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Abstract  

Karlditmarite (IMA 2021-003), Cu9O4(PO4)2(SO4)2, is a new mineral species from an 

active Arsenatnaya fumarole, Tolbachik volcano, Kamchatka peninsula. Karlditmarite occurs as 

green prismatic crystals. The mineral is biaxial (–), with α = 1.872(2), β = 1.835(3), and γ = 
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1.810(3) (589 nm). Under the microscope, karlditmarite is green with weak pleochroism. Electron 

microprobe analysis provided the empirical formula 

(Cu8.614Zn0.175Al0.053Ca0.019Fe0.157)(P1.574S1.814As0.444V0.109Si0.059)O20. Karlditmarite is triclinic, P–

1: a = 6.1256(7) Å, b = 7.9192(8) Å, c = 7.9866(8) Å, α = 75.173(2)º, β = 86.639(2)º, γ = 

88.660(2)º, V = 373.87(7). The crystal structure (R1 = 0.039) is unique. The 2∞[Cu9O4]10+ layer in 

karlditmarite can be described as composed of six-membered rings, in which two of the six OCu4 

tetrahedra share a common edge. The interlayer space between the bends of the highly corrugated 

2
∞[Cu9O4]10+ layers hosts phosphate tetrahedra, whereas sulfate tetrahedra are placed above the 

centers of the rings. Karlditmarite is the first anhydrous Cu phosphate-sulfate mineral among more 

than one hundred copper oxysalt mineral species known from the active fumaroles.  

Phosphorus geochemistry in fumarolic environments is discussed. 
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1. Introduction 

Tolbachik volcano (Kamchatka) is the well-known locality due to recent basaltic eruptions 

(1975-1976, 2012-2013: Fedotov 1984; Belousov et al. 2015), and strong fumarolic activity 

(Menyailov and Nikitina 1980; Zelenski et al. 2014). Escaping hot, up to 1070 ºC, H2O-rich, H2S, 

HF, HCl, CO2 and SO2-bearing gases, containing up to 880 ppm of trace elements, in combination 

with high oxygen fugacity led to a remarkable mineralogy of fumarolic deposits (e.g. Chaplygin 

et al. 2016, Pekov et al. 2020, Borisov et al. 2024). More than 500 minerals are known from 

fumarolic deposits and > 130 mineral species were discovered for the first time at Tolbachik. Most 

of fumarolic minerals are represented by oxysalt and halide minerals. Copper oxide and oxysalt 
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mineralization is exceptional at Tolbachik fumaroles and includes diverse sulfates, arsenates, 

vanadates and selenites, but surprisingly, no copper phosphate minerals were described from 

fumarolic deposits until recently. 

Phosphorus as minor and even major component is present in several fumarolic minerals, 

including forsterite (up to 12.9 wt% P2O5, Shchipalkina et al. 2019), sanidine and filatovite (up to 

5.0 wt%, Shchipalkina et al. 2020a), fluorophlogopite (up to 0.9 wt%, Shchipalkina et al. 2020b), 

leucite (up to 0.9 wt%, Shchipalkina et al. 2020c). Copper phosphate minerals (with dominant 

(PO4)3- group) in fumaroles were first described in 2021 by Siidra et al. (2021a,b, 2022): they are 

paulgrothite Cu9Fe3+O4(PO4)4Cl, milkovoite Cu4O(PO4)(AsO4) and antipovite Cu5O2(PO4)2. 

Following mineralogical studies of fumarolic mineralization at Tolbachik revealed more 

phosphate (wagnerite, chladniite, fluorapatite) and P-bearing (pliniusite, arsenowagnerite, 

rhabdoborite group) minerals. However, phosphates are less common minerals in oxidizing 

fumarolic environments compared with e.g. sulfates or arsenates, and their appearance is restricted 

to small-size outcrops. 

In this contribution we describe karlditmarite (IMA 2021-003), Cu9O4(PO4)2(SO4)2, 

approved by the Commission on New Minerals, Nomenclature and Classification of the 

International Mineralogical Association (IMA-CNMNC). The holotype specimen is deposited in 

the collections of the Fersman Mineralogical Museum, Moscow, Russia, catalogue number 

5589/1. Karlditmarite is the first Cu phosphate-sulfate mineral among more than one hundred 

various copper oxysalts known from the active fumaroles. We also briefly discuss the phosphorus 

geochemistry in fumarolic environments.  

2. Materials and methods 

2.1 Mineral name and occurrence 

Karlditmarite is named in honor of a Baltic German geologist and explorer Karl Bernhard 

Woldemar Ferdinand von Ditmar (August 27, 1822 – April 13, 1892) born in Fennern (Vändra), 
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Estonia. Karl von Ditmar pursued his education in geology and mineralogy at the University of 

Dorpat (currently the University of Tartu) from 1841 to 1846.  He spent two years at the Freiberg 

Mining Academy, and the Universities of Leipzig and Berlin after defending his dissertation in 

1847. Karl von Ditmar initiated scientific communication with the St. Petersburg Academy of 

Sciences in late 1848. This partnership outlined von Ditmar's primary research focus, which was 

Kamchatka exploration. During his expeditions from 1851 to 1855, he acquired material for 

geological studies (Ditmar, 1860). Ditmar's seminal work "Reisen und Aufenthalt in Kamtschatka 

in den Jahren 1851–1855" (Travels and stay in Kamchatka in the years 1851–1855) (Figure 1a,b) 

contains a substantial portion of his observations (Ditmar, 1890). In addition to descriptive 

research, von Ditmar collaborated with the Russian Geographical Society to map Kamchatka. This 

resulted in the first geological maps of the Kamchatka Peninsula (Ditmar, 1856) (Figure 1c,d), 

which were published in the Proceedings of the Imperial Academy of Sciences with geological 

and petrographic notes.  

Karlditmarite is a product of fumarolic activity. It was found in the Arsenatnaya  fumarole, 

at the Second Scoria Cone of the Northern Breakthrough of the Great Fissure Tolbachik Eruption 

in Kamchatka, Russia. The Second Scoria Cone is located approximately 18 km SSW of the active 

shield volcano Ploskiy Tolbachik (Fedotov and Markhinin, 1983).  Karlditmarite is deposited 

directly from volcanic gas emissions as a sublimate. The temperature of gases at the sampling 

location in September, 2017 was approximately 350 °C. All the recovered samples were packed 

and isolated when collected to avoid any contact with the external atmosphere. Associated 

minerals (Figure 2) are langbeinite, euchlorine, anhydrite, itelmenite, tenorite and paulgrothite 

Cu9Fe3+O4(PO4)4Cl, milkovoite Cu4O(PO4)(AsO4) and antipovite Cu5O2(PO4)2.  

2.2 Physical and optical properties 

Karlditmarite’s prismatic crystals (Figure 2) are olive-green and reach up 50 μm but usually 

measure from 1 to 10 μm in size. They are transparent to translucent with a vitreous luster, have a 
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light-green streak. Karlditmarite is brittle with no cleavage and parting observed. The hardness 

was not measured because of the small size of the crystals. The density could not be measured 

because of the paucity of available material. The calculated density is 4.606 g·cm-3 based on the 

empirical formula. Karlditmarite is insoluble in H2O. 

Optically, karlditmarite is biaxial (–), with α = 1.872(2), β = 1.835(3), and γ = 1.810(3) 

(589 nm). The calculated 2V value is 99.7°. Under the microscope, karlditmarite is green with 

weak pleochroism. The Gladstone-Dale compatibility (Mandarino, 2007) is 1 – (Kp/Kc) = −0.0376 

(excellent).	

2.3 Chemical composition 

Chemical analyses (N = 10) (Table 1) were performed using Si(Li) – energy-dispersive 

spectrometer (EDS) with ultrathin ATW-2 window and INCA Energy 350 (Oxford Instruments) 

at the accelerating voltage of 15 kV and probe current 0.5 nA, 5-15 μm beam diameter at the 

Fersman Mineralogical Museum. The analytical conditions used were 15 kV accelerating voltage, 

0.5 nA beam current and a beam diameter of 5-15 μm.  

The empirical formula calculated on the basis of 20 oxygen pfu is 

(Cu8.614Zn0.175Al0.053Ca0.019Fe0.157)(P1.574S1.814As0.444V0.109Si0.059)O20. The simplified formula is 

(Cu,Zn,Fe,Al,Ca)9O4[(P,As)O4]2[(S,V,Si,)O4]2. The ideal formula is Cu9O4(PO4)2(SO4)2, which 

requires CuO 70.33, P2O5 13.94, SO3 15.73, total 100 wt. %. 

Crystal	structure	considerations	show	that	mineral	is	anhydrous	and	does	not	contain	

CO3	groups.		

2.4 Powder X-ray diffraction	

 X-ray powder diffraction data were obtained using a Rigaku R-Axis Rapid II curved 

imaging plate diffractometer with CoKα radiation. A Gandolfi-like motion on the φ and ω axes 

was used to randomize diffraction from the sample. Observed d-values and intensities were 

derived. Data (in Å for CoKα) are given in Table S1. Unit-cell parameters refined from the powder 



6 
 

data in P1! space group are: a = 6.114(8) Å, b = 7.931(1) Å, c = 7.989(9) Å, α = 75.06(1)º, β = 

86.55(9)º, γ = 88.48(1)º, V = 373.6(6) Å3. 

2.5 Single-crystal X-ray diffraction 

Single crystal of karlditmarite selected for X-ray diffraction analysis was glued onto glass 

filament and arranged in a Bruker Apex II Duo diffractometer operating with MoKα radiation at 

50 kV and 0.6 mA. More than a hemisphere of data was collected with a frame width of 0.5° in ω, 

and 250 s spent counting for each frame. The data were integrated and corrected for absorption 

applying a multiscan type model using the Rigaku Oxford Diffraction programs CrysAlis Pro. The 

unit-cell parameters were calculated by the least-squares method. The structure was solved by 

direct methods and refined using SHELXT software (Sheldrick, 2015). The parameters of the X-

ray diffraction experiment and structure refinement are given in Table 2. Table 3 contains the 

coordinates, bond-valence sums and equivalent isotropic displacement parameters of atoms. 

Selected interatomic distances are given in Table 4. Bond valences were calculated using 

parameters from Gagné and Hawthorne (2015). 

3. Crystal structure 
	

The	 crystal	 structure	 of	 karlditmarite	 contains	 six	 symmetrically	 independent	 Cu	

sites	(Figure	3,	Table	4)	with	three	types	of	coordination	environments	taking	into	account	

all	Cu-O	bond	lengths	<	2.85	Å.	Cu1,	Cu3	and	Cu4	have	similar	distorted	square	pyramidal	

[(4O)+O]	coordination	common	for	copper	oxysalt	minerals.	Cu2	and	Cu6	atoms	have	almost	

planar	 square	 coordination.	 Cu5	 atom	 demonstrates	 Jahn-Teller	 distorted	 octahedral	

coordination	environments	typical	for	Cu2+	cations.		

There	 are	 two	 symmetrically	 independent	 tetrahedral	T	 sites.	 The	P/As	 ratio	was	

refined	for	the	T1	site,	and	it	is	in	good	agreement	with	the	microprobe	data.	The	T1	site	is	

predominantly	 occupied	 by	 P5+	 cations	 (Table	 3).	 The	T2	 site	 is	 occupied	 by	 S6+	cations.	
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Microprobe analysis indicates the presence of a minor admixture of Si and V. However, those 

could not be refined.	 Average	 <T1-O>	 and	 <T2-O>	 bond-length	 values	 (Table	 4)	 in	

karlditmarite	correlate	well	with	assigned	cationic	composition. 

O3	 to	O9	 oxygen	 atoms	 are	 bonded	 in	TO4	 tetrahedra.	 O1	 and	O2	 sites	 belong	 to	

additional	oxygen	atoms	(Krivovichev	et	al.	2013)	being	tetrahedrally	coordinated	by	four	

Cu	atoms	each	(Figure	3).	The	O1	atom	is	tetrahedrally	coordinated	by	Cu2,	Cu3,	Cu4	and	

Cu5	atoms	thus	forming	an	O1Cu4	oxocentered	tetrahedron.	Similarly,	the	O2	atom	is	central	

in	O2Cu4	tetrahedron	with	two	Cu1,	one	Cu4	and	one	Cu6	in	the	vertices.	The	average	<O1-

Cu>	and	<O2-Cu>	bond	lengths	in	karlditmarite	are	1.922	and	1.941	Å,	respectively.	Both	

values	 are	 in	 good	 agreement	with	 the	 typical	 <O-Cu>	 bond	 length	 in	 oxocentered	OCu4	

tetrahedra	(Filatov	et	al.	1992).			

Two	 distinct	 views	 can	 be	 employed	 to	 describe	 the	 crystal	 structure	 of	

karlditmarite.	According	to	a	classical	approach,	the	structure	is	built	up	of	cation-centered	

copper	polyhedra	that	share	vertices	to	form	a	complex	framework	(Figure	4a).	Framework	

cavities	contain rows	of	isolated	tetrahedra	(along	[100]	and	[001])	that	share	oxygen	atoms	

with	Cu-centered	polyhedra.	The	crystal	structure	of	karlditmarite	is	characterized	by	the	

tetrahedra	arranged	in	layers,	with	layers	of	phosphate	tetrahedra	alternating	with	layers	of	

sulfate	 tetrahedra	 (Figure	 4b).	 The	 layers	 are	 parallel	 to	 the	 (001)	 plane.	An	 alternative	

method	 is	 to	use	OCu4	 oxocentered	 tetrahedra	 to	 characterize	 the	mineral	 structure.	The	

cation-centered	CuOn	polyhedra	depicted	in	Figure	3	are	variable	and	less	rigid	than	OCu4	

oxocentered	 tetrahedra.	Moreover,	 this	 method	 allows	 us	 to	 ascertain	 the	 position	 of	

karlditmarite	 in	 the	 structural	 classification	 of	 fumarolic	 minerals	 by	 contrasting	 its	

structural	architecture	with	that	of	other	copper	oxysalt	minerals	and	synthetic	compounds.	

The crystal structure of karlditmarite exhibits two distinct types of OCu4 tetrahedra 

connectivities. O1Cu4 tetrahedra share one vertex with O2Cu4 tetrahedra (Figure 5a) and with each 

other via Cu5, Cu2, and Cu4 vertices, while the Cu3 vertex is free. An alternative scenario is 
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observed for the O2Cu4 tetrahedra. Figure 5a illustrates that, in addition to the corner sharing via 

Cu4 and Cu6 vertices, there is an extra Cu1…Cu1 edge-sharing that results in the formation of  0∞ 

[Cu6O2]8+ dimers. The topology of the resulting corrugated 2∞[Cu9O4]10+ layer parallel to (011) in 

karlditmarite is unique and has not been described previously in minerals and synthetic 

compounds. However, the layer can be split into two distinct types of chains (Figure 5a), which 

are frequently observed in fumarolic minerals. For example, fumarolic copper sulfates, such as 

kamchatkite, KCu3O(SO4)2Cl (Siidra et al. 2017) and vergasovaite, Cu3O(SO4)(MoO4) 

(Nazarchuk et al. 2024), copper selenite, chloromenite, Cu9O2(SeO3)4Cl6 (Vergasova et al. 1999), 

and copper vanadate, yaroshevskite, Cu9O2(VO4)4Cl2 (Pekov et al. 2013; Siidra et al. 2020), are 

examples of crystal structures based on single 1∞[Cu3O]4+ chains identical to those formed by 

O1Cu4 tetrahedra. Georgbokiite, Сu5О2(SеОЗ)2Сl2 (Krivovichev et al., 1999) and antipovite, 

Cu5O2(PO4)2 (Siidra et al. 2022) are examples of fumarolic minerals structurally based on 1∞ 

[Cu5O2]6+ chains that involve edge-sharing. The layer in karlditmarite can also be described as 

composed of six-membered rings (Figure 5a), in which two of the six tetrahedra share a common 

edge. The interlayer space between the bends of the highly corrugated 2∞[Cu9O4]10+ layers hosts 

phosphate tetrahedra, whereas sulfate tetrahedra are placed above the centers of the rings. (Figure 

6). 

4. Discussion 
 

Recently, layers with 2∞[A9O4]10+ (A = Cu2+, Pb2+) distinct topologies were reported in 

vasilseverginite, Cu9O4(AsO4)2(SO4)2 (Pekov et al. 2021), and synthetic 

[Cu2+6Pb3O4](Cu+Pb1.27Br3.54)(SeO3)4Br2 (Siidra et al. 2018) (Figure 6b,c). The latter was prepared 

through the chemical gas transport method, which emulates the formation of copper oxysalts in 

fumaroles with highly oxidizing environments. Two symmetrically independent but heterometallic 

OPbCu3 tetrahedra are present in the crystal structure of the synthetic Pb-Cu selenite. The 
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topological function of the O1PbCu3 tetrahedron is the same as that of the O1Cu4 in the 

karlditmarite structure. The divalent lead cation with “lone pair” occupies a free vertex in O1PbCu3 

that is "raised" above the layer plane, while the other three vertices of the tetrahedron are shared 

with the neighboring ones. The stepped appearance of the [A9O4]10+ layer in Pb-Cu selenite can be 

explained by this circumstance. Additionally, the topological function of the O2Cu4 tetrahedron in 

the karlditmarite structure is the same as that of the O2PbCu3 tetrahedron. Two O2PbCu3 

tetrahedra share a common edge to form the 0∞[Cu6O2]8+ dimer (Figure 5b). Unlike in karlditmarite, 

the layer in synthetic Pb-Cu selenite can be split into only one type of chain that is topologically 

identical to that one formed by O1Cu4 in karlditmarite and observed in a number of fumarolic 

minerals mentioned above. Meanwhile, the Pb-Cu selenite structure shows two distinct types of 

six-membered rings (Figure 5b).  

2
∞[Cu9O4]10+ layer in the structure of vasilseverginite (Pekov et al. 2021) can also be 

described as consisting of 0∞[Cu6O2]8+ dimers (Figure 5c). However, the topological function of all 

OCu4 tetrahedra is the same. Each tetrahedron has one common edge and one common vertex with 

its two neighbors, respectively. Thus, the layer in vasilseverginite has a different structural 

topology than that in karlditmarite. The substantial difference in the size of the arsenate (in 

vasilseverginite) and phosphate (in karlditmarite) tetrahedral groups is the most probable 

explanation for the difference of the copper-oxide substructure in both minerals. The 2∞[Cu9O4]10+ 

layers in the vasilseverginite structure are almost flat, while the 2∞[Cu9O4]10+ layers in the 

karlditmarite structure are strongly corrugated because of the zig-zag form of the chains formed 

by the O1Cu4 tetrahedra.  Therefore, the karlditmarite structure is a novel structure type that has 

not been previously identified in synthetic compounds and minerals. 

The abundance of anhydrous sulfates and the extraordinary rarity of copper phosphates in 

active volcanic fumaroles can be attributed to the well-known chalcophile nature of copper. 

Nevertheless, active volcanic fumaroles have been reported to contain phosphate minerals. Rare 
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apatite, as inclusions in magnetite, was mentioned as part of volcanic fragmentation aerosol 

(unaltered fragments of silicate melt and phenocrysts) by Zelenski et al. (2020); they also identified 

two unknown phases with approximate compositions “(Al,Fe)(PO4)” and “(Na,K)(PO4)” as 

secondary minerals in alteration aerosol (silicate particles altered by gases), and fluorapatite and 

goryainovite as minerals of unclear or nonvolcanic origin. 

 Volcanic gases can transport various trace elements, including P, in form of (i) gaseous 

complexes, (ii) liquid or solid aerosols (suspended in a gas flow), and (iii) solid particles produced 

by wall-rock disintegration by a gas or a chemical reaction between gas and wall-rock 

(Wahrenberger et al. 2002; Taran et al. 2018; Zelenski et al. 2020, 2021). Experimental study by 

Yamagata et al. (1991) suggest that P can originally be in form of P4O10 in high-temperature 

volcanic gases, and upon cooling, due to hydrolysis, P4O10 transforms to ortho-, pyro- and 

tripolyphosphates. The study of Mt. Usu (Japan) gases and thermodynamic calculations show that 

a predominant state of P in gases can be in form of PO2 (Mambo et al. 1991). 

 Local enrichment of a volcanic gas (or gas condensate) in P can be a result of gas-basaltic 

rock interaction, e.g. during “gas metasomatism” process and formation of incrustation and/or 

sublimate / exhalative minerals (Borisov et al. 2024; Bulakh et al. 2024b) or dispersed rock aerosol 

(Taran et al. 2018). Phosphorus is a minor component in Tolbachik basalts; the element content in 

whole-rock samples reach 0.8 wt% P2O5, but typically is up to 0.6 wt% (Churikova et al. 2015). 

Slightly higher P content is detected in groundmass glass: up to 1.0 wt% P2O5 (Borisov et al. 2024, 

Bulakh et al. 2024a,). We suggest that P can be liberated due to the local and small-scale interaction 

between hot water-rich gases and alkali-bearing silicate glass, and can be fixed in secondary 

minerals after primary basaltic minerals (e.g. secondary olivine with up to 0.7 wt% P2O5, Borisov 

et al. 2024), metasomatic minerals (e.g. sanidine with up to 2.0 wt% P2O5, Bulakh et al. 2024b), 

and sublimate minerals (e.g. fluorapatite). 

Implications 
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 The discovery of karlditmarite confirms the potential for the formation of anhydrous mixed 

copper sulfate-phosphates in active fumaroles. Copper phosphates have not been previously 

identified in the fumaroles of the Tolbachik volcano scoria cones, despite the presence of nearly a 

hundred distinct copper oxides and oxysalts. Rare occurrence of P-bearing and phosphate minerals 

in Tolbachik fumaroles can be explained by extremely low P content in fumarolic gases (230 ± 

210 ppb, Zelenski et al. 2014) and gas condensates (61-71 ppb, Chaplygin et al. 2016). Low P 

content is also detected in gas condensate from the active Gorely volcano, southern Kamchatka 

(106 ppb, Chaplygin et al 2015) and Pallas volcano, Kuril Island arc (8-23 ppb, Taran et al. 2018). 

In contrast, fumarolic condensate from Kudryavy volcano (Kuril Island arc) contains much higher 

P, between 0.2 and 30.8 ppm (Taran et al. 1995), however, recent study of high-temperature 

condensate also revealed a very low P content (56 ppb, Taran et al. 2018). Enrichment factor for 

P (normalized to Mg) for condensates from both Pallas and Kudryavy volcanoes are low (0.3-0.8 

and 1.05 respectively), and the patterns of trace and rock-forming elements distribution (expressed 

as enrichment factor) are similar to that for high-temperature gas condensates from other localities 

(Taran et al. 2018). Apparent partition coefficient Kd* for P in volcanic gas – silicate melt system 

(for arc tectonic setting) is extremely low (0.00016; Zelenski et al. 2021), and this explains low P 

content in gas condensate. 

Minerals that contain tetrahedral divalent copper complexes are an exceptional source of 

inspiration and playground for the investigation of intricate magnetic phenomena (e.g. Tang et al. 

2016; Nekrasova et al. 2020; Biesner et al. 2022; Ginga et al. 2024). The layer in the crystal 

structure of karlditmarite contains 1∞[Cu3O]4+ chains. Several intriguing magnetic phenomena were 

found when frustrated magnets, such as kamchatkite (Volkova and Marinin, 2018) and 

yaroshevskite (Siidra et al. 2020), with similar chain structures, were examined. The copper-oxide 

substructure of karlditmarite is significantly complicated by the presence of 1∞[Cu5O2]6+ chains in 

addition to the 1∞[Cu3O]4+ chains. The six-membered ring topology observed in karlditmarite can 
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be also regarded as distorted and highly frustrated capped kagome layers, as exemplified by 

averievite (Kornyakov et al. 2021), but with a "defect" where one of the connections between OCu4 

tetrahedra occurs via edge-sharing rather than corner-sharing. Recently, there has been a 

significant increase in interest in synthetic averievites in the field of magnetic phenomena (e.g. 

Botana et al. 2018; Guchhait et al. 2024; Liu et al. 2024). Consequently, a thorough magnetic 

investigation of a pure synthetic analogue of the mineral would be highly beneficial. The Cu⸱⸱⸱Cu 

contact values in karlditmarite fluctuate between 2.93 to 3.35 Å (O1Cu4) and 2.85 to 3.41 Å 

(O2Cu4). Nevertheless, the microscopic magnetic models are frequently rather complex and 

significantly distinct from the simple interaction schemes that can be deduced from the geometrical 

arrangement of the Cu atoms in the crystal structure. Studies of the quantum magnetism in the 

karlditmarite synthetic analogue are currently in progress.  
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List of Figure captions: 

Figure 1. «Reisen und Aufenthalt in Kamtschatka in den Jahren 1851–1855» (Travels and stay in 

Kamchatka in the years 1851–1855) title page (a) and an illustration of the Avacha Bay and 
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Koryaksky Volcano (b). A title page for the first geological ("geognostic") map of the Kamchatka 

Peninsula, which was compiled by Karl von Ditmar following his expeditions (enlarged text 

fragments are given in red frames) (c, d). 

Figure 2. Well-shaped olive-green karlditmarite crystal in association with anhydrite and 

langbeinite (white and yellow), euchlorine (emerald-green) and tenorite (black). 

Figure 3. Atom coordination environments in karlditmarite. Ellipsoids are given at 50% 

probability level. 

Figure 4. General projection of the crystal structure of karlditmarite in polyhedral representation 

(CuOn = blue, SO4 = yellow, PO4 = violet) (a).  Highlighted pseudolayered	arrangement	of	

sulfate	and	phosphate	tetrahedra (b). 

Figure 5. 2∞[A9O4]10+ (A = Cu2+, Pb2+) layers in minerals and synthetic compounds. General 

projection of the 2∞[Cu9O4]10+  layer in the crystal structure of karlditmarite (a) (O1Cu4 tetrahedra 

= red; O2Cu4 tetrahedra = green; six-membered rings are highlighted in yellow). General 

projection of the 2
∞[Cu2+6Pb3O4]10+ layer in the crystal structure of 

[Cu2+6Pb3O4](Cu+Pb1.27Br3.54)(SeO3)4Br2  (Siidra et al. 2018) (b) (O1PbCu3 tetrahedra = red; 

O2PbCu3 tetrahedra = green; two different six-membered rings are highlighted in colors). General 

projection of the 2∞[Cu9O4]10+ layer in vasilsevergenite (Pekov et al. 2021) (c) (OCu4 tetrahedra = 

green). See the text for details. 

Figure 6. Polyhedral representation of the crystal structure of karlditmarite (O1Cu4 tetrahedra = 

red; O2Cu4 tetrahedra = green; SO4 tetrahedra = yellow; PO4 tetrahedra = violet).	
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Table 1. Analytical data (wt %) for karlditmarite.   

Constituent Mean Range Stand. Dev. Probe Standard 

CuO 65.57 63.2-67.55 0.52 Cu2S 

ZnO 1.36 0.43-1.93 0.13 ZnO 

CaO 0.1 0.07-0.24 0.08 Wollastonite 

Fe2O3 1.2 0.67-1.7 0.33 Fe2O3 

Al2O3 0.26 0.09-0.51 0.12 AlPO4 

As2O5 4.88 3.65-5.43 0.26 InAs 

V2O5 0.95 0.36-1.33 0.2 V2O5 

SiO2 0.34 0.12-0.53 0.15 Wollastonite 

P2O5 10.69 9.98-11.84 0.57 AlPO4 

SO3 13.9 13.47-14.57 0.42 SrSO4 

Total 99.25    
 

Table 2. Crystallographic data and refinement parameters for karlditmarite. 
 

Crystal data  
Structural formula Cu9O4(P0.797(5)As0.203(5)O4)2(SO4)2 
Space group P-1 
Unit cell dimensions a, b, c (Å) 
α,β,γ (º) 

6.1256(7), 7.9192(8), 7.9866(8) 
75.173(2), 86.639(2), 88.660(2) 

Unit-cell volume (Å3) 373.87(7) 
Z 1 
Calculated density (g∙cm–3) 4.601 
Absorption coefficient (mm–1) 14.004 
Crystal size (mm) 0.02×0.02×0.10 
Data collection  
Temperature (K) 293 
Radiation, wavelength (Å) MoKα, 0.71073 
θ range (°) 2.642 – 29.573 
h, k, l ranges −8→5, −10→8, −10→11 
Total reflections collected 3414 
Unique reflections (Rint) 1867 (0.044) 
Unique reflections F > 4σ(F) 1520 
Structure refinement  
Refinement method Full-matrix least-squares on F2 
Weighting coefficients a, b 0.054300, 0.361900 
Data/restraints/parameters 1867/0/156 
R1 [F > 4σ(F)], wR2 [F > 4σ(F)] 0.039, 0.092 
R1 all, wR2 all 0.052, 0.097 
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Gof on F2 1.034 
Largest diff. peak and hole (e Å–3) 1.811, -0.893 
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Table 3. Coordinates, isotropic displacement parameters (Å2) and bond-valence sums of atoms in 

karlditmarite. 

Atom B.V.S. Wyck. site x y z Ueq 
Cu1 2.00 2i 0.50705(12) 0.47599(10) 0.82910(9) 0.01043(19) 
Cu2 1.94 1b 0 0 ½  0.0094(2) 
Cu3 1.99 2i 0.22200(13) 0.24068(10) 0.65685(10) 0.0155(2) 
Cu4 1.91 2i 0.26839(12) 0.81348(10) 0.84937(10) 0.0143(2) 
Cu5 2.10 1f ½  0 ½  0.0099(2) 
Cu6 1.82 1c 0 ½  0  0.0107(2) 
P1* 4.88 2i 0.74892(19) 0.35794(15) 0.51731(15) 0.0089(4) 
S1 5.80 2i -0.2480(2) 0.87153(19) 0.92419(18) 0.0094(3) 
O1 2.07 2i 0.2327(7) 0.0016(5) 0.6451(5) 0.0089(8) 
O2 1.95 2i 0.3010(7) 0.5706(5) 0.9746(5) 0.0093(8) 
O3 2.13 2i -0.0495(7) 0.7580(6) 0.9022(6) 0.0143(9) 
O4 1.94 2i 0.5470(7) 0.2373(5) 0.5198(6) 0.0143(9) 
O5 2.03 2i 0.0305(7) 0.7496(5) 0.4931(5) 0.0139(9) 
O6 1.97 2i 0.5906(7) 0.8425(6) 0.8016(5) 0.0156(9) 
O7 1.93 2i 0.2650(8) 0.4847(6) 0.6569(6) 0.0157(9) 
O8 1.94 2i 0.3468(8) 0.1947(6) 0.8969(6) 0.0192(10) 
O9 1.85 2i 0.7446(7) 0.4344(6) 0.6789(5) 0.0145(9) 
O10 1.70 2i -0.1836(8) 0.0515(6) 0.8895(7) 0.0250(11) 

*P0.797(5)As0.203(5).  

 

Table 4. Selected interatomic distances (in Å) in karlditmarite. 

Cu1-O9  1.908(4) Cu5-O1 1.951(4) ×2 
Cu1-O2 1.933(4) Cu5-O4 1.955(4) ×2 
Cu1-O2 1.968(4) Cu5-O6 2.500(4) ×2 
Cu1-O7 2.069(4)   
Cu1-O8 2.375(5) Cu6-O2 1.924(4) ×2 
  Cu6-O3 2.015(4) ×2 
Cu2-O1 1.891(4) ×2   
Cu2-O5 2.002(4) ×2 P1-O9 1.558(4) 
  P1-O4 1.577(4) 
Cu3-O1 1.919(4) P1-O5 1.589(4) 
Cu3-O7 1.957(4) P1-O7 1.618(5) 
Cu3-O5 1.999(4) <P1-O> 1.586 
Cu3-O8 2.048(4)   
Cu3-O4 2.218(5) S1-O10 1.441(5) 
  S1-O8 1.488(5) 
Cu4-O1 1.927(4) S1-O6 1.493(4) 
Cu4-O2 1.939(4) S1-O3 1.524(4) 
Cu4-O6 1.996(4) <S1-O> 1.487 
Cu4-O3 2.003(4)   
Cu4-O10 2.598(5)   
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Figures: 

 

Figure 1. «Reisen und Aufenthalt in Kamtschatka in den Jahren 1851–1855» (Travels and stay in 

Kamchatka in the years 1851–1855) title page (a) and an illustration of the Avacha Bay and 

Koryaksky Volcano (b). A title page for the first geological ("geognostic") map of the Kamchatka 

Peninsula, which was compiled by Karl von Ditmar following his expeditions (enlarged text 

fragments are given in red frames) (c, d). 
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Figure 2. Well-shaped olive-green karlditmarite crystal in association with anhydrite and 

langbeinite (white and yellow), euchlorine (emerald-green) and tenorite (black). 

 

 

Figure 3. Atom coordination environments in karlditmarite. Ellipsoids are given at 50% 

probability level. 
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Figure 4. General projection of the crystal structure of karlditmarite in polyhedral representation 

(CuOn = blue, SO4 = yellow, PO4 = violet) (a).  Highlighted pseudolayered	arrangement	of	

sulfate	and	phosphate	tetrahedra (b). 
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Figure 5. 2∞[A9O4]10+ (A = Cu2+, Pb2+) layers in minerals and synthetic compounds. General 

projection of the 2∞[Cu9O4]10+  layer in the crystal structure of karlditmarite (a) (O1Cu4 tetrahedra 

= red; O2Cu4 tetrahedra = green; six-membered rings are highlighted in yellow).  General 

projection of the 2∞[Cu2+6Pb3O4]10+  layer in the crystal structure of 

[Cu2+6Pb3O4](Cu+Pb1.27Br3.54)(SeO3)4Br2  (Siidra et al. 2018) (b) (O1PbCu3 tetrahedra = red; 

O2PbCu3 tetrahedra = green; two different six-membered rings are highlighted in colors). 

General projection of the 2∞[Cu9O4]10+  layer in vasilsevergenite (Pekov et al. 2021) (c) (OCu4 

tetrahedra = green). See the text for details. 
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Figure 6. Polyhedral representation of the crystal structure of karlditmarite (O1Cu4 tetrahedra = 

red; O2Cu4 tetrahedra = green; SO4 tetrahedra = yellow; PO4 = violet).	

 

	

	

	

	

	

	

	

	

 

 	




