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Abstract. Andreybulakhite, ideally Ni(C2O4) · 2H2O, is a new member of the humboldtine group, named in
honour of Andrey Glebovich Bulakh of Saint Petersburg State University. The mineral was discovered at the
Nyud-II (Nud-II) Cu–Ni sulfide deposit, Monchegorsk mafic–ultramafic pluton, Kola Peninsula, Russia. Andrey-
bulakhite forms segregations of platy to prismatic crystals up to 2×1×1 µm in size that are localized in the upper
part of the fruiting bodies (apothecia) of Lecanora cf. polytropa lichen, whose colonies overgrow the oxidized
surfaces of pyrrhotite–pentlandite–chalcopyrite ore. The mineral is monoclinic, with space group C2/c, a =
11.8392(5) Å, b = 5.3312(2) Å, c = 9.8357(7) Å, β = 126.723(5)°, V = 497.59(3) Å3 and Z = 4. The Raman
spectrum of andreybulakhite contains the following bands (cm−1): 1701 (C=O stretching vibrations and/or mul-
tiphonon processes); 1621 (H2O bending vibrations); 1454 and 924 (C–O and C–C stretching modes); 597 (Ni–O
stretching, C–C–O and O–C–O bending vibrations); and 550, 307 and 226 (predominantly Ni–O stretching and
deformation modes). The absorption bands of the infrared spectrum are (cm−1) 3389 (O–H stretching vibra-
tions), 1640 (H2O bending vibrations), 1357 and 1315 (C–O stretching, C–C stretching), and 818 (Ni–O stretch-
ing, C–O and C–C stretching, C–C–O and O–C–O bending vibrations). The empirical formula calculated on the
basis of (Ni+Cu+Mg+Co)= 1 atom per formula unit is (Ni0.63Cu0.27Mg0.08Co0.02)61.00(C2O4) · 2H2O. The
absence of iron in the mineral is a result of oxidative Ni2+/Fe3+ fractionation during the secondary aqueous
alteration of Ni- and Cu-rich sulfides. Andreybulakhite has synthetic Ni and Co counterparts; the latter implies
the possibility of formation of its Co analogue in a related cobalt-rich environment.

1 Introduction

Oxalates are probably the most widespread organic min-
erals (e.g. Krivovichev, 2021), whose first discoveries
in nature were in the 19th century (Breithaupt, 1820).
The most common by far are Ca-oxalates: weddellite,
Ca(C2O4) · (2.5− x)H2O, and whewellite, Ca(C2O4) ·H2O
(Ralph et al., 2024). However, more than a half of known
natural oxalates contain transition metal (Me) cations (Me
denotes Fe, Mn, Cu, etc.) as the species-defining con-
stituents (Ralph et al., 2024). These Me-rich oxalates
were primarily discovered in pegmatites (e.g. humboldtine,
Fe2+(C2O4) · 2H2O; Breithaupt, 1820) but were shown to
widely occur as biominerals in various environments (e.g.

Clarke and Williams, 1986; Frank-Kamenetskaya et al.,
2019; Giester et al., 2023).

Oxalic-acid-producing organisms (mainly fungi) can tol-
erate different pollutants (including heavy metals; e.g. Fom-
ina et al., 2005; Gadd et al., 2014; Vlasov et al., 2020; Bur-
ford et al., 2003), which make them perfect bioweathering
agents in various Me-rich deposits. During their lifespans,
fungi are capable of dissolving the Me-bearing primary sub-
strate minerals and accumulate the eluted cations in the form
of water-insoluble and biologically safe Me-rich oxalates
(e.g. Clarke and Williams, 1986; Frank-Kamenetskaya et al.,
2019; Vereshchagin et al., 2023). In vitro experiments have
shown that fungi can be used in bioremediation of Pb-, Co-
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and Ni-rich soils (Huang et al., 2023; Jarosz-Wilkolazka and
Gadd, 2003; Magyarosy et al., 2002). However, fungi them-
selves rarely colonize rocks in amounts sufficient to produce
large quantities of oxalic acid. In contrast, lichens, which are
symbiotic organisms consisting of algae and fungi, can form
large biological mats (van Zuijlen et al., 2020). Detailed stud-
ies of lichen have shown that metal oxalates are their typical
companions (e.g. Frank-Kamenetskaya et al., 2021; Purvis,
2014, 1984), and lichen can colonize rocks of various com-
positions (Adamo and Violante, 2000; Estroff, 2008; Frank-
Kamenetskaya et al., 2019).

During fieldwork with students on the Nyud-II de-
posit, Monchegorsk mafic–ultramafic pluton (Moncheplu-
ton), Kola Peninsula, Russia (67°53′14′′ N, 32°54′4′′ E), in
2020, we discovered samples of Cu–Ni ore colonized by
Lecanora cf. polytropa lichens. Further research showed that
the fruiting bodies of these lichens (apothecia) contain aque-
ous nickel oxalate, which was named andreybulakhite (Cyril-
lic: ) in honour of Andrey Glebovich Bulakh
(Cyrillic: ) (1933–2020), Head of the
Department of Mineralogy of Saint Petersburg State Univer-
sity (1987–1992); Head of the New Minerals Commission of
the Russian Mineralogical Society; the representative of Rus-
sia in the Commission on New Minerals, Nomenclature and
Classification (CNMNC) of the International Mineralogical
Association (IMA) (1994–2009); honorary member of the
Russian (1999) and the Ukrainian (2011) mineralogical so-
cieties; and an honorary professor of Saint Petersburg State
University (2011). His research interests included (but were
not limited to) the mineralogy of the carbonatites of the Kola
Peninsula, the alkaline massifs of Yakutia, and issues of nat-
ural stone in architecture (Bulakh et al., 2020, 1998; Bulakh
and Ivanikov, 1996). He is also the author of a series of text-
books on mineralogy (Wenk and Bulakh, 2016). The min-
eral and name have been approved by the CNMNC of the
IMA under number 2023-037. The holotype specimen is de-
posited at the Mineralogical Museum of the Department of
Mineralogy, Saint Petersburg State University, Saint Peters-
burg, Russia, catalogue number ML OF-978.

2 Occurrence

Monchepluton is among the most famous geological objects
of the Kola Peninsula, where about 100 years ago a series
of promising Cu–Ni deposits were found (Fersman, 1941)
and a number of minerals were discovered (Genkin et al.,
1963; Grokhovskaya et al., 2019; Vymazalová et al., 2020).
Today ∼ 10 economic deposits/manifestations of platinum
group element (PGE)–Cu–Ni–Cr ores have been described
in Monchepluton (Karykowski et al., 2018; Chashchin et al.,
2023, 2021; Chashchin and Ivanchenko, 2022). Moncheplu-
ton covers an area of ∼ 50 km2 and is located in the south-
ern part of the Kola Peninsula. The intrusion is Paleoprotero-
zoic (∼ 2.50 Ga), is confined to the Imandra–Varzuga green-

stone belt and lies on the Archean basement (Chashchin et
al., 2023, 2021; Gorbunov et al., 1981). The rocks of the
Monchepluton intrusions are usually unmetamorphosed but
magmatically layered. The eastern part of the pluton consists
of eastern–western branching (∼ 11×3 km) and includes Vu-
ruchuaivench, Poaz, Sopcha and Nyud intrusions. The Nyud
intrusion consists of melanocratic norite (bottom part; up to
300 m thick), an olivine horizon (middle part; 6 km long and
100 m thick) and mesocratic norite (upper part; up to 350 m
thick; Chashchin et al., 2023). The olivine horizon has ubiq-
uitous fine-sulfide dissemination and includes orthopyrox-
enite, plagio-orthopyroxenite and melanonorite with varying
olivine content (up to 30 vol %; Chashchin et al., 2023).

The Nyud-II deposit was discovered in 1931 by
M. Shestopalov and I. Kholmyansky and was developed by
open-pit mining in the period of 1969–1974 (Chashchin et
al., 2021; Fersman, 1941; Gorbunov et al., 1981). The ore
body is a so-called “critical” horizon, which lies above the
olivine horizon, in the western part of the Nyud intrusion.
It received its name by analogy with the critical zone of the
Bushveld complex and in connection with its complex struc-
ture, caused by the alternation of rocks of different composi-
tion and granularity, in contrast to the monotonous melano-
cratic norites of the lower zone and normal norites of the
upper zone of the Nyud intrusion (Chashchin et al., 2021).
Disseminated ores, vein-disseminated ores and schlieren
ores predominate. The main ore minerals are pentlandite,
(Ni,Fe)9S8; chalcopyrite, CuFeS2; pyrrhotite, Fe1−xS; and
magnetite, FeFe2O4. The veins of continuous sulfides have
a length of up to 30 m and a maximum thickness of up
to 40 cm. In solid (schlieren) ores, the nickel content is
maximum and prevails over copper. The total ore reserves
amounted to about 1× 106 t: 3750 t for Ni and 3000 t for Cu
with an average content of 0.37 wt % for Ni and 0.30 wt %
for Cu (Chashchin et al., 2021). The deposit is opened by
a small quarry in which outcrops of solid (schlieren) sulfide
ores (pyrrhotite/pentlandite) are still preserved on the day-
light surface.

It was suggested that the sulfide ore formation occurred
as a result of the separation of immiscible sulfide liquid
during the cooling of sulfur-saturated basic silicate magma
(Chashchin et al., 2021). Subsequent fractional crystalliza-
tion of the sulfide liquid contributed to the non-uniform dis-
tribution of Ni, Cu and PGEs. Native osmium and erlichman-
ite, OsS2, were released at the early stage (1100–1000 °C),
while crystallization of Pt–Fe alloys; sperrylite, PtAs2; and
various sulfoarsenides (e.g. irarsite, (Ir,Ru,Rh,Pt)AsS, and
hollingworthite, (Rh,Pt,Pd)AsS) and separation of residual
sulfide melt occurred at significantly lower temperatures
(∼ 600 °C). The ore formation process ended with complete
crystallization of the Cu–Ni–Fe sulfides (e.g. pentlandite
and chalcopyrite) and the formation of bismuth tellurides
(e.g. moncheite, Pt(Te,Bi)2, and kotulskite, Pd(Te,Bi)2−x) at
lower temperatures (600–400 °C; Chashchin et al., 2021).
Andreybulakhite was found in Lecanora cf. polytropa lichen,
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Table 1. Chemical data (in wt %) for andreybulakhite.

Constituent Mean Range SD (2σ ) Reference material

NiO 26.21 24.87–27.09 0.96 Ni metal
CuO 11.99 9.69–13.74 1.53 Cu metal
MgO 1.86 0.96–2.42 0.22 MgO
CoO 0.72 0.46–1.00 0.55 Co metal
C2O3 calc

1 40.15
H2Ocalc

1 20.09

Total 101.03

1 Calculated by stoichiometry (2, 4 and 6 apfu for C, H and O, respectively).

Table 2. Powder X-ray diffraction pattern (d spacing in Å) of andreybulakhite and synthetic Ni(C2O4) · 2H2O. PDF denotes Powder Diffrac-
tion File. The three strongest PXRD lines are marked with bold.

Andreybulakhite Synthetic Ni(C2O4) · 2H2O Calculated XRD pattern

This study PDF 00-025-0581

Imeas
1 dmeas

1 Imeas
1 dmeas

1 Imeas
2 dmeas

2 Icalc
3 dcalc

3 h k l

100 4.743 100 4.723 100 4.720 100 4.7449 −2 0 0
96 4.7226 −2 0 2

24 3.946 20 3.921 15 3.920 23 3.9420 0 0 2
8 3.572 > 1 3.559 13 3.570 31 3.5723 1 1 1

8 3.5652 −1 1 2
29 2.954 22 2.949 45 2.942 54 2.9597 −4 0 2
3 2.709 1 2.668 1 2.710 1 2.7109 −3 1 3
6 2.646 2.668 13 2.637 7 2.6480 1 1 2

26 2.6432 −1 1 3
12 2.530 10 2.5243 14 2.528 17 2.5252 0 2 1
7 2.2070 5 2.2035 12 2.2081 0 2 2
7 2.0665 7 2.0643 15 2.067 7 2.0670 −2 2 3
3 2.0460 9 2.035 12 2.0422 1 1 3
5 1.9118 5 1.9084 30 1.905 12 1.9163 −6 0 2

11 1.9119 −6 0 4
6 1.8723 7 1.8644 13 1.866 15 1.8714 0 2 3
2 1.7809 1 1.7781 20 1.781 3 1.7826 −2 2 4

7 1.7806 −5 1 5
3 1.7447 8 1.7467 1 3 0
1 1.6680 2 1.668 3 1.6671 −1 3 2
3 1.5834 3 1.5770 12 1.580 2 1.5847 0 2 4

4 1.571 4 1.5793 −4 2 5
3 1.5397 1 1.5247 8 1.536 2 1.5392 −7 1 5
3 1.4803 2 1.4679 10 1.474 3 1.4799 −8 0 4

1 1.3142 0 4 1
2 1.3140 1 1.3137 2 1.3140 0 0 6

1 Rigaku R-Axis Rapid II diffractometer. 2 Experimental pattern of synthetic Ni(C2O4) · 2H2O from Deyrieux et al. (1973)
(PDF card no. 00-025-0581). 3 Theoretical XRD pattern calculated from structural data from Deyrieux et al. (1973).

growing on oxidized Cu–Ni ores. Associated minerals are
plagioclase (anorthite), pyroxene (enstatite–ferrosilite se-
ries), chalcopyrite, pyrrhotite and pentlandite, the latter of
which is most likely the source of nickel.

3 Optical properties and anthropotype synthesis

Optical properties were studied by means of a DLMP polar-
izing light microscope (Leica, Germany). Andreybulakhite
forms platy to prismatic crystals up to 2× 1× 1 µm in size
that are combined into aggregates up to 40× 30× 30 µm in
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Figure 1. Andreybulakhite occurrence: (a) Lecanora cf. polytropa apothecia (lichen) on aggregate on sulfide ore (optical microscopy; host
rock, HR); (b) andreybulakhite (Andb) aggregate inside lichen apothecia (scanning electron microscope (SEM) backscattered electron (BSE)
image); (c) andreybulakhite crystals (SEM BSE image); (d) hopper-like andreybulakhite crystals (SEM secondary electron (SE) image).

size embedded in a lichen reproductive structure (apothecia)
(Fig. 1). The mineral is colourless to pale green with vitre-
ous lustre and non-fluorescent under either short- or long-
wave ultraviolet radiation. The hardness of andreybulakhite
could not be measured due to the small grain sizes but is
likely ∼ 1.5–2 by analogy with members of the humboldtine
group (e.g. Giester et al., 2023). The calculated density is
2.420 g cm−3 based on the empirical formula (Table 1) and
unit-cell parameters obtained from a powder X-ray diffrac-
tion (PXRD) study (Table 2). The mean refractive index cal-
culated based on the Gladstone–Dale relationship is 1.594.

Due to the small amount of natural substance, as well as
the very small size of the crystals Ni(C2O4) · 2H2O pow-
der was synthesized for direct comparison of X-ray and
spectroscopic data. Ni(C2O4) · 2H2O was synthesized in a
water solution (500 mL volume) by adding NiCl2 · 6H2O
(99.99 %, Sigma-Aldrich) into a solution of Na2C2O4
(99.99 %, Sigma-Aldrich) at room temperature (23–25 °C)
and a slightly acidic pH (6.0–7.2). The crystalline precipi-

tate was filtered, washed with distilled water, dried at room
temperature and checked for homogeneity by PXRD (Fig. 2).

4 Chemical composition

Elemental composition and morphology were studied by
means of an S-3400N (Hitachi, Japan) scanning electron mi-
croscope (SEM) equipped with AZtec Energy X-Max 20
(Oxford Instruments, UK) energy-dispersive X-ray (EDX)
and WAVE 500 (Oxford Instruments, UK) wavelength-
dispersive X-ray (WDX) spectrometers. The conditions of
the EDX analyses were 20 kV accelerating voltage, 2 nA
beam current and 20 s data-collection time (excluding dead
time). WDX analyses were acquired with 20 kV, 5 nA,
30 s per element and 30 s background acquisition times.
Pure Co, Ni and Cu metals (Kα lines); pyrite (FeKα and
SKα); and MgO (MgKα) were used as analytical stan-
dards. The analyses of rock-forming minerals were com-
pleted using the same instrumental setup, with oxides and
silicates as reference standards. It is important to note that
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Figure 2. Fragment of the PXRD profile of andreybulakhite (a, b) and synthetic Ni(C2O4) · 2H2O (b): (a) raw profile and (b) background-
subtracted profile. Note: blue lines are from PDF card no. 00-025-0581.

Figure 3. Raman spectra of andreybulakhite (a) and synthetic Ni(C2O4) · 2H2O (b).

the final chemical composition of andreybulakhite (Table 1)
was measured (five spots) by EDX as a higher acquisi-
tion time (� 30 s) led to sample degradation. The water
and C2O4 were confirmed by the presence of correspond-
ing bands in the IR and Raman spectra of the mineral
(Figs. 3, 4). The empirical formula calculated on the basis

of (Ni+Cu+Mg+ Co)= 1 atom per formula unit (apfu)
is (Ni0.63Cu0.27Mg0.08Co0.02)61.00 (C2O4) · 2H2O. The sim-
plified formula is (Ni,Cu,Mg) (C2O4) · 2H2O, while the
ideal formula is Ni(C2O4) · 2H2O, which requires NiO,
40.88 wt %; C2O3, 39.41 wt %; and H2O, 19.71 wt % (total
100 wt %).
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Figure 4. Infrared spectra of andreybulakhite (a) and synthetic Ni(C2O4) · 2H2O (b).

Figure 5. Crystal structure of synthetic Ni(C2O4) · 2H2O (Puzan et al., 2018): (a) projected on (010) and (b) a fragment of the nickel oxalate
chain. Note that NiO6 polyhedra are visualized in green, H atoms are blue, O atoms are red and C atoms are grey. Hydrogen bonds are shown
by dashed lines. The unit cell is outlined.

5 Powder X-ray diffraction data

Owing to the small size of available grains (1–2 µm), no
single-crystal X-ray diffraction study was possible on an-
dreybulakhite. PXRD data of andreybulakhite were ob-
tained (Fig. 2) in Debye–Scherrer geometry by means of
a Rigaku R-Axis Rapid II diffractometer equipped with a
curved (cylindrical) imaging plate detector (r = 127.4 mm),
using CoKα radiation (λ= 1.79021 Å) generated by a ro-

tating anode (40 kV, 15 µA) with microfocus optics; expo-
sure time was set to 60 min. Unit-cell parameters (mon-
oclinic, space group C2/c) refined from powder data are
a = 11.8392(5) Å, b = 5.3312(2) Å, c = 9.8357(7) Å, β =
126.723(5)°, V = 497.59(3) Å3 and Z = 4.

Andreybulakhite belongs to a family of natural (hum-
boldtine group) and synthetic oxalates with the general for-
mula M(C2O4) · 2H2O (M denotes Fe, Mn, Mg, Zn, Ni and
Co). Their crystal structure (Fig. 5) contains chains of dis-
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Table 3. Raman spectrum of andreybulakhite, synthetic Ni(C2O4) · 2H2O and members of the humboldtine group.

M(C2O4) · 2H2O Band assignment

M is Ni M is Mg M is Fe M is Mn M is Zn

Andreybulakhite Synthetic Glushinskite Humboldtite Lindbergite Katsarosite

3391 3315 3326 3353 OH stretching
3367
3254

1701 1730 1720 1708 C=O stretching
1660 and/or

multiphonon
processes

1621 1632 1636 H–OH bending
1612 vibrations

1555 C–O and C–C
1454 1482 1471 1468 1469 1473

1457 1454 1450 1441 stretching
1271
1065

924 919 915 913 908 914
861 856

805 M–O
657 stretching,

597 591 585 582 579 588 C–C–O and
550 540 527 537 O–C–O

521 518 517 deformations

353 M–O
307 312 310 293 stretching

289 265 246
238 237 240

226 226
221 203 198 204

132

This study Bickley et Frost (2004) Echigo and Giester et
al. (1991) Kimata (2008) al. (2023)

torted octahedra MO4(H2O)2 connected by flat oxalate ions
(C2O4) acting as tetradentate ligands (Echigo and Kimata,
2010; Korneev et al., 2022; Puzan et al., 2018). Accord-
ing to previous studies (e.g. Deyrieux et al., 1973), two
polymorphs are known: α-Ni(C2O4) · 2H2O (space group
(sp. gr.) C2/c) and β-Ni(C2O4) · 2H2O (sp. gr. Cccm). β-
Ni(C2O4) · 2H2O is thermodynamically unstable and trans-
forms into α-Ni(C2O4) · 2H2O upon contact with a solution
containing an excess of oxalate ions (Deyrieux et al., 1973).

6 Spectroscopy

6.1 Raman spectroscopy

The Raman spectra of andreybulakhite and synthetic
Ni(C2O4) · 2H2O (Fig. 3) were obtained by means of a

SENTERRA (Bruker, Germany) confocal Raman spectrom-
eter conjugated with a BX51 microscope (Olympus, Japan)
in backscattering geometry. The Raman spectrometer is
equipped with a solid-state laser (λ= 785 nm). In order to
perform simultaneously safe Raman measurements of bio-
logical media and oxalate mineral, the laser power was re-
duced to 0.3 mW under the 20× objective with numerical
aperture 0.4. The spectrum was obtained in a range of 80–
3700 cm−1 at a resolution of about 3 cm−1 and room temper-
ature. To improve the signal-to-noise ratio, the time of acqui-
sition was 150 s with eight repetitions.

The Raman spectrum of andreybulakhite (Fig. 3) contains
the following bands (cm−1): 1701 (C=O stretching vibra-
tions and/or multiphonon processes); 1621 (H2O bending vi-
brations); 1454 and 924 (C–O stretching, C–C stretching);
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Table 4. IR spectrum of andreybulakhite, synthetic Ni(C2O4) · 2H2O and members of the humboldtine group.

M(C2O4) · 2H2O Band assignment

M is Ni M is Mg M is Fe M is Mn

Andreybulakhite Synthetic Glushinskite Humboldtite Lindbergite

3472 OH
3389 3360 3389 3312 stretching

3380
3360
3305
3230

3160 3126 3136 3155

3089 H–OH bending
2978 vibrations
2944
2820
2773

1679
1650 1660 1660 1656 1655

1634

1610 1603 1615 1604 C–O and C–C
1560 1580 1514 stretching
1475 1479
1445

1357 1357 1369 1357 1359
1315 1316 1322 1312 1310

1314 1301
915 1169 1266
840

818 825 827 818 M–O
803 766 stretching,
684 715 C–C–O and

O–C–O
deformations

545 M–O
492 stretching
368
330
290
260
204

This study Bickley et Frost (2004) Echigo and
al. (1991) Kimata (2008)

597 (Ni–O stretching, C–C–O and O–C–O bending vibra-
tions); 550, 307 and 226 (Ni–O stretching and bending vibra-
tions). The band assignments were made by analogy with the
Raman spectra of synthetic Ni(C2O4) · 2H2O (Bickley et al.,
1991) and other members of the humboldtine group (Frost,

2004; Echigo and Kimata, 2008). The andreybulakhite spec-
trum is similar to the spectrum of synthetic Ni(C2O4) · 2H2O
obtained by us and close to that obtained by Bickley et
al. (1991) (Table 3). The observed differences (Raman band
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Table 5. Selected crystallographic data for andreybulakhite, synthetic Ni(C2O4) · 2H2O and members of the humboldtine group.

M(C2O4) · 2H2O

M = Ni M is Fe M is Mg M is Mn M is Zn

Andreybulakhite Synthetic Humboldtite Glushinskite Lindbergite Katsarosite

Sp. gr. C2/c

a (Å) 11.8393 11.7748 12.060 12.675 11.995 11.768
b (Å) 5.3312 5.3328 5.550 5.406 5.632 5.388
c (Å) 9.8357 9.8326 9.804 9.984 9.967 9.804
β (°) 126.72 127.21 127.97 129.45 128.34 127.045
Z 4

Reference This study Deyrieux et Caric (1959) Wilson et Atencio et Giester et
al. (1973) al. (1980) al. (2004) al. (2023)

shift; Table 3) are most likely associated with Cu for Ni sub-
stitution.

6.2 Infrared spectroscopy

Fourier-transform (FT) infrared (IR) spectra of andreybu-
lakhite and synthetic Ni(C2O4) · 2H2O (Fig. 4) were ob-
tained using a HYPERION 2000 confocal IR microscope
(Bruker, Germany) attached to a VERTEX 70 spectrome-
ter (Bruker, USA). Aggregate of andreybulakhite crystals
with host lichen and powder of Ni(C2O4) · 2H2O crystals
was placed onto a polished KBr disc, and the spectra were
recorded in transmission mode, with a 15× reflector objec-
tive and 30 µm square aperture. The wavenumber range was
between 4000 and 650 cm−1, with a spectral resolution of
4 cm−1 and averaging over 42 scans.

The IR spectrum of andreybulakhite contains the follow-
ing bands (cm−1): 3389 (O–H stretching vibrations of OH
groups), 1640 (H2O bending vibrations), 1357 and 1315
(C–O and C–C stretching), and 818 (Ni–O, C–O and C–
C stretching, C–C–O and O–C–O bending vibrations). The
band assignments were made by analogy with the IR spectra
of synthetic Ni(C2O4) · 2H2O (Bickley et al., 1991) and other
members of the humboldtine group (Echigo and Kimata,
2008; Frost, 2004). The andreybulakhite IR spectrum is simi-
lar to the IR spectrum of synthetic Ni(C2O4) · 2H2O obtained
by us and close to that obtained by Bickley et al. (1991) (Ta-
ble 4). The observed differences (IR band shift; Table 4) are
most likely associated with Cu for Ni substitution in the sam-
ple, as well as a significant contribution of the organic com-
ponents of the lichen.

7 Discussion and conclusions

Andreybulakhite (Ni2+(C2O4) · 2H2O) belongs to the
humboldtine group, which includes humboldtine,
Fe2+(C2O4) · 2H2O; lindbergite, Mn2+(C2O4) · 2H2O;
glushinskite, Mg(C2O4) · 2H2O; and recently discovered

katsarosite, Zn2+(C2O4) · 2H2O. Andreybulakhite has
biogenic origin, which is also the case for lindbergite (e.g.
Wilson and Jones, 1984) and glushinskite (e.g. Wilson et
al., 1980). It is interesting to note that almost all works
on natural oxalates point to their biologically induced
origin, although often the organism source of oxalic acid
cannot be identified (e.g. Giester et al., 2023). This is partly
due to the specificity of mineralogical and lichenological
studies. Mineralogists traditionally do not work with purely
biological matter (for example, fruiting bodies of lichens),
while lichenologists do not describe new minerals. The most
promising approach in the search for such minerals is the
collective work of geologists and botanists, which allows
the identification of interesting phases and the competent
characterization of them.

It is also interesting to note that despite the fact that oxalate
finds are traditionally associated with the activity of living or-
ganisms (both flora and fauna; e.g. Gadd et al., 2014; Giester
et al., 2023; Vereshchagin et al., 2023), some oxalates are
clearly abiogenic in nature. Thus, natroxalate, Na2(C2O4),
and kyanoxalite, Na7(Al6−xSi6+xO24)(C2O4)0.5+x · 5H2O
(0< x < 0.5), were found in ultra-alkaline pegmatites
formed under conditions of high temperatures and fairly high
pressures (e.g. Khomyakov, 1996; Chukanov et al., 2010).
Nevertheless, on modern Earth, such conditions are realized
much less frequently than biological weathering of rocks,
which is widespread on all continents and across all types
of rocks.

An interesting feature of andreybulakhite is its chemi-
cal composition. Andreybulakhite does not contain iron (Ta-
ble 1). The absence of iron in the mineral is the result of
natural nickel refining in near-surface conditions due to ox-
idation processes of primary Fe-, Ni- and Cu-rich ore. The
primary source of nickel (and copper) is iron sulfides (see
above). Their oxidation by acids leads to the formation of so-
lutions in which iron is easily oxidized to the trivalent state
and then does not enter into humboldtine-type oxalates (e.g.
Deyrieux et al., 1973; Dubernat and Pezerat, 1974; Echigo
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and Kimata, 2010). The same process resulted in the appear-
ance of morenosite, Ni(SO4) · 7H2O, which was found on
the surface of oxidized Cu–Ni ores of the Nyud-II deposit
(Igor V. Pekov, personal communication, 2020). There are
Mg-rich (epsomite) and Zn-rich (goslarite) members of the
epsomite group, but no Fe-rich member has so far been iden-
tified. Nickelhexahydrite, Ni(SO4) · 6H2O, is another Ni-rich
sulfate found on the surface of oxidized Cu–Ni ores of the
Nyud-II deposit. Its formation is most likely associated with
the dehydration of morenosite, which is indicated by the high
Ni : Fe ratio (up to 10 : 1).

Another interesting feature of the chemical composition
of andreybulakhite is the high Cu content and the pres-
ence of Mg and Co in its composition (Table 1). There
are no data on the possibility of the existence of a cop-
per analogue of humboldtine. The only data available are
on Nix/3Cuy/3Mn(3−x−y)/3(C2O4)n ·H2O oxalates (Drouet
et al., 1999), which indirectly indicates the possibility of
the existence of limited solid Ni1−xCux(C2O4) · 2H2O so-
lutions. Our preliminary results on synthesis in the NiO–
CuO–C2O3–H2O system confirm this assumption and in-
dicate the presence of an isodimorphic andreybulakhite–
moolooite transition. It is worth noting that the study of Chen
et al. (2019) showed the presence of a complete solid solution
in the Co1−xNixC2O4 · 2H2O series. Both Ni(C2O4) · 2H2O
and Co(C2O4) · 2H2O were synthesized with the participa-
tion of Aspergillus niger (Magyarosy et al., 2002; Ferrier et
al., 2021), which confirms the possibility of nickel and cobalt
oxalate formation in biofilms and indicates a high probabil-
ity of detecting the cobalt analogue of humboldtine in nature.
The presence of solid solution in the Mg1−xNixC2O4 ·2H2O
series is confirmed in natural samples (e.g. Wilson et al.,
1980).
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