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Abstract

Ferro-ferri-katophorite (IMA2016-008), ideally Na(NaCa)(Fe3"Fe*")(Si;Al)O,,(OH),, was found as xenocrysts up to 3 cm long and
replacement rims around aegirine—augite in silicocarbonatite dykes cropping out in the Sierra de Maz, La Rioja province, NW
Argentina. Ferro-ferri-katophorite is black and has vitreous lustre and a pale green streak. The new mineral is brittle, with perfect
{110} cleavage and has a Mohs hardness of 6. The measured density is 3.32(1) g/cm’. In plane-polarised light it is strongly pleochroic,
X =light greenish brown, Y = dark greyish brown and Z = dark greyish olive green. Absorption (very strong) is Z > Y > X. The orientation
is: Z || b, and X forms a small angle with [001]. Ferro-ferri-katophorite is biaxial (=), with o. = 1.688(3), B = 1.697(3), y = 1.698(3) and 2V
(calc) = 36.7°. It is monoclinic, space group C2/m, a =9.8270(7), b = 18.0300(8), c = 5.316(4) A, B=104.626(4)°, V=911.4(6) A®> and Z=
2. The strongest five lines in the powder X-ray diffraction pattern [d in A (I)(hk)] are: 8.416(100)(110), 3.135(50)(310), 2.815(26)(330),
2.720(18)(151) and 1.4422(15)(661). The chemical composition is SiO, 43.08, TiO, 2.76, ZrO, 0.15, AL,O; 8.76, V,05 0.07, Fe,05 9.28,
FeO 13.85, MnO 0.43, MgO 6.88, CaO 6.58, ZnO 0.06, Na,O 5.55, K,0 1.18, Cl 0.01, H,O calc 1.36, total 99.95 wt.%. The formula
unit (confirmed by single-crystal structural analysis) is (Nag74Ko23)50.7(Ca;.0sNag.o1 Mg o1)52.00(Fel5sMgy s7Fel 5, Tig52Alg 1oMNg s
Zr0.01Vab1Z00 01)55.00(Sis 6141 30)58.00022(0H; 5900 61)5:2.00- Aluminium is strongly ordered at the T(1) site. Ferro-ferri-katophorite is
the 9™ species carrying the katophorite root name and is related to katophorite by the Fe** + Fe>* — Mg*" + AI>* substitution. Type
material was deposited at the Museo de Mineralogia “Stelzner”, Universidad Nacional de Cérdoba, Argentina, under catalogue number
MS003341.
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Introduction metagabbros and local meta-peridotites. They are located within
the Maz Central Domain, which records two main metamorphic
episodes, one during the Neoproterozoic (1.2 Ga) and another
one at 431 + 40 Ma (Casquet ef al., 2008b).

Xenocrysts of aegirine-augite, amphibole and biotite are wide-
spread as irregular masses scattered in the medium-grained
biotite—plagioclase silicocarbonatite (Fig. 1a). With the exception
of those found in a small dyke that runs parallel to the main sys-
tem, xenocrysts display markedly Fe-dominant compositions,
which is unusual for ferromagnesian silicates in carbonatites.

‘Katophorite amphibole’ (ferro-ferri-katophorite according to
the electron microprobe chemical data, but not specifically iden-
tified as such) was found by C. Galindo and reported by Casquet
et al. (2008a) as a replacement product of aegirine-augite that
forms enclaves composed of albite, magnetite, ferroan calcite
*Author for correspondence: Fernando Colombo, Email: fosfatos@yﬁlhoacom.ar and amphibole_ A later systematic survey, undertaken to docu-
Cite this article: Colombo' E, Rius J., Molins E., Biglia H., Galliski M.A, Mérqu'eZ—Zavah"a ment the chemical variability and textural relationships among
M.E, Baldo E.G.A. and Kriscautzky A. (2023) Ferro-ferri-katophorite, a new clinoamphi- . . B .

ferromagnesian silicates, showed that the new amphibole is rather

bole from the silicocarbonatite dykes in Sierra de Maz, La Rioja, Argentina. Mineralogical
Magazine 87, 324-330. https://doi.org/10.1180/mgm.2023.2 widespread, both as reaction rims and as xenocrysts. The new

In the eastern flank of the Sierra de Maz, La Rioja Province, NW
Argentina (29.23°S, 68.35°W) there is a deformed silicocarbona-
tite-(nepheline) syenite complex which, unlike other carbonatites
known in western South America, is the only known body of
Neoproterozoic age (ca. 570 Ma, SHRIMP U-Pb in zircon,
Casquet et al., 2008a). Silicocarbonatite (SiO, wt.% ranging from
17.16 to 28.92, Biglia 2015) is the main lithological type, with syen-
ite (with or without nepheline) occurring as metre-sized blocks and
smaller rounded inclusions within the carbonatite. Together, the
subparallel dykes define a system that extends in a north-south
direction for ~4 km, with a maximum width of ~120 m, hosted
by biotite-garnet + hornblende gneisses, orthoamphibolites,
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Fig. 1. (a) Masses of aegirine-augite and amphibole (number 1) and biotite (number 2) scattered in silicocarbonatite outcrop; (b) aggregate of granular
ferro-ferri-katophorite associated with calcite and albite, in silicocarbonatite (FC collection #02257); (c) photomicrograph under plane polarised light, showing
the basal section of an aegirine-augite crystal (green) replaced along the rims by a granular aggregate of ferro-ferri-katophorite (blue), in a silicocarbonatite matrix.

species and name (symbol Ffktp) has been approved by the
Commission on New Minerals, Nomenclature and Classification
of the International Mineralogical Association (IMA2016-008,
Colombo et al., 2016) The name conforms to the current nomen-
clature scheme for amphiboles of Hawthorne et al. (2012). Type
material (fragment of the holotype) has been deposited in the col-
lection of the Museo de Mineralogia “Dr. Alfred Stelzner”,
Universidad Nacional de Cérdoba (Argentina), under catalogue
number MS003341.

Occurrence

Ferro-ferri-katophorite occurs as granular masses (Fig. 1b) or as
replacement rims around aegirine-augite crystals (Fig. 1c). In
the first case individual crystals may reach 3 cm and show the
{110} monoclinic prism elongated along [001], with ragged termi-
nations. They are poikilitic, with inclusions of albite and calcite.
When ferro-ferri-katophorite occurs as a replacement of aegirine-
augite, it forms polycrystalline rims showing lobate contacts
against the clinopyroxene. Crystals have an approximately parallel
orientation, as they display similar colours under parallel
polarised light.

All of the properties and the chemical data reported in this
paper were measured on a single crystal of ferro-ferri-katophorite.

Physical and optical properties

Macroscopically, ferro-ferri-katophorite is black and opaque, with
vitreous lustre and a pale greyish green streak. It does not fluor-
esce under ultraviolet radiation (either long- or shortwave).
Grains display the typical perfect {110} cleavage of amphiboles.
No twinning was observed. The mineral is brittle, with irregular
or splintery fracture. Mohs hardness is 6.0 The measured density
is 3.32(1) g/cm3 (determined by immersion in toluene, n=2),
while the calculated value is 3.358 g/cm’ based on the empirical
formula using single-crystal unit-cell parameters.

Under the polarising microscope, ferro-ferri-katophorite
shows a very strong absorption and is transparent only in very
thin fragments. Optical properties were determined using white
light and calibrated immersion oils. Ferro-ferri-katophorite is
biaxial (-), with o =1.688(3), B=1.697(3), y=1.698(3) and
2V 1 = 36.7°. The observed 2V was small, but could not be mea-
sured accurately because of indistinct interference figures and very
strong absorption. It displays very strong parallel dispersion, with
r>v. The orientation is: Z || b, and X forms a small angle with
[001]. Pleochroism is very strong, with X=light greenish
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brown, Y =dark greyish brown and Z = dark greyish olive green.
Absorption is Z > Y > X. It should be noted that
amphibole (identified as ferro-ferri-katophorite by electron
microprobe analyses) rimming clinopyroxene may display ple-
ochroism with bluish colours.

The compatibility index 1 - (K/K) is 0.030 (excellent) for the
empirical formula using the density derived from the single-
crystal unit cell, and 0.019 (superior) for the empirical formula
using the density derived from powder X-ray diffraction data.

Chemical composition
Electron microprobe analysis

Ferro-ferri-katophorite was analysed using wavelength dispersive
spectroscopy on a JEOL JXA-28230 electron microprobe
(LAMARX-Universidad Nacional de Cérdoba, Argentina) oper-
ated at an accelerating voltage of 15 kV and a beam current of
20 nA. The beam was defocussed to 10 um. We measured Ko
lines, except for Zr (La). An empirical Ti-V overlap correction
was applied. Data reduction was made with ZAF, as implemented
by the JEOL software. The chemical composition of the type spe-
cimen appears in Table 1, along with standards and monochrom-
ator crystals. No zoning was detected using back-scattered
electron images. An average of the composition of replacement
rims around aegirine-augite (taken from Casquet et al, 2008a)
is also listed for comparison. The calculated structural formulae
appear in Table 2, column 1 (for the type specimen) and column
5 (for the rims).

H,O0 and O™ contents were calculated based on a combination
of results from the electron microprobe (EMP) and Mdssbauer
analyses, and the crystal structure refinement (as there is a rela-
tionship between Ti at the M(1) site and O* content). For the
rims around aegirine-augite, the information is more limited, as
neither Mdssbauer spectroscopy nor a structural study could be
performed. In that case the formula was calculated under the
assumption that per each Ti atom that enters at the M(1) position
replacing a divalent cation, two protons are lost.

Chromium (detection limit 120 ppm, LIFH, chromite stand-
ard) was also sought but not found. A single analysis shows an
F content of 0.13 wt.%; however, the average value is below the
detection limit for this element (670 ppm, TAP, fluorapatite
standard). For the calculation of average values, analyses below
the detection limit were considered as 0.00.

Oxygen (as O°") at the O3 site was calculated by charge bal-
ance, with (OH)™ obtained as (2-O*~F -CI") atoms per formula
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Table 1. Chemical composition of ferro-ferri-katophorite (single crystal data
from this work, and rims around aegirine-augite from Casquet et al., 2008a).

Rims around
Single crystal (n=7) aegirine-augite
(n=5)
Probe standard/  Casquet et al.
Constituent  Wt.% Range S.D. crystal (2008a)
SiO, 43.08 42.45-43.33 0.33 kaersutite/TAP 44.03
TiO, 2.76 2.52-3.10 0.22 ilmenite/LIF 1.27
Zr0, 0.15 0.10-0.20 0.04 Y-doped ZrO,/
PETH
Al,03 8.76  8.56-8.92 0.16 orthoclase/TAP 7.08
FeO (total) [22.21] 22.05-22.44 0.17 fayalite/LIFH 22.78
Fe,05* 9.28
FeO* 13.85
MnO 0.43 0.37-0.48 0.04 rhodonite/LIFH 0.53
MgO 6.88 6.84-7.08 0.11 kaersutite/TAP 7.26
Ca0o 6.58  6.52-6.64 0.05 kaersutite/PETJ 6.66
Zn0 0.05 <0.04-0.13 0.04 ZnO/LIFH
V,05 0.07 <0.05-0.13  0.05 ScVO,/LIF
Na,0 5.55 5.38-5.65 0.09 albite/TAP 5.29
K,0 1.18 1.10-1.22  0.04 orthoclase/PETJ 1.06
Cl 0.01 <0.01-0.02 <0.01 sodalite/PETJ
Hzocalc 1.36
Total 99.95

S.D. - standard deviation
*Total Fe expressed as Fe,03 and FeO based on the Méssbauer spectroscopy results. O=Cl =
0.002 wt.%, eliminated by rounding off.

unit (apfu). The empirical formula of the single crystal is:
(Nao.74K0.23)20.97(Ca1.08Nao.91Mn0.01)Zz.oo(Fe%;sMgl.57Fe?B7Tig.+32
A10.19Mn554zr0.01V851Zno.m)Zs.oo(Siﬁ.ﬁlAll.39)28.00 Oz (OH;s¢
Op.61)52.00- The amount of Cl is above the electron microprobe
detection limit, however it is only equivalent to 0.002 Cl apfu
and is thus eliminated by rounding off. The ideal formula is
Na(NaCa)(Fe; Fe’*)(Si;Al)O,,(OH),, which requires (in wt.%)
SiO, 43.14, ALO; 5.23, Fe,0; 8.19, FeO 29.48, CaO 5.75,
Na,O 6.36, H,O 1.85, total 100.00%.

Mdossbauer spectroscopy

The Mossbauer spectrum of a powdered sample was acquired in
transmission geometry at 298 K using a conventional transmis-
sion Mossbauer spectrometer with a >’Co/Rh source. The spectro-
meter was calibrated with the room-temperature spectrum of
o-Fe. The program package Fit;0) (Hjollum and Madsen 2009)
was used to fit the spectrum using doublets (Fig. 2). Both peaks
of each doublet were constrained to have the same area and
same width. The results are shown in Table 3, where the distribu-
tion of Fe** and Fe’* obtained by single-crystal structural refine-
ment has been reported for comparison.

Crystallography
Powder X-ray diffraction

Powder X-ray diffraction data were recorded using a Siemens
D-5000 diffractometer in Bragg-Brentano geometry using
CuKo,,, radiation. Observed d values and intensities were
derived by full-profile fitting using the FullProf software
(Rodriguez-Carvajal, 2001). Observed intensities are affected by
preferred orientation due to the perfect {110} cleavage. The stron-
gest five lines in the powder X-ray diffraction pattern [d in A (I)
(hkD)] are: 8.416(100)(110), 3.135(50)(310), 2.815(26)(330), 2.720
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Table 2. Crystal-chemical formulae of ferro-ferri-katophorite calculated
according to different normalisation schemes. Average of rim compositions
taken from Casquet et al. (2008a)*.

Single
Single crystal ~ Single crystal  Single crystal  crystal Rim
(Fe2+/Fe3+
ratio by
Mossbauer FeOxotal, NO FeOyotal, NO FeOiota,  Fe€Ototals
spectroscopy) deprotonation deprotonation Op3=2Ti Ogz=2Ti
Norm. Based on
scheme: SREF [1] [2] [3] [1]
T sites
Si 6.610 6.610 6.602 6.613 6.860
Al 1.390 1.390 1.398 1.387 1.140
T 8.000 8.000 8.000 8.000 8.000
C sites
Al 0.193 0.194 0.183 0.197 0.160
Ti 0.318 0.318 0.318 0.318 0.149
Zr 0.011 0.011 0.011 0.011
Vv 0.006 0.008 0.008 0.008
Fe3* 1.072 0.452 0.514 1.072 0.884
Fe?* 1.778 2.397 2.331 1.779 2.084
Mn 0.043 0.038 0.056 0.033 0.037
Mg 1.574 1.574 1.572 1.574 1.686
Zn 0.006 0.007 0.007 0.007
xC 5.000 4.999 5.000 4.999 5.000
B sites
Mn 0.013 0.017 0.000 0.022 0.033
Ca 1.081 1.081 1.080 1.081 1.112
Na 0.906 0.902 0.920 0.896 0.856
B 2.000 2.000 2.000 1.999 2.001
A site
Na 0.743 0.748 0.728 0.754 0.742
K 0.230 0.230 0.230 0.230 0.211
ZA 0.974 0.978 0.958 0.984 0.953
W site
O in 03 0.606 0.000 0.000 0.637 0.298
Cl 0.003 0.003 0.003 0.003
OH 1.391 1.997 1.997 1.360 1.702
w 2.000 2.000 2.000 2.000 2.000
H,0calc 1.36 1.95 1.96 1.33 1.67
Fe,03 9.28 3.92 4.46 9.28 7.54
FeO 13.85 18.68 18.19 13.86 15.99
Total 99.95 100.04 100.05 99.95 98.39

*Blank: not measured. Normalisation procedures used for formula, as described in
Hawthorne et al. (2012): [1] average between Si+Ti+Zr+Al+Fe+Mn+Mg+V+Zn =13 apfu and
Zcations = 16 apfu; [2] Si+Ti+Zr+Al+Fe+Mn+Mg+V+Zn = 13 apfu; [3] per 24 (O,0H,Cl).

(18)(151) and 1.4422(15)(661). The complete dataset (in A for
CuKoy, Table S1), along with the calculated pattern, has been
deposited with the Principal Editors of Mineralogical Magazine
and is available as Supplementary material. Unit cell parameters
measured from powder X-ray diffraction data are a=9.8697(5),
b=18.094(1), c = 5.3320(4) A, p=104.603(4)° and V =921.4(1) A>.

Single-crystal structure refinement

Data collection and refinement details for the single-crystal struc-
tural refinement (SREF) are given in Table 4. Intensities were cor-
rected for Lorentz and polarisation effects. The structure was
refined to R, =2.77% for 1064 reflections with I>20(I) using
SHELXL (Sheldrick 2008), starting from the atomic coordinates
of katophorite (sample A7) published by Hawthorne et al
(1996). We used ionised atom scattering curves for all atoms,
except for H (neutral) and Si, where neutral vs. ionised curves
were applied (¢f. Hawthorne et al, 1995). The H atom was located
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Fig. 2. Mossbauer spectrum of ferro-ferri-katophorite.

by Fourier synthesis; its U.q was constrained to be 1.2 times the
Ueq of O(3).

Atomic coordinates and atomic displacement parameters
(ADP) are listed in Table 5, whereas selected bond lengths appear
in Table 6.

Crystal structure and site populations

Site populations calculated on the basis of EMP, Mdssbauer spec-
troscopy and SREF analyses are reported in Table 7.

The <T(2)-O> distance, 1.627 A, is very short and suggests
that no Al occurs at this site; T(2) seems to be fully occupied
by Si.

' The application of the relationship "V Al =32.17 <T(1)-O> -
52.12, proposed by Hawthorne and Oberti (2007), gives “VAl =
1.14 apfu, lower than the 1.40 Al apfu necessary to completely fill
the site; nevertheless, the 1.40 value is well within the general

Table 3. Parameters and Fe distribution obtained from the Mdssbauer
spectrum.

Half-band Quadrupole Isomer  Area %Fe
Doublet width splitting shift (%)  Assignment (SREF)
1 0.27 2371 -1.005 3623 Fe® in M(1) 32.68
2 0.36 0.589 -0.270 37.66 Fe* in M(2) 42.62
3 0.28 1.693 -0.800 291 Fe**inM(2)  0.99
4 0.31 2.258 -0.963 2320 Fe?in M(3) 23.71

SREF: single-crystal structural refinement.
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trend shown by Hawthorne and Oberti (2007, their figure 17).
Other cations that could occupy tetrahedral sites in amphiboles
are Fe’* and Ti**. However, no fourfold-coordinated Fe’" was
detected by Mdssbauer spectroscopy. Titanium has been shown
to order at the T(2) site, where it causes an increase of <T(2)-
O> distance and of the mean atomic number (Oberti et al,
1992); none of these features are present in the sample of
ferro-ferri-katophorite studied. Therefore, we conclude that the
T(1) site is only occupied by Si and Al, and that this last element
is strongly ordered at this site.

Atomic populations in the octahedral M(1), M(2) and M(3)
sites were assigned taking into account the refined site-scattering
values and <M-O> distances. Calculated distances were based on
the values typical for each element as given by Hawthorne (1983,
table 28). When no values were available (for Zr, Zn and V>*, all
of them present in trace amounts), they were calculated from
Shannon (1976). They were assigned to the M(2) site based on
the results obtained by Oberti et al (2000) (for Zr) and
Hawthorne et al. (1993) (Zn). Nevertheless, their assignments
remain tentative because of their very low concentration in
ferro-ferri-katophorite.

The M(4) site was modelled as a split site [M(4) + M(4")], with
full occupancy; a small amount of Mn** was assigned to the M(4")
site. Oberti and Ghose (1993) mentioned that the M(4") site has a
distorted [6+2] coordination, and can host divalent cations more
suitably than the M(4) site.

As in other amphiboles belonging to the sodium-calcium
group, alkalis are distributed over two subsites [A(m) and A(2)]
within the A cavity (Hawthorne et al, 1996). The large ADP
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Table 4. Details of data collection and structural refinement.
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Table 6. Selected interatomic distances (in A).

Crystal data

Ideal formula

Empirical formula from the
refinement

Crystal dimensions (mm)
Crystal system, space group

Na(NaCa)(FeZ"Fe*)(Si;Al)0,,(OH),
Ko23Nayex Cario Fersr Mgier Tios2Aliss
Sis.61 H1.40 O24

0.20 x 0.08 x 0.08

Monoclinic, C2/m (#12)

Temperature (K) 293(2)

a, b, c (A) 9.8270(7), 18.0300(8), 5.316(4)
B () 104.626(4)

v (&%) 911.4(6)

z 2

Calculated density (g cm™) 3.344

u (mm™) 7.648

F (000) 889

Data collection
Crystal description

Instrument

Radiation type, wavelength (A)

6 range (°)
Absorption correction

No. of measured and
independent reflections
Data completeness to 29.02°60

Indices range of h, k, [

Prismatic fragment bound by cleavage

planes

Nonius CAD4 with point detector

MoKa, 0.70926

2.26 to 29.09

DIFABS (Walker and Stuart 1983), as
implemented by WinGX (Farrugia, 2012)

1266, 1266

100.0%
-13<h<12,0<k<24,0<I[<7

Refinement
Refinement

Number of reflections, restraints

Ry [1>20(1)],

Ry (all)

WR, [I>20(1)], wR, (all)

GoF

No. of refined parameters

Apmax; APmin (87 A73)

Full-matrix least-squares on F?
1266, 0

0.0277, 0.0351

0.0688, 0.0715

1.072

116

0.462, -0.795

ellipsoids of atoms located at this cavity is related to the difficul-
ties in accurately modelling the electron density of this site.

Relationship with other species

Ferro-ferri-katophorite belongs to the sodium-calcium amphibole
group. In particular, species bearing the katophorite root name

fulfil the conditions:

A(Na+K+2Ca)> 0.5 apfu and 0.5 apfu <

C(Al+Fe**+2Ti) < 1.5 apfu.

Table 5. Atom coordinates and displacement parameters (A?).

T(1)-0(1) 1.6428(15) M(2)-0(1) x2 2.1073(15) M(4')-0(2) x2 2.308(9)
T(1)-0(5) 1.6631(16) M(2)-0(2) x2 2.0684(16) M(4')-O(4) x2 2.314(3)
T(1)-0(6) 1.6628(18) M(2)-(04) x2 1.9523(15) M(4')-0(5) x2 2.836(7)
T(1)-0(7) 1.6510(9) <M(2)-O> 2.0427 M(47)-0(6) x2 2.643(9)
<T(1)-0> 1.6549 <M(4")-0> 2.525
M(3)-0(1) x4 2.1106(14)
T(2)-0(2) 1.6195(14) M(3)-0(3) x2 2.097(2) A(m)-0(5) x2  2.907(5)
T(2)-0(4) 1.5963(15) <M(3)-0> 2.1061 A(m)-0(6) x2  2.771(8)
7(2)-0(5) 1.6385(18) A(m)-0(7)® 2.533(10)
T(2)-0(6) 1.6548(16) M(4)-0(2) x2 2.450(4) A(m)—O(7)(“) 2.539(9)
<T(2)-0> 1.6273 M(4)-0(4) x2 2.3502(19) <A(m)-0> 2.738
M(4)-0(5) x2 2.731(3)
M(1)-0(1) x2 2.0615(17) M(4)-O(6) x2 2.510(3) A(2)—O(5)(") x2  2.639(19)
M(1)-0(2) x2  2.1292(15) <M(4)-O> 2.510 A(2)—0(5)(i”) x2 3.30(2)
M(1)-0(3) x2  2.0752(15) A(2)-0(6) x2 2.878(15)
<M(1)-0O> 2.0886 0(3)-H 1.16(7) A(2)-0(7) x2 2.509(4)
<A(2)-0> 2.832
Symmetry transformations used to generate equivalent atoms: (i) x-%2, y+'4, z; (i) -x+%2, -y
+V, -z; (iii) -x+2, y+¥2, -z.

The composition Na(NaCa)(Fei"Fe’*)(Si;Al)O,,(OH), (cur-
rently ferro-ferri-katophorite) was named ferri-katophorite in
the classification schemes of Leake (1978) and Leake et al
(1997). However, no phase with this composition was ever sub-
mitted for formal approval to the IMA-CNMNC.

There are currently 9 species (including the one described in
this proposal) that justify the katophorite root name (Table 8).
To date only katophorite and ferri-fluoro-katophorite have been
formally described as such; the others have the ‘Redefined’ status,
or have been identified by chemical analyses (sometimes comple-
mented by single-crystal structural refinement) in publications,
but not further characterised.

The samples described by Bragger (1894) as katophorite from
near Grorud, Oslo (Norway) are strongly zoned, and thus the
chemical analysis does not correspond to a single phase. If the
formula is calculated on a 230 eq basis, the mineral classifies as
ferro-ferri-katophorite, however some significant violations to amphi-
bole stoichiometry (such as XA = 1.44 apfu) and the presence of Fe**
in tetrahedral coordination indicate that there are analytical problems.

Ferro-ferri-katophorite has been identified by electron micro-
probe analysis from four other localities: the Xiangshan pluton,

x/a y/b 2/c Ueq yu us & U2 U3 y2

1 0.2806(1) 0.0859(1) 0.2984(1) 0.011(1) 0.011(1) 0.001(1) 0.000(1) 0.010(1) 0.011(1) -0.001(1)
Y] 0.2905(1) 0.1719(1) 0.8076(1) 0.011(1) 0.011(1) 0.002(1) 0.000(1) 0.011(1) 0.010(1) -0.001(1)
M(1) 0 0.0880(1) % 0.014(1) 0.013(1) 0.003(1) 0 0.018(1) 0.010(1) 0

M(2) 0 0.1800(1) 0 0.010(1) 0.010(1) 0.002(1) 0 0.010(1) 0.011(1) 0

M(3) 0 0 0 0.011(1) 0.013(1) 0.002(1) 0 0.008(1) 0.010(1) 0

M(4) 0 0.2813(2) % 0.014(1) 0.017(1) 0.009(1) 0 0.010(1) 0.018(1) 0

M) 0 0.2713(6) % 0.014(1) 0.017(1) 0.009(1) 0 0.010(1) 0.018(1) 0

A(m) 0.0443(14) % 0.085(2) 0.055(3) 0.084(9) 0.079(7) 0 0.022(4) 0.091(7) 0

A2 0 0.4778(1) 0 0.072(6) 0.041(9) 0.059(10) 0 0.058(12) 0.137(18) 0

o1 0.1080(1) 0.0901(1) 0.2143(3) 0.014(1) 0.013(1) 0.002(1) -0.001(1) 0.016(1) 0.013(1) -0.001(1)
02 0.1202(1) 0.1730(1) 0.7326(3) 0.014(1) 0.012(1) 0.002(1) 0.000(1) 0.016(1) 0.014(1) 0.000(1)
03 0.1096(2) 0 0.7088(4) 0.017(1) 0.014(1) 0.003(1) 0 0.020(1) 0.015(1) 0

04 0.3661(1) 0.2496(1) 0.7941(3) 0.016(1) 0.018(1) 0.005(1) -0.001(1) 0.014(1) 0.017(1) -0.004(1)
05 0.3497(1) 0.1350(1) 0.0964(3) 0.019(1) 0.015(1) 0.003(1) 0.007(1) 0.024(1) 0.018(1) 0.000(1)
06 0.3436(1) 0.1185(1) 0.5979(3) 0.018(1) 0.016(1) 0.004(1) ~0.005(1) 0.018(1) 0.019(1) 0.000(1)
o7 0.3369(2) 0 0.2872(5) 0.020(1) 0.016(1) 0.003(1) 0 0.017(1) 0.026(1) 0

H1 0.232(7) 0 0.81(1) 0.0211

1Set as 1.2 times the U.q of 03.
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Table 7. Site populations for ferro-ferri-katophorite.
Site scattering (epfu) Mean bond length (A)

Site N Site populations (apfu) SREF EMP Refined Calculated
(1) 4 1.39 Al+2.61 Si
7(2) 4 4.00 Si
M(1) 2 0.750 Mg +0.318 Ti* +0.932 Fe?* 39.97 40.23 2.089 2.089
M(2) 2 0.550 Mg +0.149 Al +0.006 V3" +0.028 Fe?* 41.22 42.49 2.043 2.043

+1.215 Fe*" +0.035 Mn*" +0.006 Zn +0.011 Zr
M(3) 1 0.275 Mg +0.049 Al +0.676 Fe?* 21.86 21.51 2.106 2.105
M(4)+M(4") 2 1.081 Ca+0.906 Na+0.013 Mn?* 31.91 31.91
Alm) +A(2) 1 0.230 K+0.743 Na+0.026 [] (vacancy) 12.23 12.54
03 2 1.394 (OH)™ +0.606 0>

N: number of equivalent sites in the structural formula. apfu: atoms per formula unit; epfu: electrons per formula unit; SREF: single crystal structural refinement; EMP: electron microprobe.

Table 8. Approved species bearing the katophorite root name.

Name Composition

Reference

Ferri-fluoro-katophorite Na(NaCa)(Mg,Fe®")(Si;Al)0,5F,
Ferri-katophorite Na(NaCa)(Mg4Fe3*)(Si7Al)022(OH)2
Ferro-ferri-katophorite Na(Na(:a)(Fe4 Fe*")(SizAl)0,,(0H),
Ferro-katophorite Na(NaCa)(Fe2"Al)(SizAl)0,,(0H),
Fluoro-katophorite Na(NaCa)(Mg,Al)(Si;Al)O0x,F,
Katophorite Na(NaCa)(Mg,Al)(Si;Al)O2,(0H),
Potassic-ferri-katophorite K(NaCa)(Mg,Fe*")(Si;Al)0,,(0H),
Potassic-ferro-ferri-katophorite K(NaCa)(Fe3'Fe®")(Si;Al)0,5(0H),
(

Potassic-fluoro-katophorite

K(NaCa)(Mg2 " Fe®")(Si;Al)0,,F,

Oberti et al. (2019)

Pushcharovskii et al. (2003)

This proposal

Brogger (1894), redefined by Hawthorne et al. (2012)
Hawthorne et al. (1993)

Oberti et al. (2015a)

Konopleva et al. (2008), Rezvukhin et al. (2020)
Currie and van Breemen (1996)

Mazdab (2003)

Funing Co., Qinhuangdao Prefecture, Hebi Province, China (Zhou
et al, 1989); Olenii (or Olenyi) Creek, Mt. Kukisvumchorr,
Khibiny Massif, Kola Peninsula, Murmanskaja Oblast’, Northern
Region, Russia (Pekov and Podlesnyi, 2004); the In den Dellen quar-
ries, Mendig, Mayen-Koblenz district, Rhineland-Palatinate,
Germany (Schéfer and Schifer, 2018); and the Motzfeldt center,
Igaliku complex, Kujalleq, Greenland (Schonenberger and Markl,
2008). The Mindat database (www.mindat.org, accessed December
29™ 2022) lists two other occurrences of ferro-ferri-katophorite,
based on personal communications but for which there are no for-
mal publications: the Abdong (or Aptong) Zr-Nb deposit,
Pyonggang-gun, Kangwon Province, North Korea, and the Agua
de Pau volcano, San Miguel, Azores, Portugal.

Calculation of the Fe3*/Fe®* ratio and the oxo component in
ferro-ferri-katophorite

Note that when only microprobe chemical data are available, the
Fe’* content may be severely underestimated, depending on the
normalisation scheme used. When the procedure recommended
by Hawthorne et al. (2012) is followed, starting with all Fe as
Fe?*, the Fe>*/Fero ratio is much lower than that obtained by
Mossbauer spectroscopy [0.45 vs. 1.07 Fe’* apfu, or Fe*/(Fe**
+ Fe**) = 0.16 vs. 0.38, Table 2, column 2]. Thus, it is likely
that some ferro-ferri-katophorite will be misidentified as another
related species when the analysis is based only on microprobe
data. The situation does not improve much if the empirical for-
mula is calculated based on Zcations =13 apfu (excluding Ca,
Na and K), and then adjusting the Fe**/Fe’* ratio to obtain 46
positive charges (Table 8, column 4). In addition, this neglects
the presence of any Fe**, Mn and Mg in the B site.

A better procedure is to assign two O®~ atoms (located at the
O3 position) per each atom of Ti (Table 2, column 3), following
the Ti*" +20°" — (MgFe,Mn)** + 2(OH)" substitution (Oberti
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et al., 1992). Although this is an oversimplification, as only Ti
at the M(1) site is associated with deprotonation, this nevertheless
gives a better approximation. When this procedure is applied to
the microprobe analysis of this paper (starting with all Fe as
FeO), it gives a Fe’*/(Fe’" + Fe’") ratio which is equal to the
value obtained by Mossbauer spectroscopy. In addition, a small
amount of Mn is then assigned to the B site, as also indicated
by the single-crystal structural refinement.

As a further check, we applied the equation proposed by
Oberti et al. (2015b, p. 289), using an M(1)-M(2) distance of
3.133 A for ferro-ferri-katophorite (as calculated from the struc-
ture refinement). We obtained a maximum amount of O at the
03 position equal to 0.59 O* apfu, in good agreement with the
0.61 O> apfu value obtained by charge balance (with
Mossbauer data) or 0.64 O apfu calculated assuming the substi-
tution mentioned above.
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