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Abstract. Rhabdophane
(Ce0.34−0.43 Nd0.13−0.14 Ca0.06−0.29 La0.08−0.11 Y0.05−0.12 Pr0.03−0.05 Sm0.02−0.05
Gd0.02−0.05 Fe0−0.04 Dy0.00−0.01 )0.97−1.01 ((P0.69−0.96 S0.04−0.31 )1.00 O4 ) qH2 O is found in a Fe3+ -oxyhydroxide
nodule (brown iron ore) collected from the upper part of the oxidation profile of the Babaryk massive sulfide
occurrence (South Urals, Russia) at a 1.6 m depth. The structural and microtextural features of rhabdophane
are revealed by electron backscattered diffraction (EBSD); the chemical composition and distribution of the
main components are determined on a scanning electron microscope (SEM) equipped with an energy-dispersive
analyzer (EDA); the bulk contents of rare earth elements (REEs) and other elements in rock samples are
analyzed using inductively coupled plasma mass spectrometry (ICP-MS). Rhabdophane forms spherulitic
aggregates up to 35 µm in size with a fine-grained core and radial radiant rims composed of prismatic crystals.
The chaotically oriented aggregates of its particles of various sizes including prismatic crystals and spherulitic
intergrowths also fill fractures up to 200 µm long and 20–30 µm thick in goethite. The zonal radial radiant
structure of the rhabdophane aggregates and their occurrence in fractures of goethite unambiguously indicate
the authigenic origin of rhabdophane. The chemically heterogeneous rhabdophane grains always contain
Y, Ca and S and rarely Fe and Sr and are Th- or U-free. Contrasting zonation of Ca, S and Y contents is
characteristic of spherulites. The band contrast of the EBSD patterns shows a good crystallinity of prismatic
crystals regardless of the chemical composition even for Ca–S-rich zones. On the other hand, the Ca- and
S-rich fine-grained centers of the spherulites do not yield any distinguishable diffraction patterns. There is a
strong negative correlation in pairs (Ca+Sr)–P and (REEs+Y)–S and a positive correlation in pairs (Ca+Sr)–S
and (REEs+Y)–P, which indicates the isomorphism according to the scheme (REEs+Y)3+ + (PO4 )3− ↔
(Ca+Sr)2+ + (SO4 )2− . Thus, the chemical composition of rhabdophane does not completely correspond to the
rhabdophane–tristramite/brockite series because of the absence of tetravalent U or Th. In contrast to similar
samples from the deeper part of the oxidation zone, the brown iron ore with rhabdophane is enriched in light
rare earth elements (LREEs) and P. The REEs were probably sourced from ore-bearing volcanomictic rocks,
while P could also have been derived from the soil. The enrichment in REEs and P and the formation of
rhabdophane are related to the alternation of dry and wet periods, the P input, and sorption–desorption of REEs
from Fe3+ oxyhydroxides and/or clay minerals due to pH changes and variable composition of pore water.
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Introduction

Phosphates are the most common mineral forms of rare
earth elements (REEs) in igneous and metamorphic rocks.
As a rule, they include anhydrous phases: monazite, which
concentrates light rare earth elements (LREEs), and xenotime, which concentrates Y and heavy rare earth elements
(HREEs). In addition to simple anhydrous phosphates, florensite is also found in postdiagenetic Al-rich sedimentary
rocks (Rasmussen et al., 1998). In the weathering crust of
black shales and gold placers, a specific type of impurityrich monazite (kularite) was found as spherical particles with
inclusions of rock-forming minerals (Makeev et al., 2020).
Rhabdophane, a hexagonal hydrous REE phosphate, mainly
occurs in late hydrothermal associations of alkaline rocks
(syenites, carbonatites) and polymetallic veins associated
with granites (http://www.mindat.org, last access: 1 October
2021).
In unmetamorphosed sedimentary rocks, REE phosphates
usually form very small grains; thus their precise identification is extremely difficult. As a rule, many findings are
typically referred to as varieties of monazite. For example,
monazite is mentioned in the ooidal ironstones of the Techa
(South Urals) (Novoselov et al., 2018) and Bakchar (Western
Siberia) (Rudmin et al., 2020) deposits. Rudmin et al. (2020)
report on a deficit in the analytical total and a discrepancy between the electron backscattered diffraction (EBSD) patterns
of the studied and standard monazite, but a conclusion about
belonging to a specific mineral species is not drawn. An intermediate member of the rhabdophane–tristramite series was
probably found in ooidal ironstone of the Kamysh-Burun deposit (Kerch Peninsula, Crimea) (Sokol et al., 2020). Phosphates are considered to be one of the main concentrators
of REEs+Y in coals (Seredin and Dai, 2012, and references therein). This phosphate form can be stable and remains in the coal combustion byproducts (Montross et al.,
2018). Secondary monazite and rhabdophane are mentioned
amid REE minerals of the Kejal kaolin deposit (Iran) (Abedini et al., 2012) and the Alibaltalu bauxitic lateritic deposit
(Azerbaijan–Iran) (Mikaeli et al., 2009) and weathering profile of granites of Madagascar (Berger et al., 2008, 2014) and
Japan (Ichimura et al., 2020). Rhabdophane is also described
among the epigenetic minerals of the Bayan Obo REE deposit (Smith et al., 2000) and some regolith-hosted REE deposits (Li et al., 2017). Most references, however, provide no
comprehensive evidence in favor of determining the precise
mineral species of REE phosphates. The recognition of hydrous and anhydrous REE phosphates is typically performed
using the electron probe microanalysis (EPMA) based on the
deficit of the analytical total (Scherer, 2000; Krenn and Finger, 2007; Montross et al., 2018) and rarely Raman spectroscopy (Škoda and Chopyakova, 2006; Berger et al., 2008,
2014).
The general formula of minerals of the rhabdophane group
is (REE,Ca,Th)(PO4 ) qH2 O (http://www.mindat.org, last acEur. J. Mineral., 33, 605–620, 2021

cess: 1 October 2021). Minerals of this group are crystallized
in the space group P 62 22, excluding tristramite, for which
the space group is not determined. A hexagonal structure of
rhabdophane can be shown as an alternation of two types of
layer parallel to plane (100). The first layer formed by REE
atoms and phosphate tetrahedrons appears to be very close to
monazite, while the second one comprises the chains formed
by water molecules and REE and phosphates groups. This
layer alternation leads to a looser packing in comparison with
the monazite-type structure (Romero et al., 1994; Clavier et
al., 2011). These features explain wide variations in water
content of these REE phosphates (Shelyug et al., 2018), as
well as their higher isomorphic capacity compared to that of
monazite.
Calcium is dominant in two members of the rhabdophane group: brockite (Ca,Th,Ce)PO4 qH2 O and tristramite
(Ca,U,Fe)(PO4 ,SO4 ) q2H2 O. The entry of Ca2+ to the rhabdophane structure is suggested due to a heterovalent isomorphism according to the scheme 2REE3+ ↔ Ca2+ + Th(U)4+
2−
2+
(brockite) or REE3+ + PO3−
4 ↔ Ca + SO4 (tristramite).
Both mineral species include tetravalent cations for the
compensation of Ca2+ . Doynikova et al. (1993) described
Ca-prevailing “smirnovskite” (Ca,REE)PO4 qnH2 O with the
same space group, but later this mineral species was not confirmed. In this work, we studied a Ca- and S-rich U- and Thfree rhabdophane with a widely variable chemical composition from the upper part of the oxidation zone of the Babaryk
volcanic-hosted massive sulfide (VHMS) occurrence (South
Urals). The work aims to reveal the features of authigenic
REE mineral forms in the brown iron ores, to clarify the isomorphic schemes of rhabdophane and to elucidate the reasons for its formation. To determine the type of the mineral
structure and its chemical composition, we applied EBSD
and a scanning electron microscope (SEM) with an energydispersive analyzer (EDA).

2

Materials and methods

The oxidation zone of the Babaryk occurrence was studied in drill holes and trenches during prospecting works
(Novoselov et al., 2009). During the detailed study of the
oxidation zone, REE mineralization was found in borehole
no. 5889. Eight samples of brown iron ore and limonite ocher
were collected from various depths of the borehole. Some
samples from trenches and other boreholes were also studied.
Polished sections of brown iron ores were monitored using an Axioscope A.1 CZ optical microscope and scanning
electron microscopes (SEMs) at the Institute of Mineralogy
(IMin), South Urals Federal Research Center of Mineralogy
and Geoecology, Urals Branch of the Russian Academy of
Sciences, Miass, Russia. The chemical composition of most
representative rhabdophane grains was determined on a Tescan Vega 3 SBU SEM equipped with an Oxford Instruments
https://doi.org/10.5194/ejm-33-605-2021
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X-act EDA at an accelerating voltage of 20 kV and a beam
current of 200–300 nA in spot mode. The energy-dispersive
(ED) spectra were acquired, processed and quantified in the
Inca 5.02 software. The EDA detection limit is reported to
be no worse than 0.3 wt %. The spectrometer was calibrated
following the quant optimization procedure on pure Co before and after analysis, and the beam current drift was less
than 1 %. The following standards were used for quantification: monazite for P, Ce, La, Pr, Nd and Sm; apatite for Ca;
baryte for S; hematite (MINM25-53/01-044) for Fe; xenotime for Y and Dy; celestite (NERMA.GEO1.25.10.74GT)
for Sr; and Gd3 Ga5 O12 (N 1362) for Gd.
The REEs and Y, Th, U and P contents of brown iron ore
were determined on an Agilent 7700x inductively coupled
plasma mass spectrometer equipped with a MassHunter software package and standards SGD-2a and ZUK at the IMin.
The Ce anomaly value was calculated as Ce/Ce∗ , where Ce
is CeN and Ce∗ is (LaN × PrN )1/2 (normalized to chondrite;
Taylor and McLennan, 1985). The bulk mineral composition was determined using the Rietveld refinement method
and Siroquant 4.0 software with an internal base of standards. The X-ray diffraction (XRD) patterns were obtained
on a Shimadzu XRD-6000 (Cu-Kα radiation with a graphite
monochromator, 1 ◦ /min, interval 22 of 4–70◦ ).
Crystal chemical formulas of rhabdophane were recalculated to one cation atom in an anionic group. The water content was calculated from the stoichiometry of rhabdophane.
The analytical total close to 100 % (taking into account the
calculated water) was used as a criterion of analytical correctness.
Element distribution maps and additional data on chemical composition (Supplement file S2) including an element
distribution profile through the rhabdophane particles were
obtained at the GEOMODEL resource center (Saint Petersburg State University (SPbU), St Petersburg, Russia) on a
Hitachi S-3400N SEM equipped with an Oxford Instruments
X-Max 20 EDA at an accelerating voltage of 10 kV and a
beam current of 1 nA to increase the locality of the ED analysis. The spectrometer was calibrated against a set of standard natural and synthetic samples, including REE-bearing
glasses (Micro-Analysis Consultants Ltd (MAC) standards).
The EBSD maps were obtained using an Oxford Instruments HKL NordlysNano detector (GEOMODEL resource
center, Scientific Park, SPbU). The acquisition conditions
were as follows: 30 kV and 1.5 nA, exposition 0.5 s per pattern, averaging 5–10 images (when mapping) or 60 images (to obtain individual patterns), and their subsequent
processing using the software package Oxford Instruments
AZtecHKL. Several structural patterns of hexagonal rhabdophane from the Inorganic Crystal Structure Database (ICSD)
and monoclinic monazite from the American Mineralogist
Crystal Structure Database (AMCSD) were used as the comparison phases. The data on the orientation of the individual crystals in rhabdophane aggregates are shown as Euler
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color schemes, pole figures and orientation distribution density heatmaps (Mason and Schuh, 2009).
To obtain a mechanically undistorted surface, the sample
for EBSD analysis was treated with a direct beam of Ar
plasma using an Oxford Instruments Ionfab300 etcher, an exposition of 10 min, an angle of 45◦ , an accelerating voltage
500 V, a current of 200 mA, and a beam diameter of 10 cm
(Nanophotonics resource center, Scientific Park, SPbU).
3

Geological structure of the Babaryk VHMS
occurrence

The Babaryk VHMS occurrence is located 18 km NE of
the town of Magnitogorsk, in the Aleksandrinka ore area
(Chelyabinsk region, Russia), which hosts the eponymous
polymetallic VHMS deposit. The Babaryk occurrence occurs
in the northern part of the Magnitogorsk Zone of the Urals
(Kozlov, 2001; Puchkov, 2017), which is composed of Devonian volcanic and volcanosedimentary rocks, as well as of
syngenetic subvolcanic bodies.
The Babaryk occurrence consists of the following sequences (from bottom to top): (i) ore-bearing aphyric basalt,
pillow lavas, dacite, rhyodacite and their lavoclastites of the
Middle Devonian Aleksandrinka Formation; (ii) calcareous
volcanomictic rocks of andesitic composition of the Middle
Devonian Urlyady Formation with sulfide clasts at the basement; and (iii) siliceous siltstone, limestone and tuffite of the
Upper Devonian Babaryk Formation (Fig. 1). The structure
of the occurrence is complicated by faults, which led to the
formation of a collapse zone located above the ore-hosting
sequence with higher thickness of a weathering crust of up
to 75 m.
The Babaryk occurrence belongs to the Kuroko type
of VHMS deposits grading 2.15 wt % Cu, 5.56 wt % Zn,
1.93 wt % Pb, 0.88 g/t Au and 108.6 g/t Ag (Novoselov et al.,
2009). Primary massive sulfide ores form three lenticular
bodies. The main ore body no. 1 up to 20 m thick dips to the
west at an angle of 25–35◦ and is cut by a fault from the east
(Fig. 1c). The host dacite and dacitic lavoclastites are altered
to quartz–sericite schist at the bottom of the ore body. At the
east, the ore body has contact with calcareous volcanomictic
rocks along a fault zone. Ore body no. 2 of banded polymetallic ores is 1–2 m thick, occurs at the boundary with a
gold-bearing oxidation zone and is hosted by pyritized chlorite and pyrite–quartz–sericite schist. Thin ore body no. 3 of
stringer-disseminated fluorite-bearing sulfide–baryte ores is
localized in the fault zone (Fig. 1c).
Pyrite, sphalerite, chalcopyrite and bornite are the major primary ore minerals. Galena, tetrahedrite and tennantite
are minor, and native gold (electrum), germanite, colusite,
argyrodite, renierite(?), Ag-bearing chalcocite, stromeyerite
and a cervelleite-like sulfotelluride are rare. Gangue minerals include quartz, baryte, calcite, sericite and rare fluorite
(Novoselov et al., 2006).
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Figure 1. Geographical (a) and geodynamic (b) setting (after Kozlov, 2001) and geological block diagram (c) of the Babaryk VHMS
occurrence. Borehole no. 5889 is shown.

The weathering crust at the area of the ore occurrence consists of talus and oxidized residual sediments (eluvium). The
talus sediments 7–11 m thick are unevenly distributed. The
residual sediments occur below talus sediments. The oxidation zone develops mainly after disseminated ores in volcanic and volcanosedimentary host rocks. The collapse zone
with a maximum thickness of the oxidation zone of up to
75 m is located above the leached massive sulfide ores of ore
body no. 2. The oxidation zone has a typical cross-section
including (from top to bottom) an “iron hat”, a thin leaching subzone and a cementation subzone. The iron hat occurs under a thin soil horizon 0.3–0.5 m thick and mainly
consists of clayey–limonite ocher with inclusions of denser
Fe3+ -oxyhydroxide brown iron ore with jarosite veins and
aluminite veins up to 2–3 cm thick in the lower part. The
quartz–baryte and pyrite sands occur between the iron hat
zone and primary massive sulfide ores. The pore waters circulating in the sands were saturated with water-soluble Zn
and Mg sulfates, which formed when the drill core dried up.
Small interlayers of native sulfur and/or gypsum occurred in
sandy layers of some boreholes. The cementation subzone
contains covellite and chalcocite, which replace primary sulfides (Novoselov et al., 2006).
The weathering crust and oxidation zone formed under
tropical peneplain conditions starting from the Triassic and
were followed by semiarid conditions at the beginning of
the Cenozoic, which are still characteristic of this region
(Sigov, 1969). Because of tectonics and variegated composition of the host rocks, the weathering profile cannot directly
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be compared with that of the undisturbed rocks as described
by Berger et al. (2008), Janots et al. (2015), Li et al. (2017),
Fu et al. (2019) and Ichimura et al. (2020).
4
4.1

Results
Structure and mineral and chemical compositions
of the brown iron ores

Borehole no. 5889 was drilled 50–60 m northeast of the main
ore body to cross the gold-bearing oxidation zone. Under
a 30 cm soil horizon, there are talus clayey sediments extending to a depth of 11 m and containing small nodules of
dense Fe3+ -oxyhydroxide brown ore with veinlets and films
of Mn oxyhydroxides. Rhabdophane was found only in one
sample from a depth of 1.6 m. The main body of the residual brown iron ore represented by alternating dense, ocher,
and ocher–clayey varieties occurs at a depth of 11–35 m.
The structural clayey residual sediments after volcanomictic sandstones are observed deeper than 35 m. Goethite and
quartz are the major minerals of the brown iron ore. Some
samples contain minor kaolinite and hydrous mica. A significant quantity of Mn oxyhydroxides is present in the brown
iron ore at a depth of 25.2 m. The deepest sample contains
minor calcite (Table 1, Supplement file S1). The proportions between minerals vary. The half width at half maximum
(HWHM) of the main reflection of goethite (4.18 Å), reflecting the perfection of its structure, changes irregularly with
depth (Table 1).
https://doi.org/10.5194/ejm-33-605-2021
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Table 1. Mineral composition of the brown iron ore from borehole no. 5889 according to XRD analysis (wt %).
No.
1
2
3
4
5
6
7

Depth

Quartz

Goethite

Albite

Mica∗

1.6
11.2
12.0
19.0
19.5
25.2
29.5

5
29
28
5
4
18
2

90
45
64
92
89
60
92

2
< 0.5
2
< 0.5
2
1
1

2
25
6
2
3
4
2

HWHM 4.18 Å of goethite, ◦ 22

Notes
kaolinite < 0.5
kaolinite 1
kaolinite < 0.5
hematite < 0.5
kaolinite 2
kaolinite 2, pyrochroite 15
kaolinite < 0.5, calcite < 0.5

0.58
0.25
0.49
0.54
0.72
0.47
0.37

Note that mica is hydrous because of the asymmetrical shape of the first basal reflection (see XRD patterns, Supplement file S1).

The bulk chemical composition of samples significantly
varies with respect to P, U, Th, Y and 6REE contents. The
maximum amount of P (1.3 wt %), U (15.9 ppm) and 6REEs
(446 ppm) is determined in a rhabdophane-bearing sample
taken at a depth of 1.6 m. This level can be considered an
analog of zone B (illuvial) of a typical weathering profile
(Janots et al., 2015; Li et al., 2017, and references therein).
This sample has the higher contents of P (by 3 or more times)
and U and 6REEs (by 2 or more times) in comparison with
deeper brown iron ore samples. In the precursor calcareous
volcanomictic sediments, the P content is only 0.03 wt % and
6REE content is 31.19 ppm. Relative to the precursor calcareous volcanomictic sediments, the brown iron ores are
significantly enriched in P and, to a lesser extent, in REEs,
U and Y (Table 2).
The sample with rhabdophane is a rounded nodule
2.5 × 3 × 3.5 cm in size (Fig. 2a), which consists of fragments of ferruginous silty sandstones up to 10 mm in size,
and is enclosed in Fe3+ oxyhydroxides with minor quartz and
clay minerals (Fig. 2b). A crust of dense colloform goethite
and Mn oxyhydroxides up to 0.15 mm thick has developed
along the periphery of fragments of silty sandstone (Fig. 2c,
d). Porous radial aggregates of acicular goethite occur in the
cavities between the fragments of silty sandstone (Fig. 2e, f).
4.2

Morphology of rhabdophane

The rhabdophane aggregates form two morphological varieties. The first-type aggregates reach a maximum of 200 µm
in length (Fig. 3a–c) and consist of chaotically oriented
lamellar crystals ranging from a few hundreds of nanometers
to 10 µm in size (Fig. 3b) and, locally, small spherulitic intergrowths with a very fine grained central core (Fig. 3c). These
aggregates are located among colloform crusts of Fe3+ oxyhydroxides filling the cavities or fractures; thus their growth
was spatially limited. The second-type spherical radial radiant aggregates up to 35 µm in size exhibit a displaced spherical core composed of nano-scale individuals and asymmetric
zonal elongated prismatic crystals 0.5–2.0 µm thick at the periphery (Fig. 3d, f). These aggregates occur among acicular
goethite, and they apparently did not experience growth restrictions.
https://doi.org/10.5194/ejm-33-605-2021

4.3

Chemical composition of rhabdophane

The composition of rhabdophane is shown in Table 3 and
Supplement file S2. Table 3 shows only Tescan Vega 3 analyses supported by a full set of international standards. Supplement file S2 includes all chemical analyses.
Cerium, Nd and Ca are the dominant cations of rhabdophane. It also contains Sr, Fe and S. The presence of Al is
detected in some spectra. The dominant anion-building elements include P and S. The representative analyses yield
rather correct formulas according to the cation / anion ratio. Taking into account the calculated H2 O content (per
1 molecule, as in the formula of rhabdophane), the analytical
sum is close to 100 %. According to formal criteria, all analyses correspond to rhabdophane-(Ce). The Ce content varies
from 0.34 to 0.44 atoms per formula unit (a.p.f.u.); the Ca
contents range from 0.06 to 0.29 a.p.f.u.; and more consistent Nd contents vary from 0.13 to 0.14 a.p.f.u. (Table 3).
Rhabdophane aggregates are chemically heterogeneous. A
profile through a spherical aggregate (Fig. 4), as well as the
binary diagrams (Fig. 5), shows that (Ca+Sr) and S, as well
as (Y+REE) and P, have a high positive correlation (Table 4),
whereas a high negative correlation is observed between Y,
REE and S, and Ca with P (Fig. 5, Table 4). The slope of the
trend lines is also the same for the populations of analytical
points of different SEMs.
Microgeochemical maps of rhabdophane aggregates show
a relatively uniform distribution of P and Ce in contrast to
Ca, Y and S (Figs. 6–8). The fine-grained cores of spherical
aggregates are enriched in Ca, Sr and S, whereas the radial
radiant rims of spheres are typically enriched in Y (Figs. 6,
8). There are also spherical aggregates with reverse chemical zoning (Fig. 7). The distribution of the main elements in
fine-grained aggregates intergrown with elongated crystals is
more complicated (Fig. 8).
4.4

EBSD results

The Kikuchi patterns of the studied phosphates correspond
to the reference hexagonal rhabdophane (ICSD 27859) at the
coincidence level of 12 bands out of 12 with a mean angle
deviation (MAD) of less than 1◦ (minimum 0.27◦ ) (Fig. 9).
Eur. J. Mineral., 33, 605–620, 2021
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Table 2. Content of P (wt %), Y, REEs, U and Th (ppm) of the brown iron ore and possible precursor calcareous volcanomictic rock (89 m).
Sampling depth, m
P
Y
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
6REE
Cc
Th
U

1.6

11.2

12

19

19.5

25.2

29.5

89

1.30
75.1
62.3
206
20.9
90.6
17.0
3.98
16.3
2.08
11.8
2.24
6.13
0.85
5.51
0.79
446.12
1.34
0.80
15.9

0.32
38.6
5.33
6.89
1.69
9.22
3.48
1.35
5.41
1.01
7.34
1.57
4.57
0.69
4.57
0.64
53.76
0.54
1.08
4.75

0.18
23.1
9.98
14.0
2.12
9.08
2.11
0.67
3.16
0.56
4.01
0.84
2.47
0.37
2.51
0.36
52.23
0.71
2.79
6.23

0.92
30.0
8.06
10.9
1.69
7.78
1.79
0.55
2.39
0.35
2.50
0.61
1.92
0.27
1.73
0.27
40.79
0.69
0.69
3.77

0.11
64.7
19.1
22.0
3.08
14.2
3.09
0.98
4.75
0.67
4.92
1.26
3.86
0.53
3.25
0.53
82.21
0.67
1.54
3.39

0.40
64.5
35.7
62.8
7.44
35.5
10.6
4.31
14.6
2.48
16.3
3.17
8.72
1.27
8.28
1.14
212.32
0.90
7.40
7.80

0.47
82.4
18.3
14.7
2.96
13.9
3.22
0.95
5.31
0.79
6.19
1.71
5.83
0.89
6.16
1.10
81.97
0.47
0.70
2.57

0.03
13.4
3.40
8.73
1.27
6.37
1.83
0.88
2.20
0.36
2.39
0.51
1.47
0.21
1.35
0.21
31.20
0.98
0.55
4.88

Note that Cc is the cerium anomaly.

Table 3. Representative chemical composition (wt %) and crystal chemical formulas of rhabdophane.
No.

FeO

CaO

Y2 O3

La2 O3

Ce2 O3

Pr2 O3

Nd2 O3

Sm2 O3

Gd2 O3

Dy2 O3

P2 O5

SO3

H2 Oa

Totalb

1
2
3
4
5

1.20
1.92
1.10
1.96
–

2.00
6.70
4.00
1.46
7.44

3.03
–
2.47
5.9
–

5.32
6.03
7.81
5.95
6.79

29.72
25.20
31.54
26.85
28.41

3.47
3.79
1.91
2.27
2.08

10.10
10.21
10.42
10.22
9.64

3.42
3.19
1.62
2.86
0.00

1.90
1.42
–
3.69
3.52

1.05
0.62
–
1.18
0.00

28.08
21.95
25.22
28.96
26.32

2.14
11.24
6.66
1.43
6.67

7.60
8.09
7.89
7.66
8.17

99.03
100.92
100.64
100.39
100.14

Formulas
(Ce0.43 Nd0.14 Ca0.08 La0.08 Fe0.04 Y0.06 Pr0.05 Sm0.05 Gd0.02 Dy0.01 )0.97 ((P0.94 S0.06 )1.00 O4 )·H2 O
(Ce0.34 Ca0.27 Nd0.14 La0.08 Fe0.06 Pr0.05 Sm0.04 Gd0.02 Sr0.01 Dy0.01 )1.01 ((P0.69 S0.31 )1.00 O4 )·H2 O
(Ce0.44 Ca0.16 Nd0.14 La0.11 Y0.05 Fe0.03 Pr0.03 Sm0.02 )0.98 ((P0.81 S0.19 )1.00 O4 )·H2 O
(Ce0.38 Nd0.14 Y0.12 La0.09 Ca0.06 Fe0.06 Gd0.05 Sm0.04 Pr0.03 Dy0.01 )0.99 ((P0.96 S0.04 )1.00 O4 )·H2 O
(Ce0.38 Ca0.29 Nd0.13 La0.09 Gd0.04 Sr0.02 Pr0.03 )0.99 ((P0.82 S0.18 )1.00 O4 )·H2 O
Notes that SrO content in analysis 2 is 0.56 wt % and in analysis 5 is 1.09 wt %. a Calculated from stoichiometry of rhabdophane (including one H2 O molecule). b With calculated
H2 O content.

The best Kikuchi patterns were obtained from crystals that
form rims around spherical aggregates. At the same time,
even smaller crystals from fractures in goethite demonstrate
fairly good crystallinity (Fig. 9a): when comparing Kikuchi
patterns with the standard, 9–12 bands correspond to standard rhabdophane. One of the largest prismatic crystals exhibited the best Kikuchi pattern (Fig. 9b). The centrifugal
growth is typical of spherical aggregates, while all crystallites starting from the nuclei are oriented regularly (Figs. 6,
7).
The degree of structural perfection of the studied rhabdophane aggregates varies. According to the band contrast
Eur. J. Mineral., 33, 605–620, 2021

patterns, the cores of spherical aggregates yield no EBSD
patterns (Figs. 6, 8), while the later rims with evident zonal
crystals exhibit a high band contrast (Figs. 6, 7). The areas
of coherent scattering have different shapes and sizes of 0.5–
2.5 µm and can be arranged in a mosaic manner (Fig. 7) or
in the form of radial aggregates (Fig. 6). In this case, the
band contrast patterns are sporadically correlated with the
grain configuration in backscattered electron (BSE) images
(Figs. 3, 6–8). For example, the particle from Fig. 3d in the
BSE image is zonal due to various distributions of REEs, P,
S and Ca. At the band contrast pattern, which is highly sensitive to the grain borders (Fig. 7), the aggregate has a mosaic
https://doi.org/10.5194/ejm-33-605-2021
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Figure 2. Brown iron ore nodule, sample 5889/1.6. (a) General view; (b) clastic structure of brown iron ore; (c, d) fragment of psephitic
ferruginous rocks with crusts of compact Fe and Mn oxyhydroxides; (e, f) radial radiant aggregate of acicular goethite with interstitial clay
minerals between fragments of ferruginous rocks (b – oblique light; c–f – reflected light; c, e – with analyzer; d, f – without analyzer).

structure and zoning is almost not traced in terms of the band
contrast. In the studied section, the particle consists of the
rounded domains ranging from 0.2 to 2.5 µm in size, which
have different orientations (see the pattern in Euler’s colors
and pole figures, Fig. 7) with a tendency towards a radial arrangement of the crystallographic z axis and rotation of the
x axis of individual crystals, similarly to the structure of the
rim of the spherule shown in Figs. 3e, 3b and 6. In pole figures (Fig. 7), the angle between two areas of z-axis projections is 140–160◦ . Projections of the x axis form a wide belt
perpendicular to the z axis. This pattern corresponds to a section of the rim, similarly to that shown in Figs. 3e and 6. It
is important that all domains have a comparably good crystallinity regardless of their composition (Fig. 7).

https://doi.org/10.5194/ejm-33-605-2021

5
5.1

Discussion
Morphological features

The studied rhabdophane forms elongated prismatic crystals
typical of this mineral and is often assembled in radiant intergrowths and spherical aggregates. Its position in cavities
of Fe3+ oxyhydroxides unambiguously indicates an authigenic origin. The rhabdophane aggregates formed later than
Fe3+ oxyhydroxides in contrast to coprecipitation of rhabdophane with Fe3+ oxyhydroxides in the ooidal ironstone of
the Kamysh-Burun deposit in Crimea (Sokol et al., 2020).
Early authigenic minerals of the rhabdophane group are
described in saprolites of the laterite weathering crust developed after granites. In this case, however, rhabdophane
Eur. J. Mineral., 33, 605–620, 2021
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Figure 3. Rhabdophane aggregates in the brown iron ore: (a) zonal fine-grained, (b) zonal with fine-grained and radial radiant filling of
the central cavity; (c) fine-grained with four spherical growth centers with radial rims; (d) zonal spherule; (e, f) spherical radial radiant
intergrowths with displaced fine-grained center.

either is pseudomorphic after monazite with relics of the
latter or forms thin veins in sapropel (Berger et al., 2008,
2014). Rhabdophane–tristramite from the ooidal ironstone of
the Kamysh-Burun deposit forms minute crystals within allochems or filled microfractures in them (Sokol et al., 2020).
Theoretically, spherulites 35–40 µm in size could be
formed by coagulation and coalescence of colloidal particles.
The presence of striking microcrystallites, however, contradicts this style of formation without subsequent recrystallization. At the same time, thermodynamic data indicate that the
recrystallization of rhabdophane, which is metastable under
ambient pressure, should lead to a transition into anhydrous
monoclinic monazite, which is stable under weathering-crust
conditions (Mooney, 1948; Shelyug et al., 2018). There is
also no evidence of recrystallization of zonal rhabdophane
Eur. J. Mineral., 33, 605–620, 2021

aggregates in cavities of the colloform brown iron ore; thus,
rhabdophane should crystallize from true solutions.
5.2

Chemical composition of rhabdophane

Rhabdophane from the Babaryk occurrence contains up
to 4.5 wt % S (11.24 wt % SO3 ) and up to 5.32 wt % Ca
(7.44 wt % CaO). Since the mineral is found in the oxidation zone of VHMS ores, the presence of S in its composition is expected. Apparently, these trace elements are typical of rhabdophane, which formed in the weathering crust,
because rhabdophane formed after Madagascar granites also
contains up to 9 wt % S and 7 wt % Ca and exhibits their heterogeneous distribution (Berger et al., 2014), and KamyshBurun ooidal ironstone, the REE phosphates of which also
https://doi.org/10.5194/ejm-33-605-2021

E. V. Belogub et al.: Rhabdophane from oxidation zone of massive sulfide occurrence
Table 4. Paired correlation coefficients of main elements of rhabdophane.
Elements

Ca+Sr

REE+Y

Y

Analyses from Table 3, N = 9
P
S
Ca

−0.70
0.92

0.89
−0.89

0.71
−0.80
−0.86

Analyses from Supplement file S2, N = 31
P
S
Ca

−0.91
0.96

0.88
−0.86
−0.83

0.82
−0.76
−0.83

Figure 4. Microgeochemical profile through a spherical rhabdophane particle from Fig. 3d.

contain Ca (Sokol et al., 2020). In these localities, as well
as in the Babaryk occurrence, Ca and S in rhabdophane are
positively correlated. Berger et al. (2014) consider that they
studied possibly a mixture of rhabdophane and tristramite. In
our case, the double amount of crystallization water in tristramite in comparison with rhabdophane should result in a
deficit of the analytical total calculated taking into account
one H2 O molecule, but this is not observed. Unfortunately,
the lack of data on the space group of tristramite prevents the
EBSD-based identification of this mineral. It should be noted
that “kularite” (a variety of monazite) also contains Ca but by
an order of magnitude less than in rhabdophane (Makeev et
al., 2020).
5.3

Influence of composition on structure of
rhabdophane and possible isomorphism schemes

Two rhabdophane spherulites exhibit different chemical zoning (Figs. 6, 7). The fine-grained center of one spherulite
and the radial radiant rim of another spherulite are enriched
in Ca and S. The fine-grained core and similar core of
spherulites from the fracture in goethite yielded no Kikuchi
https://doi.org/10.5194/ejm-33-605-2021
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patterns (Figs. 6, 8), whereas the crystalline rim exhibits a
high band contrast (Fig. 7). Because of the similar composition of these parts of the aggregates, we believe that the
low quality or absence of electron diffraction of the finegrained core is related to the smaller size of the coherent
scattering area rather than to the composition of the mineral. Thus, we suggest that Ca and S are incorporated into
the crystal structure according to the isomorphism scheme
(Y+REEs)3+ + (PO4 )3− ↔ (Ca+Sr)2+ + (SO4 )2− .
Some attempts have been made to synthesize the Cadoped REE monazite-like phosphates (Gallini et al., 2005a,
b; Sivakumar and Varadaraju, 2005), and they were successful if Ca2+ was coupled with U4+ or Th4+ (Bregiroux et al.,
2007). The full substitution leads to the formation of minerals of the cheralite family with a monazite-like structure
(Hugues et al., 1995; Clavier et al., 2011). There is evidence
of the possible compensatory entry of Ca2+ with Ce4+ in the
structure of monazite (Orlova et al., 2001, 2002; Kitaev et
al., 2004). Taking into account similar structures of monazite
and rhabdophane, we can suggest the same mechanism in
our case. The possible incorporation of significant Ce4+ concentrations into phosphate minerals alternatively to cerianite
and oxyhydroxides was indicated by Janots et al. (2015). Although no cerianite was found in our sample, the presence of
Ce4+ in the structure of rhabdophane for the additional compensation of Ca2+ according to the scheme (Y+REEs)3+ +
(PO4 )3− ↔ (Ca+Sr)2+ + Ce4+ cannot be excluded because
the sampling depth of 1.6 m implies access of free oxygen to
the mineral-forming solution.
5.4

REE and P sources and formation of rhabdophane

According to the chemical composition, the brown iron ore
sample with rhabdophane is characterized by significant enrichment in LREEs and the presence of a striking positive
Ce anomaly in comparison with deeper brown iron ore samples, which exhibit an HREE enrichment and negative Ce
anomaly. This is especially evident from a comparison of
REE patterns of samples 5889/1.6 and 5889/11.2 (Fig. 10).
The latter sample shows the lower 6REE content, HREE enrichment and a negative Ce anomaly. The form of the REE
pattern of sample 5889/1.6 is consistent with the Ce–Nd
type of rhabdophane, which is the only REE-bearing mineral
found in the brown iron ore sample from a depth of 1.6 m.
The difference in the REE pattern of the sample taken from a
depth of 25.2 m can be explained by a significant amount of
Mn oxyhydroxide, which is subjected to higher HREE contents (Vereshchagin et al., 2020).
The precursor calcareous volcanomictic rocks are characterized by a generally monotonic REE pattern with a minor Eu anomaly. The sorption of REEs on Fe3+ oxyhydroxides, which are the products of the formation of the oxidation zone, is the main reason for early REE scavenging from
solutions with pH > 5 (Leyborne et al., 2006; Dinali et al.,
2019). Almost all REE patterns, excluding patterns of samEur. J. Mineral., 33, 605–620, 2021
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Figure 5. Correlation between main elements of rhabdophane. Green, Tescan Vega 3 SEM analyses; blue, Hitachi S-3400N SEM analysis.

ples from depths of 11.2 and 25.2 m, demonstrate a positive Gd anomaly, which is probably related to a negative Eu
anomaly rather than to Gd accumulation.
The behavior of Ce in the weathering profile differs from
that of other REEs because of its variable oxidation state:
Ce4+ is less mobile than Ce3+ . For example, strong Ce
anomalies are characteristic of the upper part (illuvial horizon B) of the weathering profile of granites (Berger et al.,
2008; Janots et al., 2015; Ichimura et al., 2020), as well as of
regolith-hosted REE deposits (Li et al., 2017; Fu et al., 2019).
The most likely reason for Ce accumulation in this horizon is
the oxidation of Ce 3+ to Ce4+ and removal of Ce from soil
solutions during precipitation of cerianite (Li et al., 2017;
Ichimura et al., 2020). Oxidation of Ce is also possible with
the participation of bacteria (Moffet, 1990), which can live
in the soil pore water. Despite our weathering profile characterizing the tectonized rocks, we can compare a Ce-rich horizon with illuvial horizon B. According to Li et al. (2017),
the Ce anomaly is a result of vertical pH and redox gradients in the weathering crusts, which facilitate the dissolution
of REE-bearing minerals at shallow depths and fixation of
REEs at a greater depth by either adsorption on clay minerals
or precipitation of secondary minerals. Rhabdophane is the
only REE-bearing mineral in our case. The amount of clay
minerals in the brown iron ores is low, but the kaolinite content increases with the depth. The Fe3+ oxyhydroxides can
act as effective sorbent; thus resorption of REEs from clay
and Fe3+ oxyhydroxides can lead to the formation of rhabdophane. Previous studies of REE phosphates have shown
that rhabdophane has lower thermodynamic stability and in
the long term tends towards irreversible recrystallization into

Eur. J. Mineral., 33, 605–620, 2021

monazite with the loss of water molecule and an increase
in the density of the structure. However, rhabdophane forms
preferably in water solutions due to faster formation kinetics
(Shelyug et al., 2018). A fast growth rate allows rhabdophane
to be an effective REE scavenger from the pore solution.
Sorption–desorption processes involving REEs and P are
caused by the properties of the sorbent surface (Borst et
al., 2020) and the concentration of sorbate in the solution
(Hughes and le Mare, 1982). The following processes of desorption of REEs from Fe3+ -hydroxides can be considered:
(i) the recrystallization of the sorbent with a decreasing specific surface area, (ii) the reduction of Fe3+ to Fe2+ , (iii) the
change in pH (Dinali et al., 2019, and references therein),
(iv) the decrease in REE concentration of the solution and
(v) the substitution of REEs with other cations in the absorbed complex.
In spite of the presence of the crystalline acicular goethite
in our sample, the HWHM of its main reflection on XRD
patterns indicates its strongly defective crystal structure. At
the same time, the samples taken from the deeper horizons
show high variability in the HWHM, which, in several cases,
indicates a higher degree of perfection of the goethite structure, i.e., its significant recrystallization (Table 1). Therefore,
the contribution of recrystallization to the enrichment of pore
solutions in REEs cannot be ruled out. No evidence of Fe3+
reduction was found in our samples. Therefore, desorption
due to changes in Eh proposed for the Kamysh-Burun ooidal
ironstone (Sokol et al., 2020) is not applicable for the formation of the Babaryk rhabdophane.
A decrease in REE concentrations of the solutions is accompanied by the formation of REE minerals and may lead

https://doi.org/10.5194/ejm-33-605-2021
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Figure 6. Distribution of elements, EBSD band contrast, rhabdophane crystal orientation in Euler colors, pole figures (each point in the
pole figures corresponds to one point in the rhabdophane crystal orientation map and retains its color) and orientation distribution density
heatmaps of spherical rhabdophane aggregate; for BSE image, see Fig. 3e.

to further REE desorption from Fe3+ oxyhydroxides, which
is supported by experimental data on possible formation of
rhabdophane-(La) by the interaction of La-rich bentonite and
P-rich waters (Szopa et al., 2012).
The changes in pH and REE concentrations of pore waters
due to the alternating wet and dry periods probably significantly affected the sorption–desorption processes and REE
migration. During wet periods, pore waters were diluted, pH
https://doi.org/10.5194/ejm-33-605-2021

increased and Eh decreased. During dry periods, pH became
more acidic due to the oxidation of relict sulfides and ascending acidic capillary waters, and Eh and the concentration of
solutions increased. The REE fractionation with redistribution of redox-dependent Ce in the weathering profile in borehole no. 5889 is possibly related to both periodic humidification and capillary ascending pore waters enriched in more

Eur. J. Mineral., 33, 605–620, 2021
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Figure 7. Distribution of elements, EBSD band contrast, rhabdophane crystal orientation in Euler colors, pole figures (each point in the
pole figures corresponds to one point in the rhabdophane crystal orientation map and retains its color) and orientation distribution density
heatmaps of spherical rhabdophane aggregate; for BSE image, see Fig. 3d.

mobile LREEs as a result of repeated sorption–desorption
processes.
The fractionation of REEs between various authigenic
minerals in supergene processes was previously shown on
an example of U sandstone deposits of northern Bohemia
(Scharmova and Scharm, 1994). Berger et al. (2014) also
point to the REE fractionation between minerals during the
formation of the weathering profile. These authors relate the
fractionation to a different behavior of redox-sensitive Ce
and indifference to oxidation REEs, as well as to distinct mobility of LREEs and HREEs at low temperatures. The fractionation and formation of REE minerals in ooidal ironstones
Eur. J. Mineral., 33, 605–620, 2021

are associated with a change in redox potential (Sokol et al.,
2020).
It is suggested that the calcareous volcanosedimentary
sediments of the Babaryk occurrence are the REE source.
During oxidation in the presence of acidic sulfate waters,
hyaloclasts and plagioclase in fragments of andesitic lavas
become unstable and are transformed into a mixture of
quartz and/or amorphous silica, hydromica, hydrochlorites
and kaolinite. In this case, REEs are released to the solution
and migrate or are adsorbed on clay minerals and Fe3+ oxyhydroxides (Ling and Liu, 2002). The formation of aluminite
in the lower part of the iron hat, the source of Al for which
https://doi.org/10.5194/ejm-33-605-2021
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Figure 8. Distribution of elements, EBSD band contrast, rhabdophane crystal orientation in Euler colors. pole figures (each point in the
pole figures corresponds to one point in the rhabdophane crystal orientation map and retains its color) and orientation distribution density
heatmaps of rhabdophane aggregate with four spherical growth centers; for BSE image, see Fig. 3c.

Figure 9. Kikuchi patterns of rhabdophane from a fine-grained aggregate in the fracture of goethite (a) and prismatic crystal from the rims
of radial radiant aggregate (b).

plagioclase and/or hyaloclastic material was unstable under
weathering conditions, is in agreement with a volcanogenic
sedimentary source of REEs. An additional REE source can
be related to a near-surface soil layer from which the REEs
are transported to the lower levels of the weathering crust
according to Berger et al. (2014) and Borst et al. (2020).
The formation of phosphates in the oxidation zone of ore
deposits is a result of weathering of host rocks. Phosphorus
and several other components of rocks enter the waters in the
oxidation zone and participate in authigenic phosphate formation (Yakhontova and Grudev, 1987). For VHMS deposits,
this is generally atypical. Nevertheless, the Pb sulfates–
phosphates were found in the oxidation zone of the Alek-

https://doi.org/10.5194/ejm-33-605-2021

sandrinka VHMS deposit located 5 km from Babaryk in a
similar geological setting (Belogub, 1998).
The source of P in the near-surface brown iron ore can also
be related to a soil–vegetation layer (Szopa et al., 2012) and
an absorbed complex of Fe3+ oxyhydroxides. It was shown
in an example of ferromanganese nodules of the Kara Sea
that the enrichment of Fe3+ oxyhydroxides in P is also accompanied by enrichment in HREEs (Vereshchagin et al.,
2020). The accumulation of P and REEs in coastal marine sedimentary iron ores is explained by their sorption on
Fe3+ oxyhydroxides, which are a result of the coagulation of
Fe-bearing colloids from river waters when they are mixed
with seawater (Novoselov et al., 2018), and oscillatory fluc-
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The rhabdophane-bearing brown iron ore differs from deepseated brown iron ore of the same borehole in terms of a
significant enrichment in LREEs (especially Ce and La) and
P. The volcanomictic rocks are believed to be the REE source
for the formation of rhabdophane, while P also comes from
the soil. Significant enrichment of the brown iron ore in
REEs and P and the subsequent formation of relatively large
crystalline rhabdophane aggregates are explained by alternating dry and wet periods and processes of REE sorption–
desorption. The formation of insoluble REE phosphates with
the crystallization of rhabdophane as a result of the surface
water circulation and sorption–desorption processes can be
one of the stages of the formation of economic REE concentrations similarly to in regolith-hosted REE deposits.

Figure 10. Chondrite-normalized (Taylor and McLennan, 1985)
REE pattern of the brown iron ore and volcanomictic rocks (v-m
rocks).

tuations in redox potential in the coastal marine zone also
due to their dilution by river waters (Sokol et al., 2020).
The fine oscillatory zoning of studied rhabdophane aggregates indicates a rapid change in the local growth conditions
or the composition of the feeding fluid, which can be due to a
rain filtrate percolating from the surface and carrying organic
P and desorbed REE (Fink et al., 2016). In the Babaryk occurrence, the periodic fluctuations in pH and compositions
of pore solutions after influx of acidic waters and seasonal
fluctuations in humidity led to the incorporation of P into
the pore water as a result of removal from the soil and desorption from Fe3+ . Under favorable conditions, P and REEs
form rhabdophane.

6

Conclusions

Authigenic rhabdophane is found in the shallow-seated
brown iron ore nodule of the clayey weathering crust developed at the Babaryk VHMS occurrence, South Urals.
Its hexagonal structure is confirmed by EBSD. The mineral
forms the fine-grained aggregates, locally, with a radial radiant structure in fractures of colloform Fe3+ oxyhydroxides
and spherical aggregates with radial radiant rims and a displaced growth center in a porous goethite matrix. The structure of the rhabdophane aggregates indicates their formation
as a result of precipitation from true solutions without recrystallization. Rhabdophane contains LREEs, Ca, S and Y,
which is typical of rhabdophane from the laterite weathering
crust of granites. The high-quality EBSD patterns of the Caand S-rich radial radiant rim of some rhabdophane spherules
indicate their isomorphic substitution according to the
scheme (Y+REEs)3+ + (PO4 )3− ↔ (Ca+Sr)2+ + (SO4 )2− .
Eur. J. Mineral., 33, 605–620, 2021
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