2+, As3+, Bi3+, Sb3+, Se4+, Te4+, Br5+, I5+), respectively, 
are commonly asymmetrically coordinated due to ste-
reochemical activities of electrons. (Orgel, 1959; Galy et 
al., 1975). This effect is also observable for related miner-
als of bismoclite (see Tab. 3).

The coordination polyhedron of the isostructural min-
eral matlockite PbFCl is commonly described as mono-
capped square antiprism (Pasero and Perchiazzi, 1996). 
This takes into account that the bond valence contri-
bution of the 9th ligand (Cl) is distinct. Even more pro-
nounced as in matlockite, this is evident for the minerals 
rorisite CaFCl and zhangpeishanite BaFCl. Within the iso-
typic matlockite series the bond valence saturation of the 
cation significantly increases through the contribution of 
the 9th ligand; respective sums of bond valences for mat-
lockite, rorisite and zhangpeishanite are listed in Table 3. 
These interactions are particularly responsible for linking 
the double-layers. For the bismoclite group the descrip-
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tion of bismuth with eight ligands, forming a tetragonal 
antiprism, seems appropriate. The bond valence sums 
for Bi in bismoclite, zavaritskite and daubréeite are 3.07, 
2.98 and 2.79 v.u., respectively. However, the bond va-
lence contributions of an additional 9th ligand are only 
0.059, 0.081, and 0.045 v.u. for bismoclite, zavaritskite and 
daubréeite, respectively, and considered as moderate to 
rather weak, although have to be taken into account for 
structural cohesion.

6. Conclusions
The occurrence of the rare mineral species bismoclite 

BiOCl from the Jean Baptiste mine in Agios Konstantinos, 
Attica, also highlights the uniqueness of the Lavrion min-
ing district. The single-crystal X-ray diffraction analysis 
confirms the crystal structure of the bismuth oxyhalide 
phase on a natural sample and the Raman spectrum can 
be useful to identify bismoclite.
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