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Abstract. Marioantofilliite (IMA 2025-012), ideally [CusAl,(OH)12](CO3)- 3H,0, is a new member of the hy-
drotalcite supergroup discovered in the Cu—Fe ore deposit of Monte Copello-Reppia, Graveglia Valley, Liguria,
Italy. It occurs as globular aggregates up to 1 mm in diameter formed by pm-sized prismatic crystals. The streak
is light blue, and lustre is greasy. Calculated density is 2.825 gcm™3. Marioantofilliite is optically biaxial (=),
with o = 1.613(4), B = 1.626(3), and y = 1.633(5) (in 589 nm light). 2V is 72°. It is distinctly pleochroic,
ranging from colourless to pale blue. The empirical chemical formula of marioantofilliite (with rounding errors)
is [CuﬁLMgo,ozAh,76(OH)12](C03)0‘32(SO4)O_01 [Si(OH)g]0.05 - 3H2O. Unit-cell parameters of marioantofilliite
are a = 5.590(3), b =2.9358(11), c = 7.675(3) A, B =100.958(17)°, and V = 123.66(9) A3, with space group
C2/m and Z = 1/3. The crystal structure was refined to Ry = 0.0372 for 181 unique reflections with F > 40 (F)
and 23 refined parameters. It is topologically similar to that of other hydrotalcite-supergroup minerals and shows
a distorted {001} brucite-like layer with Cu and Al statistically occupying an octahedrally coordinated M (1) site.
The interlayer hosts disordered CO3 and H,O groups. Marioantofilliite formed through the oxidative dissolu-
tion of primary Cu ores by mine drainage aqueous solutions and neutralization by gangue carbonates. Its name
honours Mario Antofilli (1920-1983) for his contributions to the knowledge of the mineralogy of Liguria.

Bertolani and Rivalenti, 1973), even if Dini et al. (2024)

Jurassic ophiolitic rocks cropping out in the northern Apen-
nines (Italy) host several volcanogenic massive sulfide Cu(—
Zn) ore deposits that were exploited up to the first half
of the 20th century (e.g. Ferrario and Garuti, 1980; Garuti
et al., 2008; Dini et al., 2024). Few modern mineralogical
studies are currently available on primary ore minerals (e.g.

highlighted the local occurrence of (Te-Se-Ag—Au—Pb)-
bearing mineral assemblages. Among gangue minerals, some
ore deposits are characterized by the presence of zeolites, for
instance in the Montecatini Val di Cecina mine (Tuscany),
where several new zeolite species were described during the
19th century (e.g. D’ Achiardi, 1873) and were later discred-
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ited due to being identical to previously known species (e.g.
Franzini and Perchiazzi, 1994). The only zeolite having its
type locality in this kind of occurrence is heulandite-Sr from
the Campegli mine (Castiglione Chiavarese, Genoa Province,
Liguria), first reported by Lucchetti et al. (1982) and later ap-
proved as a valid mineral species by Coombs et al. (1997).
Secondary mineral assemblages have not been the focus of
detailed mineralogical investigations so far, even if in some
cases some information was published by mineral collectors
(e.g. Camarda et al., 2013; Bardi et al., 2017). Only recently,
following these studies, was the first new supergene mineral
species related to the alteration of ophiolite-hosted Cu ore de-
posits, i.e. tiberiobardiite, discovered (Biagioni et al., 2018).

During the examination of some supergene minerals from
the Monte Copello-Reppia Cu prospect, in the Graveglia
Valley, Genoa Province, Liguria (Italy), a phase dubiously
identified as carbonatecyanotrichite was provided by the
mineral collector Sebastiano Di Lisi. Examination through
X-ray powder diffraction clearly indicated that the studied
sample was the natural analogue of some synthetic “Cu—
Al hydrotalcite” (hereafter Cu—Al layered double hydrox-
ide, Cu—Al LDH) phases (e.g. Yamaoka et al., 1989; Britto
and Kamath, 2009). Further investigations allowed us to
confirm the preliminary data and to fully characterize this
new mineral species, which was named marioantofilliite. The
new mineral, its name, and its symbol (Maf) have been ap-
proved by the IMA Commission on New Minerals, Nomen-
clature and Classification (proposal IMA # 2025-012). The
name honours Mario Antofilli (1920-1983) for his contri-
bution to the knowledge of the mineralogy of Liguria. Dur-
ing the 1970s and up to his death, he was active in sup-
porting the activities of the Gruppo Mineralogico Ligure,
where he served as president for many years. Mario Antofilli
was author, along with Emilio Borgo and Andrea Palenzona,
of the book I nostri minerali — Geologia e Mineralogia in
Liguria, printed in 1983 (Antofilli et al., 1983). Moreover,
he published a comprehensive review on Ligurian zeolites
(Antofilli, 1982). His findings at the Molinello mine (Graveg-
lia Valley) in the mid-1970s allowed the discovery of tiragal-
loite, the first natural arsenatotrisilicate (Gramaccioli et al.,
1980). Type material of marioantofilliite is represented by
two cotype specimens. One specimen (oxidized ore sample
and single crystal used for X-ray diffraction study) is kept
in the mineralogical collection of the Museo di Storia Nat-
urale of the University of Pisa, Via Roma 79, Calci (Pisa,
Italy), under catalogue number 20081. The other specimen
(polished grain used for WDS chemical analysis) is kept
in the National Museum, Prague, under catalogue number
P1P 3/2025.

2 Occurrence and physical properties

Marioantofilliite was discovered in the mining prospect of
Monte Copello-Reppia (latitude 44°23’11.40” N, longitude
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9°27'25.17" E), Graveglia Valley, Ne, Genoa Province, Lig-
uria, Italy.

The Cu—Fe ore deposit formerly exploited at Monte
Copello belongs to a series of small ore bodies occurring
around Reppia and described by several authors (Bonatti
and Trevisan, 1941; Ferrario and Garuti, 1980; Garuti et al.,
2008; Alt et al., 2018). These ore bodies are stratiform and
are located at the contact between serpentinite and pillow
basalts (Type 1 of Garuti et al., 2008) or at the interface
between brecciated basalts and the sedimentary cover rep-
resented by cherts (Diaspri di Monte Alpe Fm) and Calpi-
onella limestone (Type 2 of Garuti et al., 2008); finally, stock-
work veins protrude from the stratiform Type 2 ore bodies
downward within the brecciated basalts. The Monte Copello
prospect exploited a sulfide ore body, mainly represented by
pyrite and chalcopyrite within a gangue of calcite, quartz, and
clay minerals, at the tectonized contact between basalts and
Calpionella limestone. The ore body is deeply weathered,
and it is represented by gossan. Several supergene phases
have been observed within its vugs. Camarda et al. (2013)
described the following species: allophane, brochantite, car-
bonatecyanotrichite, connellite, chrysocolla, cuprite, delafos-
site, fels6banyaite (?), gypsum, langite, malachite, and native
copper.

Marioantofilliite occurs as globular aggregates, up to 1 mm
in diameter, sometimes showing pm-sized prismatic crystals
of marioantofilliite (Fig. 1). The colour is blue, and the streak
is light blue. Lustre is greasy. The mineral is transparent, and
it does not fluoresce under short- and long-wavelength UV
radiation. Marioantofilliite is soft and brittle. Cleavage and
fracture were not observed owing to the very small crys-
tal size. Calculated density is 2.825gcm™> based on the
empirical formula and unit-cell parameters measured using
single-crystal X-ray diffraction. Marioantofilliite is transpar-
ent. It is biaxial (-), with @ = 1.613(4), 8 = 1.626(3), and
y = 1.633(5) (determined in 589 nm light). The 2V angle
calculated by ExcalibrW software from the extinction on the
spindle stage is 69°, whereas the calculated 2V value based
on the refraction indices using the equation of Wright (1951)
is 72°. Dispersion is strong, with » > v. Marioantofilliite is
distinctly pleochroic, with X = colourless and Z = pale blue.
The optical orientation could not be determined because of
the poor quality of the examined material. The compatibility
index [1 —(Kp/Kc)] is 0.006, within the “superior” range
(Mandarino, 1981).

In type material, marioantofilliite is associated with al-
lophane and malachite on limonite (Fig. 1). Its genesis is
related to the oxidative dissolution of the primary Cu ores
by mine drainage aqueous solutions and neutralization by
gangue carbonates (e.g. Majzlan et al., 2018). According to
Yamaoka et al. (1989), Cu—Al LDH can be stable in circum-
neutral pH conditions (i.e. pH range 6-8) at ambient condi-
tions.

https://doi.org/10.5194/ejm-37-733-2025
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Figure 1. Marioantofilliite, as blue globular aggregates on allophane (a), in some cases associated with greenish crystalline globular ag-
gregates of malachite (b). The SEM pictures show the morphology of marioantofilliite aggregates (c¢) and crystals (d). Symbols: Alp is
allophane; Maf is marioantofilliite. Monte Copello—Reppia, Graveglia Valley, Ne, Genoa Province, Liguria, Italy. Type material, Natural

History Museum of the University of Pisa.

3 Raman spectroscopy

The Raman spectrum of marioantofilliite was collected in the
range of 4000-20 cm ™! using a DXR dispersive Raman spec-
trometer (Thermo Scientific) mounted on a confocal Olym-
pus microscope (National Museum, Prague). The Raman sig-
nal was excited by an unpolarized green diode-pumped solid-
state laser (A =532nm) and detected by a CCD detector.
The experimental parameters were 100x objective, 10s ex-
posure time, 100 exposures, 400 linesmm~! grating, 50 um
slit spectrograph aperture, and 5 mW laser power level. The
thermal damage of the measured points was excluded by the
visual inspection of the excited surface after measurement,
by the observation of the possible decay of spectral features
in the start of excitation, and by checking for the thermal
downshift of Raman lines. The instrument was set up by a
software-controlled calibration procedure using multiple Ne
emission lines (wavelength calibration), multiple polystyrene
Raman bands (laser frequency calibration), and standardized
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white-light sources (intensity calibration). Spectral manipu-
lations were performed using the Omnic 9 software (Thermo
Scientific).

The Raman spectrum of marioantofilliite in the full range
is given in Fig. 2. Its interpretation is based on the papers
by Pérez-Ramirez et al. (2001), Frost et al. (2009), Vieira
et al. (2009), Cejka et al. (2013), Theiss et al. (2015), and
Zhitova et al. (2024) and references therein. The strongest
band at 3520cm~!, with a shoulder at 2935¢cm™!, is as-
signed to the v O-H stretching vibrations of the hydrogen-
bonded OH and H,O groups. The very weak bands at 1659
and 1395cm™~! are attributed to the vy (8) bending vibra-
tions of HyO groups and the doubly degenerate v3 CO%‘
antisymmetric stretching vibrations, respectively. A medium
strong band at 1060 cm™! relates to the v; CO%‘ symmetric
stretching vibrations. Bands related to the v (8) CO%‘ out-
of-plane bending (about 880cm™!) and doubly degenerate
vy (8) CO%‘ in-plane bending (about 680 cm™!) vibrations
were not observed in the experimental spectrum. A strong

Eur. J. Mineral., 37, 733-746, 2025
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Figure 2. Raman spectrum of marioantofilliite in the full range
(4000-20 cm ™!, split at 2000 cm™—1).
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Figure 3. Thermogravimetric curve (black) for marioantofilliite.
Red and green lines show the release of H, O and CO,, respectively,
as a function of temperature.

band at 513 cm~! with shoulders at 576 and 547 cm~! can
be assigned to the M—O symmetric stretching, and a band at
150 cm™!, with a shoulder at 227 cm™1, can be assigned to
the O-M-O bending vibrations, whereas the weak band at
67 cm™! is due to the lattice mode.

4 Thermogravimetric and evolved-gas analyses

Thermogravimetric and evolved-gas data on marioantofilliite
were collected at the University of Chemistry and Technol-
ogy (Prague, Czech Republic) using a Thermobalance SET-
SYS (Setaram, France) equipped with a mass spectrometer,
GSD 320 03 OmniStar (Pfeiffer Vacuum, Austria). The sam-
ple weighing 1.316 mg was analysed between 30 and 995 °C
in air (20mL min~!) with a heating rate 10°Cmin~!. The
collected thermogravimetric curve is shown in Fig. 3. Four
main weight loss steps can be identified, in accord with
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Boulahbal et al. (2023): (i) between 30 and 230 °C, (ii) be-
tween 230 and 550 °C, (iii) between 550 and 780 °C, and
(iv) between 780 and 995 °C. The first step (16.43 wt %) cor-
responds to the loss of ca. 3 HyO and 5.5 (OH) groups.
The second weight loss (11.81 wt %) is connected to dom-
inant dehydration (ca. 9.35wt% ~ 6.5 (OH) groups) and
the loss of a small fraction of CO; (ca. 2.46 wt % ~ 0.35
CO»). The simultaneous loss of both chemical constituents is
documented by mass spectrometry. The third step of weight
loss (4.44 wt %) corresponds to the full decomposition of
CO3 units (~0.63 CO, molecules). Finally, the fourth step
(0.59 wt %) is probably connected with formation of the
reaction end-products tenorite (CuO) and CuAl,O4 spinel
(O’Neill et al., 2005), which were identified by powder X-ray
diffraction. The total observed weight loss, 33.27 wt % in the
range 30-995 °C, is comparable with the ideal HoO + CO;
contents in marioantofilliite, i.e. 33.62wt % (31.86 wt % in
the normalized analysis), assuming 3 H,O groups per for-
mula unit as in other quintinite-group minerals. The small
difference between these values is most likely caused by the
minor admixture of other mineral phases in the measured
sample or some analytical uncertainties.

5 Chemical data

Quantitative chemical analyses of marioantofilliite were car-
ried out using a Cameca SX 100 electron microprobe (WDS
mode, 15kV, 10nA, 5 um beam diameter) on a polished sur-
face at the National Museum, Prague, Czech Republic. Re-
sults (average of 20 spot analyses) are given in Table 1. Other
sought elements (As, Na, P, Ca, Mn, Ba, Pb, Sr, Fe, Ni, Co,
and Zn) were below detection limits. Matrix correction by
the PAP algorithm (Pouchou and Pichoir, 1985) was applied
to the data. The occurrence of CO3 and HyO groups was
confirmed by micro-Raman spectroscopy and TG analysis
coupled with mass spectrometry. Moreover, marioantofilli-
ite rapidly dissolves in cold ~ 3.3 M HCI with a strong ef-
fervescence, further confirming the presence of CO3 groups.
As not enough pure material was available for a direct de-
termination of HyO, the latter was calculated based upon the
assumed stoichiometry.

The general layer formula of hydrotalcite-supergroup min-
erals can be written as [M%JIXME’C*(OH)Z]’”r (Mills et al.,
2012a). In the studied specimen, x ~ 0.29, resulting in the
layer composition [(Cu,Mg)71Alg29(OH)>]1%%*. The ra-
tio between M2t and M37 cations is ~ 2.45, intermedi-
ate between the ratio of members of the quintinite group
(M?+ : M3+ =2) and the hydrotalcite group (M>+ : M3+ =
3). According to the observed basal spacing, i.e. ~ 7.6 A,
marioantofilliite probably belongs to the quintinite group, in
accord with Zhitova et al. (2016). It is worth noting that de-
viations from the ideal M2t : M3 ratio of 2 : 1 are known in
this group. For instance, Zhitova et al. (2016) reported ratios
of up to 2.38, not far from the value observed in marioantofil-

https://doi.org/10.5194/ejm-37-733-2025
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Table 1. Chemical data (in wt %) for marioantofilliite.

737

Constituent ~ Average Range e.s.d. Normalized Standard
(n =20) (o)

SO3 0.07 0.00-0.16  0.04 0.07  celestine
COxcalc 6.06 5.74

Si0, 0.54 0.04-1.61  0.40 0.51  wollastonite
Al,O3 1497 14.20-16.01  0.51 14.19  sanidine
MgO 0.12 0.00-0.31  0.12 0.11  diopside
CuO 56.21 53.54-60.20 1.93 53.26  chalcopyrite
HOca1c 27.56 26.12

Total 105.53 100.00

Note: HyO and CO; contents were based on stoichiometry; e.s.d.: estimated standard deviation; n:

number of spot analyses.

liite. Moreover, as shown by synthesis experiments, a series
between x = 0.14 and x = 0.50 seems to occur (Yamaoka et
al., 1989); for instance, Intissar et al. (2015) obtained a phase
with x = 0.33 and layer composition [CusAl,(OH)12]**. In
accord with the observed x value and the results of Zhitova et
al. (2016), this latter layer composition is assumed for mar-
ioantofilliite.

The empirical formula of marioantofilliite was thus
calculated on the basis of (Cu+ Mg+ Al)=6 atoms per
formula unit (apfu), assuming an amount of (CO3)?*~ in
accord with the electrostatic balance, considering also
the occurrence of (SO4)?~ and [Si(OH)¢]?>~. The occur-
rence of interstitial [Si(OH)s]?>~ groups was proposed
by some authors, e.g. Kolitsch et al. (2013). However,
it is probable that minor SO3 and SiO; are due to some
admixed phase(s). With respect to the ideal M*+:M3*
ratio of 4:2, the ratio of (Cu+Mg): Al is 4.25:1.76.
This suggests that there should be some mechanism de-
creasing the interlayer negative charge, e.g. M3T+ (CO3,
SOy, [Si(OH)s])y s =M2* 4+ 0. The empirical formula of
marioantofilliite can thus be written (with rounding errors) as
[CuiEMgOAozAh 76(OH)12]1(CO3)0.82(SO4)0.01 [Si(OH)g0.05-
3H,0. The end-member formula is
[CusAlp(OH)12](CO3)- 3H70, corresponding to (in wt %)
CO, 7.03, Al,O3 16.28, CuO 50.80, and H,O 25.89,
sum 100.00.

6 Crystallography

6.1 Powder X-ray diffraction

Powder X-ray diffraction data of marioantofilliite (available
in the Supplement) were collected using a Bruker D8 Ven-
ture single-crystal diffractometer equipped with a Photon III
CCD area detector (microfocus CuK o radiation) simulating
a Gandolfi-like geometry (CISUP, University of Pisa, Italy).
The observed X-ray diffraction lines are reported in Table 2,
along with the calculated pattern based on the structural
model discussed below. Unit-cell parameters were refined
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using the software Topas-Academic (Coelho, 2018) and are
as follows: a = 5.5815(6), b = 2.9374(4), ¢ = 7.6878(9) A,
B =100.925(9)°, and V = 123.76(2) A3, with space group
C2/m.

6.2 Single-crystal X-ray diffraction

Single-crystal X-ray diffraction intensity data were col-
lected using a Bruker D8 Venture single-crystal diffrac-
tometer equipped with an air-cooled Photon III CCD de-
tector and microfocus MoK « radiation (CISUP, University
of Pisa, Italy). The detector-to-crystal distance was 38 mm.
Data were collected using @ and ¢ scan modes, in 0.5°
slices, with an exposure time of 30s per frame. A total
of 2220 frames were collected. The frames were integrated
with the Bruker SAINT software package using a narrow-
frame algorithm. Data were corrected for Lorentz polariza-
tion, absorption, and background using the Apex4 software
package (Bruker AXS Inc., 2022). Unit-cell parameters, re-
fined on the basis of the XY Z centroid of 801 reflections
above 200 (1) with 5.406° < 26 < 58.21°, are a = 5.590(3),
b=2.9358(11),c =7.675(3) A, B = 100.958(17)°, and V =
123.66(9) A3. The statistical tests on the distribution of |E|
values (|E2 — 1| = 0.495) do not clearly indicate the occur-
rence of a centre of symmetry. According to the system-
atic absences and the uncertainty about the occurrence of a
centre of symmetry, the crystal structure of marioantofilli-
ite was solved in three different space groups using Shelxt!
(Sheldrick, 2015a), i.e. C2/m, C2, and Cm. The main struc-
tural features are very similar in these three models. How-
ever, the C2 and Cm structural models gave racemic twin ra-
tios close to 0.5, suggesting the presence of a centre of sym-
metry. For this reason, the crystal structure of marioantofil-
liite was refined, using Shelxl-2018 (Sheldrick, 2015b) in
the space group C2/m. Neutral scattering curves, taken from
the International Tables for Crystallography (Wilson, 1992),
were used. In the first stage of the refinement, a slightly dis-
torted brucite-like layer formed by (Cu,Al)-centred octahe-
dra was found. The occupancy of the M (1) site was refined

Eur. J. Mineral., 37, 733-746, 2025
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Table 2. X-ray powder diffraction data (d in A) for marioantofilliite compared with those of synthetic Cu—Al LDH phases.

Marioantofilliite PDF 46-099 Britto and Kamath (2009)
(Yamaoka et al., 1989)
Iobs dobs dealc  lcalc hkl ‘ dnir - Inki hkl ‘ dnii hkl
100 7.56 7.54 100 001 | 7.538 100 002 | 7.481 002
0.1 5.54 - - - - - - - -
0.1 491 - - - - - - - -
26 3.778 3.768 27 002 | 3.764 36 004 | 3.741 004
0.1 3.406 — - — - — - — —
0.2 2.889 - - - - - - - -
2.752 2 =201
5 2.750 2744 12 200 2.727 11 20-3 | 2.741 201
0.5 2.594  2.589 1 110 | 2.592 3 110
8 2.524 2519 15 —111 ] 2515 15 —-112 ] 2.519 111
2.451 1 =202
4 2.438 2434 10 201 2.416 2 112 - -
1.5 2.388 2.383 3 111 | 2.380 1 —113 ] 2.389 112
7.5 2233  2.229 12 —112 | 2.230 9 113 | 2227 113
0.1 2.140 - - - - - - -
2.058 1 =203
3.9 2.044  2.050 2 112 - - - | 2.039 21-2
2.041 7 202
0.1 1.958 - - - - - - - -
1.889 11 —113
8.2 1.892 1.884 1 004 - - - | 1.891 016
0.1 1.805 - - - - - - - -
2.4 1.731  1.727 5 113 - - -
2.6 1.728 1.712 2 =204 | 1718 3 20-8 1 1.721 017
0.8 1.702  1.699 2 203 - - - - -
1.8 1.595 1.593 3 —114 | 1.597 2 =313 | 1.587 117
1.2 1.573  1.572 5 =311 | 1569 3 311 | 1.568 311
0.7 1.554 1.553 3 310 1.559 314
0.9 1.526  1.525 3 =312 1522 1 312 | 1.521 312
1.474 1 311
1.4 1.467 1.468 2 020 | 1.469 2 118 | 1.465 40-2
1.462 2 114
1.442 1 =205
1.5 1.443 1.441 2 021 1.444 2 021 | 1.442 400

Icq1c and dgq1c Were obtained using PowderCell 2.4 (Kraus and Nolze, 1996) on the basis of the structural model of
marioantofilliite given in Table 4. Only calculated reflections with /.41 > 1 are reported.

using the scattering curves of Cu vs. Al. Some partially oc-
cupied sites occurred in the interlayer, and they were inter-
preted as C and O sites. The site occupancy of the C site was
constrained to be half the occupancy of Al, in accord with
the substitution 2Cu®* +0 = 2A13 + (CO3)?~. The two par-
tially occupied positions interpreted as O-bearing sites are
ca. 1.3 A from the C site. However, whereas the site occu-
pancy at the O(2i) (i stands for interstitial) site was con-
strained to be the same as that of the C site, the site occu-
pancy at O(17) was freely refined. Indeed, O(1i) could be oc-
cupied by an O atom belonging to a CO3 group or to an HyO
group. Finally, a maximum residual at ca. 1A from the O
site coordinating (Cu,Al) atoms was found and interpreted as
an H atom. The atoms of the brucite-like layer were refined

Eur. J. Mineral., 37, 733-746, 2025

anisotropically, whereas the H atom and interlayer partially
occupied atom positions (for C and O) were refined isotrop-
ically. After several cycles of refinement, the conventional R
factor converged to 0.0372 for 181 unique reflections with
F > 40(F) and 23 refined parameters. Details of the data
collection and crystal structure refinement are given in Ta-
ble 3. Atom coordinates and isotropic or equivalent isotropic
displacement parameters are reported in Table 4, whereas Ta-
ble 5 gives selected bond distances. Bond-valence calcula-
tion, shown in Table 6, was performed using the bond pa-
rameters of Gagné and Hawthorne (2015).

https://doi.org/10.5194/ejm-37-733-2025
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Table 3. Crystal and experimental data for marioantofilliite.

739

Crystal data

Crystal size (mm)

Cell setting, space group
a(A)

b(A)

c(A)

B ()

v (A3)

V4

0.035 x 0.006 x 0.006
Monoclinic, C2/m
5.590(3)

2.9358(11)

7.675(3)

100.958(17)

123.66(9)

1/3

Data collection and refinement

Radiation, wavelength A)
Temperature (K)

20max (°)

Measured reflections
Unique reflections
Reflections with F' > 40 (F)
Rint

Ro

Range of &, k, [

R[F > 40(F)]
R (all data)
wR (on F 2)
Goodness of fit

Number of least-squares parameters

Maximum and
minimum residual peak (e A_3)

MoK «, 0.71073

299(2)

56.38

1682

182

181

0.0640

0.0325

—T<h<7,

—3<k<3,

~10<1<10

0.0372

0.0372

0.0893

1.141

23

0.78 (at 0.97 A from M(1))
—0.68 (at 0.97 A from M(1))

Table 4. Sites, Wyckoff positions, site occupancy (s.0.), fractional atomic coordinates, and isotropic (*) or equivalent isotropic displacement

parameters (in A2) for marioantofilliite.

Site Wyckoff position  s.o. x/a y/b z/c Ueq/isox
M) 2b Cu0.613(18)A10.387(18) 0 1/2 0 0.0160(4)
o) 4 O1.00 0.1079(9) 0 0.8682(5) 0.0334(14)
H 4i Hi 00 0.072(15) 0 0.743(3) 0.050*
C 4i Co0.097(5) 0.330(11) 0 0.492(8) 0.029(12)*
o(li) 4 00.34(3) 0.104(5) 0 0.501(3) 0.069(8)*
0Q2i) 4g 00.193(9) 0 0.830(15) 1/2 0.064(10)*

6.3 Looking for a possible superstructure

The crystal structure of marioantofilliite solved and refined
using single-crystal X-ray diffraction data is an average
structure, as indicated by the disorder affecting the interlayer
constituents. Although no superstructure reflections were ob-
served during single-crystal X-ray diffraction experiments,
very weak and unindexed reflections occurring in the X-ray
powder diffraction pattern (Table 2) are probably associated
with the occurrence of a superstructure.

In order to look for superstructure reflections, electron
three-dimensional diffraction data (3DED) (e.g. Gemmi et

https://doi.org/10.5194/ejm-37-733-2025

al., 2019) were collected using a JEOL JEM-F200 Multipur-
pose TEM, operating at 200 kV and equipped with a Schottky
field emission gun (FEG) source and an ASI CheeTah hybrid
single-electron detector (516 x 516 pixels, 24 bit) (CISUP,
University of Pisa, Italy). The 3DED dataset was acquired
in STEM mode with a low-dose pseudo-parallel electron
beam of about 30 nm of diameter, obtained through a 10 um
condenser aperture and a designated lens configuration. The
diffraction quality of the examined grains was bad, possibly
because the structure got damaged by the TEM vacuum, and
only a pseudo-hexagonal cell was suggested. It is notewor-
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Table 5. Selected bond distances (in A) and angles (°) for marioantofilliite.

M(1) -0O(1) x4 1.942(33) C -0(1i) 1.28(6)
—0(1) x2  2.233(5) —0Qi)x2 135(5)
average 2.039 average 1.33
O-H H---O 0---0 O-H---O angle
O1-H---0(1i) 0.94(2) 1.90(4) 2.81(2) 163(7)
O1-H---O(1i) 0.94(2) 1.95(4) 2.86(2) 162(8)
O1-H---0(2i) 0.94(2) 1.90(2) 2.820(9) 164.8(13)
Table 6. Bond-valence balance (in valence units, v.u.) for marioantofilliite.
o(1) o(li)  Oi) Teations  Expected
M) 70481 %2 2.34 2.39
2x=>0.21
c 134 2X71.13 3.60 4.00
L anion 1.17 1.343 1.132
Hbond —0.16° +0.18  40.18
—0.18°¢ +0.16 +0.18
b
)::mions 0.99 1.68 1.49
1.01¢

Left and right superscripts refer to bonds involving anions and cations, respectively.  Applies
when the C site is occupied. b Applies when the O---O distance is 2.81 A.c Applies when the

O---O distance is 2.86 A. =/

anions

represents bond-valence sums corrected for H bonds, with

values calculated following the method of Ferraris and Ivaldi (1988).

thy that the two unit-cell parameters of the brucite-like layer
are different and close to the values 3.0 x 3.2 A, with a y
angle close to 120°. The third parameter could not be ob-
tained due to intense diffuse scattering in this direction. The
two values measured experimentally are consistent with the
a=294,b=3.15 A, and y = 117.7° of the Niggli-reduced
cell of marioantofilliite, obtained through the transformation
matrix [0 —1 0 1/2 1/2 0] 0 0 1]. Owing to the bad crystal
quality, no electron diffraction intensity useful for a crystal
structure refinement could be integrated.

7 Crystal structure

7.1 General structural features

The crystal structure of marioantofilliite (Fig. 4) is topologi-
cally similar to that of other hydrotalcite-supergroup miner-
als. It shows a distorted {001} brucite-like layer, with Cu and
Al statistically occupying an octahedrally coordinated M (1)
site. In the interlayer, three atom positions have been located.
One was modelled as occupied by C atoms, whereas the other
positions were assumed to be occupied by O atoms. Short C—
C and O-0 distances indicate the necessity of a short-range
order of the partially occupied positions.

7.2 Cation coordination

Copper and aluminium statistically occupy the M(1) site.
This position shows a distorted (44 2) octahedral coordi-

Eur. J. Mineral., 37, 733-746, 2025

nation, with four equatorial bonds at 1.94 A and two apical
ones at 2.23 A. This geometry is probably due to the Jahn—
Teller effect of Cu?t (Burns and Hawthorne, 1996). The re-
fined site occupancy is Cug 613(18)Alo.387(18), to be compared
with a theoretical value close to Cug70Alg.3¢ derived from
chemical data. The bond-valence sum, calculated using the
refined site occupancy, is 2.34 valence units (v.u.), compared
to 2.39 v.u. expected from the refined site occupancy. Such
a bond-valence sum value would be close to the ideal occu-
pancy Cuge7Alg.33. In every case, the observed value is in
accord with a mixed (Cu,Al) occupancy at the M (1) site.

Carbon atoms are hosted at the C site. Every C atom is at
too short a distance from other three C atoms. Two of them
are at 1.74(6) A, whereas the third is at 1.88(12) A. This in-
dicates that an ordered distribution of C atoms should occur
in the interlayer. Moreover, there are C—O distances agreeing
with those observed in CO3 groups, i.e. C-O(1i) 1.28(6) A
and two C-O(2i) distances at 1.35(5) A. Other C-O distances
at 1.512(16) and 1.93(6)/0\ are interpreted as due to the dis-
order affecting the interlayer. The O—C-O angles, which in
ideal CO3 groups are 120°, range between 92(5) and 134(2)°.
The bond-valence sum at the C atom is 3.60 v.u., lower than
the ideal value of 4 v.u.; however, this value suffers from the
uncertainty in the accurate determination of the atom posi-
tion of interlayer atoms.

https://doi.org/10.5194/ejm-37-733-2025
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(a)
—

I—rb

(b)
A—

Figure 4. Projection of the crystal structure of marioantofilliite along a (a) and b (b). The distorted brucite-like layer is formed by (Cu,Al)-
centred octahedra (blue). Red and pink circles are O and H atoms, respectively. O—H bonds are drawn as thick light-blue lines. C atoms are
shown in black, with C—O bonds shown as thick black lines. The unit cell is shown as dashed black lines.

7.3 Anion coordination and possible H bonds

Oxygen atoms at the O(1) site, belonging to the distorted
brucite-like layers, are bonded to three (Cu,Al) atoms hosted
at M(1). Two bonds are short (1.94 A), whereas the third is
longer (2.23 A). The resulting bond-valence sum is 1.17 v.u.
The coordination of this O atom is completed by an H atom.
The distance H-O was restrained and refined to 0.94(2) A.
After correcting for the H bond, the bond-valence sum at
0O(1)is 0.99 or 1.01 v.u., in accord with the different H bonds
with O(1i) or O(2i) in which it is involved.

The O atoms in the interlayer are hosted at partially oc-
cupied positions, O(1i) and O(2i). The former has site occu-
pancy 0.34(3) and can belong to a CO3 group or to an H,O
group. In the first case, it is at 1.28(2);% from C atoms and
forms O(1i)-0(2i) distances of ~ 2.4 A, slightly longer than
an ideal value of ~ 2.2 A. The O(2i) site has partial occu-
pancy 0.193(9) and belongs to CO3 groups only. The edge
0O(2i)-0(2i) of the CO3 group is shorter than the ideal one,
i.e. ~1.9A. The unrestrained geometry of the CO3 group
shows some deviations from the ideal value because of the
uncertainty in the actual location of the atom positions. How-
ever, it can be considered satisfying and is in accord with the
occurrence of CO3 groups and H>O groups in marioantofil-
liite. Moreover, the CO3 group is prismatically coordinated
by H atoms, as observed in other LDH phases (e.g. Zhitova
et al., 2018). O(1i) and O(2i) are acceptors of H bonds from
the (OH) groups belonging to the distorted brucite-like lay-
ers. These H bonds have a corresponding bond strength, cal-
culated according to Ferraris and Ivaldi (1988), ranging be-
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tween 0.16 and 0.18 v.u. Consequently, the O atoms at the
O(1i) and O(2i) sites have a total bond-valence sum of 1.68
and 1.49 v.u. Such low values indicate that they are proba-
bly also acceptors of H bonds from H>O groups located in
the interlayer at the O(17) site, when it is not bonded to C
atoms. Indeed, H>O groups can be acceptors of 0.34 v.u. from
two (OH) groups belonging to different brucite-like layers,
and such a bond-valence will be redistributed to O atoms of
the CO3 groups. Other short O---O distances (e.g. O(1i)-
0(2i)=0.76(2) A; O(1i)-O(1i) = 1.16(5) A) indicate the ne-
cessity of long-range order within the interlayer.

7.4  Structural formula

Considering site multiplicity, the formula of marioantofil-
liite obtained through the crystal structure refinement
is [(Cug.613(18)Alp.387(18))(OH)21(CO3)0.194 - 0.486H,0
(Z =2). Recalculating this formula on the basis of
(Cu+ Al)=6apfu, it becomes (with rounding er-
rors)  [(Cuz72Al28)(OH)12](CO3)1.10 - 3.06H20,  in
accord with the ideal formula of marioantofilliite
[CusAl2(OH)12](CO3)- 3H20 (Z = 1/3).

8 Relation to other species

8.1 Marioantofilliite in the framework of
hydrotalcite-supergroup minerals

Marioantofilliite is the natural analogue of synthetic
Cu-Al LDH phases described by several authors (e.g.
Yamaoka et al., 1989; Britto and Kamath, 2009). The

Eur. J. Mineral., 37, 733-746, 2025
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Table 7. Natural known Cu-Al oxysalts.
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Mineral Chemical formula Cu:(Cu+Al)  a@A) b(A) cA) a® BEO y(© sg Ref.
Aubertite group
Aubertite CuAl(SO4),Cl-14H,0 0.50 6.29 13.24 628 919 947 824 PI [1]

Chalcoalumite group

Chalcoalumite CuAly(SO4)(OH)5 - 3H,0 0.20 10.23 8.93 17.10 90 958 90 P2i/n [2]
Chalcophyllite group

Barrotite CugAl(HSi04)7[(SO4)(HAsO4)¢ 51(OH) 5 - 8SH,O 0.90 10.65 10.65 21.95 90 90 120 P3jor P3; [3]
Chalcophyllite CujgAly(AsOy4)4(SO4)3(0H)y4 - 36H,0 0.90 10.76  10.76 28.68 90 90 120 R3 [4]
Tiberiobardiite CugAl[SiO3(OH)]2(OH){2(H20)6(S04)1 5 - I0H,0O 0.90 10.69  10.69 28.32 90 90 120 R3 [5]

Chenevixite group

Luetheite CupAly(AsO4)2(OH)y 0.50 14.74 5.09 5.60 90 101.8 90 P2y/m [6]
Cyanotrichite group

Camérolaite CugAl3(OH);g(H20)2[Sb(OH)1(SO4) 0.67 6.33 291 10.73 938 96.3 79.0 P1 [7]
Carbonatecyanotrichite  CugAly(CO3,S04)(OH)j7 - 2H,0 0.67 10.15 2.83 12.55 90 98.5 90  Unknown [8]
Cyanotrichite CuyAlp(SO4)(OH)2 - 2H,0 0.67 12.62 2.90 10.15 90 922 90 C2/m [9]
Khaidarkanite CuyAl3(OH)4F3 - 2H,0 0.57 12.35 291 10.37 90 97.9 90 C2/m [10]
Hydrotalcite supergroup

Cualstibite-1M CuyAl(OH)6[Sb(OH)6] 0.67 9.94 8.89 5.49 90 1029 90 P2i/c [11]
Cualstibite-17 CuyAl(OH)g[Sb(OH)g ] 0.67 9.15 9.15 9.74 90 90 120 P3 [12]
Hydrowoodwardite (Cuj—xAl)(OH)2(SO4)x 2 - nH0 ~1.00 3.07 3.07 31.9 90 90 120 R3m [13]
Marioantofilliite [CugAl(OH)12](CO3)- 3H,0 0.67 5.59 2.94 7.68 90 101.0 90 C2/m [14]
Woodwardite (Cuj—xAlc)(OH)2(SO4)x 2 - nHO Not available [15]
Liroconite group

Liroconite CupAl(AsO4)(OH)4 - 4H,0 0.67 12.64 7.57 9.88 90 91.3 90 I2/c [16]

Mixite group

Goudeyite AlCug(AsO4)3(OH)g - 3H,0 0.86 13.47 1347 5.90 90 90 120 P63/mor P63 [17]
Other oxysalts

Ceruleite CuAly(AsO4)2(OH)g - 4H,0 0.20 720 11.34 9.86 90 105.6 90  P2i/n [18]
Chrysocolla Cup_xAlx(Hy—,SioO5)(OH)4 - nH70, x < 1 ~09 49-62 89 6.4-8.6 . [19]
Forétite CujAlp(AsO4)(OH,0,H,0)¢ 0.50 6.97 7.68 859 820 717 1027 Pl [20]
Grandviewite Cu3Alp(SO4)(OH)19-H2O 0.60 571 10.14 1098 722 82.8 86.1 Pl [21]
Sieleckiite Cu3zAlg(PO4)2(OH) ;5 - 2H,0 0.43 11.71 6.92 9.83 9 929 90 C2/m [22]
Urusovite CuAl(AsO4)0 0.50 734 10.26 5.60 90  99.8 90  P2i/c [23]
Zapatalite Cu3zAl4(PO4)3(OH)g - 4H,O 0.50 1522 1522 11.52 90 90 90  Unknown [24]
Spangolite group

Llantenesite CugAl[SeO4](OH);,C1-3H,0 0.86 8.26 8.26 14.60 90 90 120 P3lc [25]
Spangolite CugAl(SO4)(OH)1,CI1-3H,0 0.86 8.25 8.25 14.35 90 90 120 P3lc [26]
Turquoise group

Turquoise CuAlg(POy4)4(OH)g - 4H,0 0.14 7.41 7.63 990 684 696 650 PI [27]

s.g.: space group; [1] Cesbron et al. (1979); [2] Hawthorne and Cooper (2013); [3] Sarp et al. (2014); [4] Sabelli (1980); [5] Biagioni et al. (2018); [6] Williams (1977); [7] Mills et al. (2014); [8] Hager et al. (2009); [9] Mills et
al. (2015); [10] Chukanov et al. (1999); [11] Kolitsch et al. (2013); [12] Bonaccorsi et al. (2007); [13] Witzke (1999); [14] this work; [15] Raade et al. (1985); [16] Plumhoff et al. (2020); [17] Wise (1978); [18] Mills et al. (2018);
[19] Van Oosterwyck-Gastuche (1970); [20] Mills et al. (2012b); [21] Sejkora et al. (2022); [22] Elliott (2017); [23] Krivovichev et al. (2000); [24] Williams (1972); [25] Lengauer et al. (2019); [26] Hawthorne et al. (1993);

[27] Kolitsch and Giester (2000).

relationship with hydrotalcite-supergroup minerals is
also supported by the micro-Raman spectrum, which
is very similar to those of other members of this su-
pergroup, e.g. quintinite, [MgsAl2(OH)12](CO3)- 3H;0;
caresite, [FeqAlp(OH)(2](CO3)-3H,0; and charmarite,
[MngAl>(OH)12](CO3)- 3H,0 (Theiss et al., 2015; Zhitova
et al., 2024). As discussed above, in accordance with Zhitova
et al. (2016), the basal spacing of ~7.6A suggests that
marioantofilliite is close to members of the quintinite group.
It is worth noting that deviations from the ideal M>* : M3+
ratio of 2 : 1 are known in the quintinite group. For instance,
Zhitova et al. (2016) reported ratios of up to 2.38, not far
from the value observed in marioantofilliite (~ 2.45).

Eur. J. Mineral., 37, 733-746, 2025

Marioantofilliite is atypical for M?T—M>* disordered
LDH phases. Indeed, the lowering of symmetry from trig-
onal/hexagonal to monoclinic is usually the result of cation
ordering, whereas in marioantofilliite, Cu and Al are disor-
dered at the M(1) site. Thus, the monoclinic symmetry could
be due to the octahedral distortion related to the Jahn—Teller
effect of Cu?t, which displays a (4 +2) coordination, with
a difference between the longest and the shortest bond dis-
tances of 0.29 A. In quintinite polytypes, bond distances are
more regular. For instance, in quintinite-27, the Mg-O dis-
tances range between 2.054 and 2.076 /QX, whereas Al atoms
show six distances at 1.926 A (Zhitova et al., 2018). As pre-
viously reported by Intissar et al. (2015), an increase in the
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Cu content in the (Mgy4—,Cu,)Al>(OH)12(CO3)-nH, 0 series
results in a gradual transition, between x = 2.6 and 3.4, from
the rhombohedral Mg4Al, LDH structure to the monoclinic
CusAly; LDH one. This may be further evidence of the role
played by Cu in favouring the lowering of symmetry.

8.2 Relationships between marioantofillite and other
Cu—Al oxysalts

Table 7 compares marioantofilliite with currently known
Cu-Al oxysalts. Marioantofilliite is chemically similar, but
very probably not identical, to carbonatecyanotrichite. In-
deed, even if the chemical formula of this latter mineral
is given as CusAl>(CO3)(OH)p2 - 2H,0, the possible oc-
currence of (SO4) groups cannot be discarded (e.g. Hager
et al., 2009). Moreover, the X-ray powder diffraction pat-
tern of carbonatecyanotrichite is different from that of mar-
ioantofilliite (see, for instance, Hager et al., 2009) and sug-
gests that the former is related to khaidarkanite, whose
crystal structure, solved by Rastsvetaeva et al. (1997), is
topologically different from the structures of hydrotalcite-
supergroup compounds. Indeed, on the basis of this pos-
sible relationship, Hager et al. (2009) hypothesized that
the formula of carbonatecyanotrichite could be written as
[Cus Al,(OH)12][AI(OH)3]0.49(CO3)0.7(SO4)0.3 - 2H20. The
[Cus Al (OH)12]1*T module occurring in the carbonatecyan-
otrichite would be represented by ribbons that are topolog-
ically different from the [CusAlp(OH);>] brucite-like layers
of marioantofilliite.

9 Conclusion

The discovery of marioantofilliite has implications for both
materials science and Earth sciences. Indeed, it is the natu-
ral analogue of some synthetic Cu—Al LDH phases actively
studied for their catalytic and anion exchange properties (e.g.
Busetto et al., 1984; Yamaoka et al., 1989; Kiani et al., 2022).
The solution and description of its crystal structure using
single-crystal X-ray diffraction can thus be a meaningful step
in the knowledge of this technologically significant material.

Moreover, marioantofilliite is the second new mineral
species described from ophiolite-hosted Cu ore deposits of
the northern Apennines, and its discovery confirms the ne-
cessity of improving our knowledge of the supergene min-
eral assemblages related to the alteration of primary Cu-Fe
ores. This would have implications not only for mineral sys-
tematics, due to the possible identification of rare or even
new mineral species, but also for a better understanding of
the fate of several elements (e.g. Cu, Fe) in the alteration
zone of these ore deposits. It is also an additional case of
CO, sequestration by supergene mineral assemblages hosted
in (meta)ophiolites. In such environments, some case studies
involving the precipitation of Mg carbonates, among which
LDH phases are included, are known, e.g. Montecastelli
Pisano, Tuscany (Boschi et al., 2017), and Monte Ramazzo
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(Artini, 1922; Lincio, 1930). It is worth noting that in the
latter locality the interaction between low-T CO;-rich fluids
and ophiolite-hosted ore minerals favoured the crystalliza-
tion of several rare or even endemic carbonate species, also
containing transition elements (Cu, Co) like ramazzoite and
perchiazziite (Kampf et al., 2018; Barbaro et al., 2024). This
suggests the opportunity to collect further data on the super-
gene mineral assemblages related to ophiolite-hosted ore de-
posits.

Data availability. The crystallographic information file and the X-
ray powder diffraction data of marioantofilliite are available in the
Supplement.
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online at https://doi.org/10.5194/ejm-37-733-2025-supplement.
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