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possible positions, but keeping the average structure con-
sistent with the C-centering symmetry, in agreement with 
ADT results.
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Introduction

Cyanotrichite is a hydrated, hydroxylated copper alu-
minum sulfate, first recognized as new mineral species 
by Werner (1808). The accepted stoichiometry, accord-
ing to Palache et al. (1951), is Cu4Al2SO4(OH)12·2H2O. 
In the past, it was also known under the name lett-
somite (Percy 1850) and namaqualite (Mason 1961). It 
is a member of the cyanotrichite group, which includes 
cyanotrichite, carbonate-cyanotrichite Cu4Al2(CO3, 
SO4)OH12·2H2O (Ankinovich et al. 1963), camerolaite 
Cu4Al2[HSbO4,SO4](OH)10(CO3)·2H2O and khaidarkanite 
Cu4Al3(OH)14F3·2H2O (Rastsvetaeva et al. 1997).

Khaidarkanite and cyanotrichite show very similar unit 
cell dimensions and are also very similar macroscopically 
(Hager et al. 2009). Cyanotrichite usually occurs in centim-
eter to submillimeter sized sky blue clumps or aggregates 
of fibrous crystals. It represents an oxidation product of 
copper-bearing deposits subject to weathering in presence 
of sulfate and aluminum-bearing fluids. It is thus very com-
monly found associated with other copper minerals such as 
brochantite, azzurrite and malachite.

Crystallographic data for cyanotrichite are limited. The 
first powder X-ray diffraction data recorded in the ICCD-
PDF database (card. No. 11-0131) were indexed, although 
not completely, on the basis of an orthorhombic cell with 
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a = 10.16, b = 12.61, c = 2.90 Å. Recently, Walenta 
(2001), analyzing another cyanotrichite-like phase, sug-
gested that cyanotrichite could be monoclinic. Accord-
ingly, Hager et al. (2009), on the basis of a careful exami-
nation of powder patterns, proposed a monoclinic cell with 
a = 10.18, b = 2.90, c = 12.65 Å, β = 92.5°. Moreover, 
they suggested the space group P2/m and inferred some 
structural features on the basis of the similarity with the 
khaidarkanite studied by Rastsvetaeva et al. (1997).

Peaks overlapping due to the presence of impurities (e.g., 
chalcoalumite and brochantite) and/or the admixing of vari-
able amounts of carbonate-cyanotrichite with cyanotrichite is 
a serious problem for any attempt to solve ab initio the struc-
ture of cyanotrichite from powder X-ray diffraction data. 
Other difficulties arise from the preferred orientation of the 
acicular-shaped crystallites and the hkl-dependent reflection 
broadening due to the crystal size effect. On the other hand, 
cyanotrichite crystals are generally formed by the inter-
growth of parallel fibers at the submicrometric scale, which 
hampers conventional single-crystal X-ray analysis.

Aware of these difficulties, here we have considered the 
employment of electron diffraction from nanosized vol-
umes. Indeed, the stronger electron–matter interaction, as 
compared to X-rays, allows to obtain single-crystal elec-
tron diffraction data from a very tiny crystallite. On the 
other hand, the strong electron–matter interaction results 
in multiple diffraction events that cause the violation of the 
kinematic assumption that Ihkl is proportional to│Fhkl│2, a 
limitation that has restricted the use of electron diffraction 
for structure solution in the past. Recently, a new approach 
for electron crystallography, based on the combination of 
automated diffraction tomography (ADT) (Kolb et al. 2007, 
2008) and precession electron diffraction (PED) (Vincent 
and Midgley 1994), has made possible the collection of 
more complete 3D electron diffraction data and at the same 
time to reduce significantly dynamical effects (Mugnaioli 
et al. 2009a; Kolb et al. 2011). The resulting data proved to 
be suitable for ab initio structure analysis also for relatively 
complicated mineral phases (Rozhdestvenskaya et al. 2010, 
2011; Gemmi et al. 2011; Mugnaioli et al. 2012; Capitani 
et al. 2014). Moreover, the use of scanning transmission 
electron microscopy (STEM) mode for sample recognition 
and centering reduces the electron dose rate to the sample, 
allowing the study of electron beam-sensitive materials, 
such as organic or hydrated inorganic phases (Kolb et al. 
2010; Mugnaioli and Kolb 2013). The stability of the target 
can be further improved using a cryo-holder able to keep 
the sample at the liquid N2 temperature (Jiang et al. 2011). 
In this paper, we report about a TEM and XRPD investi-
gation of cyanotrichite. We found that in the studied sam-
ples, two cyanotrichite-like phases are systematically inter-
grown. One of them was partially solved ab initio using 
ADT/PED data from individual nanosized domains. The 

remaining structure, namely the positions of the missing 
water molecule and the SO4

2− anion, was deduced via geo-
metric and charge-balance considerations.

Sample and methods

The sample of cyanotrichite investigated in this study 
comes from the Dachang deposit (Guizhou, China). Prelim-
inary investigation, aiming to check the crystal morphology 
and composition, was performed by means of semiquanti-
tative energy-dispersive X-ray spectroscopy (EDS) using 
an Oxford EVO50 scanning electron microscope (SEM) 
at the University of Bari. Selected crystal fragments were 
dispersed on an aluminum stub without any carbon coating 
and analyzed by SEM–EDS under low-vacuum conditions.

Wave-dispersive electron microprobe analyses were car-
ried out with a Jeol 8200 at the Dipartimento di Scienze 
della Terra of the University of Milan on selected crystal-
lites embedded in epoxy resin and polished. The working 
conditions were 15 kV accelerating voltage, 2 nA beam 
current and a 10-μm beam-spot size. Ten point analyses on 
as much different crystals were performed. The following 
standards were employed: Al2O3, celestine, Cu metallic, Zn 
metallic and Co metallic.

Powder Fourier transform infrared (FTIR) spectra were 
collected on a Nicolet spectrometer equipped with a DTGS 
detector and a KBr beamsplitter, adopting the KBr pellets 
technique (1 mg sample per 150 mg KBr). The nominal 
resolution was 4 cm−1; 128 scans were averaged for both 
sample and background.

Powder diffraction data were performed at MCX beam-
line at the “Elettra” Synchrotron, Trieste (Italy), using a 
diffractometer working in the Debye–Scherrer geometry 
(Lausi et al. 2006). Data were collected up to 70° (2θ) 
using monochromatic radiation (λ = 1.00046 Å). The sam-
ple was fine grounded and loaded within a 0.3-mm silica 
glass capillary and kept spinning during the data collec-
tion. A Le Bail refinement was performed with the General 
Structure Analysis System (GSAS) program (Larson and 
Von Dreele 2000). The refinement parameters included the 
lattice parameters and the Chebyshev background terms. 
Peak profiles were modeled with a pseudo-Voigt function.

Conventional TEM observations were conducted at the 
University of Milan with a FEI 20F operated at 200 keV 
and equipped with an energy-dispersive (EDS) detector, a 
double-tilt sample holder and a Gatan 794 slow scan CCD 
camera. A small amount of cyanotrichite fibers was dis-
persed in ethanol and ultrasonicated. TEM mounts were 
then prepared by directly placing few drops of the solution 
onto holey-carbon membranes supported either by copper 
or gold grids. The latter were used to gather compositional 
information at the TEM–EDS level.
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Electron diffraction data were obtained combining 
automated electron diffraction tomography and PED on 
the same TEM samples. Data collection was performed at 
the University of Mainz with a Tecnai F30 S-Twin TEM 
equipped with an emission field gun and operating at 
300 kV. Both a Fischione tomography holder (tilt range 
±60°) and a Gatan cryo-holder (tilt range ±45°) were 
used. While acquiring a dataset at 155 K temperature, two 
cryo-traps were used in order to improve and stabilize the 
vacuum in the TEM column. The ADT tilt series were col-
lected in STEM mode in 1° steps with total tilt ranging 
from 65 to 100° (eventually limited by other crystal over-
lapping and crystal degradation under the electron beam). 
PED was performed using a SpinningStar module (Nano-
MEGAS 2004) with a precession angle of 1.2°. ADT data 
collection was carried out in areas of about 200 × 200 nm.

Data were processed by the ADT3D package able to 
perform 3D diffraction reconstruction, automatic unit-cell 
parameter determination, reflection indexing and intensity 
integration. Ab initio structure solution was accomplished 
by the direct methods implemented in the SIR2011 soft-
ware (Burla et al. 2012). Least-squares refinement of the 
structural model was performed using the SHELXL97 
software (Sheldrick 1997). Electron scattering factors were 
taken from Doyle and Turner (1968).

Results and Discussion

Crystal morphology and microstructure

Cyanotrichite occurs as radiating fibrous aggregates or 
massive aggregates of tiny, slender, needle-shaped crys-
tals (Fig. 1a). High-magnification SEM images show that 

individual cyanotrichite needles do not consist of single 
crystals but are actually formed by the intimate parallel 
association of thin fibers (Fig. 1b). In massive samples, the 
cyanotrichite crystals are often intergrown with other Cu/
Al/sulfate and Cu/sulfate crystals, identified by SEM–EDS 
as chalcoalumite and brochantite, respectively.

Conventional TEM investigations were conducted 
on several cyanotrichite crystals. Bright-field (BF) 
images show that parallel needle-like aggregates of 
cyanotrichite are characterized by an inhomogeneous 
contrast, due to wafer-thin intergrowths, mineral parting 
and planar defects (Fig. 2a). This probably accounts for 
the difficulties encountered so far in the structural analy-
ses and the lack of single-crystal studies. A thoughtful 
observation of BF images and related selected area elec-
tron diffraction (SAED) patterns reveals that, contrary 
to what assumed from SEM images at the microscopic 
scale, cyanotrichite possesses a ribbon-like habit rather 
than acicular. This is inferred from the SAEDs that show 
always the same orientation to the incident beam, even 
without significant rearrangement of the tilts. This is 
possible only if the crystal is flattened parallel to the 
supporting grid and the thickness along the observation 
direction is minimal, so that the diffraction rods are very 
elongated in the beam direction, miming a crystal almost 
perfectly aligned (Fig. 2b). The diffraction patterns show 
systematically Cmm2 symmetry and could be perfectly 
indexed with a C-centered cell, leading to the follow-
ing 2D cell parameters a = 12.38(25), b = 2.93(5) and 
γ = 89.8(5). These results are in good agreement with 
the refined XRPD parameters (a ~ 12.42, b ~ 2.91 Å, 
γ = 90°), even considering the distortion usually affect-
ing TEM measurements (e.g., Capitani et al. 2006; Mug-
naioli et al. 2009b).

Fig. 1  SEM images of cyanotrichite from Dachang deposit (Guizhou, China). a Massive and radiating aggregates of needle-like crystals of 
cyanotrichite; b cyanotrichite crystals formed by the intimate parallel association of thin fibers



654 Phys Chem Minerals (2015) 42:651–661

1 3

Chemical composition and FTIR results

The analytical results of the investigated cyanotrichite 
sample by WDS microanalyses are reported in Table 1. 
No direct determination of H2O by gravimetric methods 
was performed owing to the low amount of available sam-
ple. The crystals analyzed show a composition similar to 
the calculated one, although there is a slightly higher Al/
Cu ratio. Small variations of the Cu2+:Al3+:OH− propor-
tions are probably due to differences in the activity of these 
constituents and pH in the solution from which the mineral 

grows (Hager et al. 2009). Anyway, our data clearly show 
that sulfur is dominant within the structure. The sulfur con-
tent of the examined samples is close to other data reported 
for cyanotrichite (e.g., Palache et al. 1951; Ankinovich 
et al. 1963), pointing to a completely carbonate-free 
cyanotrichite. Accordingly, the FTIR spectrum (Fig. 3) 
shows no peaks in the region of the C–O stretching band 
around 1400 cm−1.

The FTIR spectrum (Fig. 3) displays a broadband due 
to OH stretching from 3800 to 2500 cm−1 with a peak at 
3216 cm−1 and shoulders at 3340 and 2940 cm−1. The 

Fig. 2  Bright-field image of cyanotrichite crystals (a) and related selected area diffraction pattern (b). hk0 reflections are present for 
h + k = even, according to the C-centered cell. Crystals are flattened on (001) and elongated along b

Table 1  WDS microprobe 
results of the studied 
cyanotrichite sample (1) as 
compared with the calculated 
composition and literature data

Sample locality: (1) Dachang, China (this work); (2) Grandview mine, California (Palache et al. 1951); 
(3) Berkara, Kazakhstan; (4) Lachin, Khana (Uzbekistan); (5) Balasauskandyk, Kazakhstan; (6) Karatau, 
Kazakhstan (3–6, Ankinovich et al. 1963)
a Calculated

Calculated 1 2 3 4 5 6

MgO – – – 0.00 0.10 0.26 0.07

CaO – – 0.11 – 0.80 0.55 –

PbO – – – – 0.29 – –

ZnO – 0.17(12) – – 1.71 0.62 0.65

CuO 49.38 45.53(71) 47.50 48.30 46.86 44.40 46.48

V2O4 – – – – 0.16 0.17

Al2O3 15.82 17.96(97) 15.59 15.69 16.70 18.10 18.95

SO3 12.43 11.67(34) 12.19 12.25 11.80 4.05 4.46

Co2O3 – 0.02(4) – – – – –

CO2 – – – – – 5.20 4.77

SiO2 – – – – – 2.98 –

P2O3 – – – – 0.06 – –

As2O5 – – – – 0.76 – –

Fe2O3 – 0.43

H2O 22.37 22.58a 23.20 22.05 18.80 22.90 23.97
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absorption band at 1650 cm−1 is due to H–O–H bend-
ing, indicating the presence of water. The spectrum in the 
low-frequency 1300–480 cm−1 range is dominated by the 
absorption of the S–O bonds. Our data are in agreement 
with the FTIR data reported for analogous cyanotrichite 
samples (i.e., Chukanov et al. 1999; Hager et al. 2009).

On the basis of previous literature on similar compounds 
(e.g., Ross 1974; Lane 2007), the most intense bands at 
1104 and 1037, with an additional shoulder at 1137 cm−1, 
are due to stretching vibrations (ν3) of the (SO4)

2– group. 
The antisymmetric bending modes (ν4) are located at 
660, 609 and 577 cm−1, while the band at 507 cm−1 can 
be assigned to the ν2 (SO4)

2– mode. The position of the 
hydroxyl stretching vibration can be used to estimate the 
hydrogen bond distances, Odonor···Oacceptor, in linear OH···O 
system through a correlation curve established by Libow-
itzky (1999). Accordingly, the frequencies measured for 
the examined cyanotrichite can be assigned to the pres-
ence of medium-strong H bonds in the structure character-
ized by Odonor···Oacceptor bond lengths varying in the range 
2.64–2.76 Å.

Cell determination of cyanotrichite by ADT 
and synchrotron XRPD

Three-dimensional ADT data taken from different nano-
sized cyanotrichite fragments reveal the occurrence of two 
different monoclinic phases. Energy-dispersive X-ray anal-
ysis performed on several spots of each phase showed simi-
lar content of Cu, Al and S. No fluorine was detected. These 
two phases are compositionally undistinguishable within 
the accuracy of the TEM–EDS analysis, which could cor-
respond to two different polymorphic modifications, and 
have similar unit-cell parameters, clearly distinguishable 

only by the values of the β angle: a = 12.4(2), b = 2.94(6), 
c = 10.1(2) Å, β = 98.6(5)° and a = 12.3(2) Å, 
b = 2.94(6) Å, c = 10.0(2) Å and β = 92.2(5)°, hereafter 
labeled as cyanotrichite-98 and cyanotrichite-92, respec-
tively. For both of them, systematic absences pointed to 
C2/m, C2 or Cm as possible space groups. It should be 
noted, however, that no evidence of such different phases 
could be detected during conventional TEM analyses. As 
a matter of fact, the morphology of the crystals (flattened 
on (001) and elongated along b), as well as the commen-
surability of the two phases and their iso-orientation along 
c*, prevents TEM observations along the most informative 
observation direction for the measurement of beta angles.

Overall, five different crystals were investigated with 
ADT. Among them, one showed a diffuse scattering along 
c* direction and numerous reflections from other crystal-
lites with different orientations, so preventing any cell deter-
mination, three (Fig. 4a, b) showed solely the phase with 
β ≈ 98° (cyanotrichite-98), and one produced two sets of 
reflections that could be completely indexed only superim-
posing the two cells reported above (Fig. 4c, d). The possi-
bility of a twinning operation as the cause of the peak split-
ting was checked and discarded. Completeness and the Rsym 
of the datasets for the phase cyanotrichite-98 were (Data-
set#1) Rsym 26.19 % Compl 42 %; (Dataset#2) Rsym 14.86 % 
Compl 44 %; (Dataset#3) Rsym 17.25 % Compl 65 %.

Taking into account the ADT results, the X-ray pow-
der pattern could be fully described only by considering 
both the two cyanotrichite-like phases (Fig. 5). The Le 
Bail refinement of XRPD data, performed starting from 
cell parameters obtained by ADT, gives the following cell 
parameters: (1) a = 12.417(2) Å, b = 2.907(1) Å, c = 10.1
57(1) Å and β = 98.12(1)°; (2) a = 12.660(2) Å, b = 2.897
(1) Å, c = 10.162(1) Å and β = 92.42(1)°.

Fig. 3  FTIR infrared spectrum 
of cyanotrichite from Dachang 
deposit in the MIR region from 
4000 to 400 cm−1
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The cyanotrichite‑98 structure model on the basis 
of ADT data

An ab initio structure determination on the basis of ADT 
data was only possible for cyanotrichite-98 since the 

unique dataset available for cyanotrichite-92 revealed 
of insufficient quality for the structure determination. 
Direct methods as implemented in the SIR2011 program 
(Burla et al. 2012) allowed to solve the structure in the 
centro-symmetric C2/m space group. However, similar 

Fig. 4  ADT reconstructed 
3D diffraction volume of 
cyanotrichite. Diffrac-
tion volume of an ordered 
cyanotrichite-98 domain 
viewed along c* (a) and along 
b* (b). Diffraction volume 
of a mixed cyanotrichite-98 
and cyanotrichite-92 domain 
viewed along c* (c) and along 
b* (d). In order to simplify 
the visualization in d, small 
differences in a* and b* direc-
tions for cyanotrichite-98 and 
cyanotrichite-92 are not shown. 
Few reflections that cannot be 
indexed by the displayed cells 
belong to another crystal, pos-
sibly a cyanotrichite-98 domain 
with different orientations

Fig. 5  Le Bail refinement 
plot for the cyanotrichite from 
Dachang deposit. The crosses 
represent the observed X-ray 
powder data points and the 
smooth red line through them 
the calculated pattern using 
GSAS. The first and second 
row of vertical tick marks 
represent Bragg positions 
of the cyanotrichite-92 and 
cyanotrichite-98 phase, respec-
tively. The graph at the bottom 
is the residue between the 
experimental and the calculated 
pattern
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results were also obtained in the space groups C2 and Cm. 
Three independent solutions were achieved using inten-
sities integrated from the three datasets showing solely 
cyanotrichite-98 reflections. The best dataset for structure 
solution and refinement was acquired with a cryo-holder at 
155 K. Completeness and data quality are limited by the 
beam sensitivity of the material, connected with the impor-
tant amount of structural water, and the fact that with a 
cryo-sample holder, the tilt range is reduced. The best trial 
solution showed an R value of about 27 % and an overall 
atom displacement parameter U of 0.028 Å2. All solutions 
were very similar regarding the positions of one Al, one 
Cu and three O independent atoms (Table 2). The missing 
O and S atoms were tentatively searched in the difference 
Fourier map, calculated after few cycles of least-squares 
refinement. Although some positive peaks of residual elec-
tron density could be ascribed to water molecule and sulfur, 
these positions appeared unstable during refinement, prob-
ably because of the low electron density related to posi-
tional disorder. Overall, the data were sufficient to show the 
relevant topological and geometrical features of the main 
building block of the structure, allowing to build a reason-
able structural model for cyanotrichite-98.

The main building block of the structure contains an Al 
site coordinated by six OH– groups in a distorted octahe-
dral arrangement, with four short Al–OH1 bonds (1.89 Å) 
that define the corners of an equatorial square, and two 
slightly longer (1.95 Å), symmetrically related Al–OH2 
bonds that define the apexes of the octahedron (Fig. 6). 
Each Al octahedron shares two opposite equatorial edges 
with adjacent [Al(OH)6]

3− octahedra, forming a column 
running along b, while the other four edges, involving 
the apical OH– groups, are shared with two symmetri-
cally related Cu polyhedra. The Cu site exhibits a nearly 
square planar coordination with four Cu-OH– distances 
between 1.95 (Cu-OH3) and 1.99 Å (Cu-OH2) and forms 
a longer bond length (2.46 Å) with another hydroxyl group 
(OH1). As required by the stoichiometry, an H2O molecule 
(labeled Ow), with 0.5 occupancy, has been added to com-
plete the sixfold coordination around Cu. Such distorted 
(4 + 2) octahedral arrangement is due to the Jahn–Teller 

effect (Jahn and Teller 1937) affecting the Cu2+ cations and 
is present also in khaidarkanite (Rastsvetaeva et al. 1997), 
and more in general, it is known to be typical of Cu2+ oxy-
salts (Burns and Hawthorne 1996). A direct consequence 
of the half occupancy of the water group is that the mir-
ror plane is only a statistical mirror, i.e., a mirror present 
only in the average structure, not locally. A similar situa-
tion occurs also in the structure of khaidarkanite in which a 
mirror plane arises from the statistical mixing of a hydroxyl 
group and a water molecule. Overall, the Cu octahedra 
form a column parallel to b by sharing two opposite short 
edges. Together, Al- and Cu columns interact to form three 
polyhedra wide ribbons lying on (1 0 −1) and running 
along b. The connection between these ribbons is achieved 
by hydrogen bonding involving OH1, and via SO4

2– tetra-
hedra and water molecules, as discussed forward.

Completion of the model

Cyanotrichite-98 can be considered as being analogous to 
khaidarkanite with SO4 replacing AlF3. This situation has 
been considered and elaborated in our model refining the 
best arrangement of the SO4

2– group via geometric and 
charge-balance considerations. Possible orientations of 
this group has been tested assuming S–O average distances 
from literature data concerning hydrated sulfates, i.e., fol-
lowing Palmer et al. (1972) and Hawthorne et al. (2000). 
Upon this condition, a tetrahedral oxygen atom linked to 
a central S6+ cation receives from this, on average, about 
1.50 v.u. and must receive additionally about 0.50 v.u. from 
another cation, so that bond-valence requirements could 
be satisfied. This condition is commonly achieved in min-
erals either when the oxygen is bonded to an additional 
di- or trivalent octahedrally (or higher) coordinated cation 
or when the oxygen atom acts as a hydrogen-bond accep-
tor. As a matter of fact, in the partial structure derived by 

Table 2  Refined coordinates and equivalent isotropic displacement 
parameters (Å2) of atoms of main block in cyanotrichite-98 as deter-
mined by direct methods in space group C2/m

Atom x/a y/b z/c Uiso/eq

Al 0.5000 0.5000 0.5000 0.081 (5)

Cu 0.8269 (7) 0.5000 0.2832 (14) 0.072 (8)

OH1 0.9059 (13) 0.5000 0.5196 (17) 0.044 (5)

OH2 0.4366 (13) 0.5000 0.3134 (11) 0.044 (5)

OH3 0.7218 (12) 0.0000 0.2675 (33) 0.050 (6)

Fig. 6  Partial structural unit of cyanotrichite-98, obtained from direct 
methods in space group C2/m, drawn approximately along b
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electron diffraction data, only if sulfate groups are located 
at 0, y, 0 and 1/2, y, 0, two symmetrically related apices 
(labeled O1 and O1′) can receive contributions from hydro-
gen belonging to hydroxyl group OH2 and OH3, as shown 
in Fig. 7. In such a case, the distance between the S and Cu 
sites excludes the possibility that the sulfate group could 
share two apical tetrahedral oxygens with the Cu octahe-
dra. Additionally, if the sulfate groups are placed right at 
the special positions 0,0,0, and 1/2,1,0 (or at 0,1/2,0 and 
1/2,3/2,0), the two apical tetrahedral oxygens (labeled O2 
and O2′) can be involved in hydrogen-bond contributions 
from water molecules of Cu octahedra belonging to two 
adjacent chains (Fig. 7a, b).

Structural constraints suggest only two possible local 
arrangements of sulfate group and water molecule, sepa-
rated by a translation vector b/2, to complete properly the 
model. If the sulfate group and the water molecule are 
placed in one of these possible positions, the local sym-
metry is lowered down to P2. Although the periodic struc-
ture formed by one of these local ordered arrangements 
would have symmetry P2, the average structure, arising 
from the statistical positional disorder of sulfate group and 
water molecule, has symmetry C2/m (Fig. 8) in agreement 
with the C-centering symmetry observed in the diffraction 
pattern.

Following Ferraris and Ivaldi (1988), the positions 
of the oxygens of the sulfate group and of the water 

molecule were optimized to achieve the best possi-
ble hydrogen-bond scheme around the sulfate group 
for the Odonor···Oacceptor distances involved. The derived 
atomic coordinates for one of these local arrangements 
are reported in Table 3. In this optimized arrangement, 
we found the following Odonor···Oacceptor distances and 
valence units (v.u.): OH2···O1 = 2.60 Å (0.29 v.u.); 
OH3···O1 = 2.70 Å (0.23 v.u); Ow···O2 = 2.77 Å 
(0.20 v.u); Ow’···O2 = 2.78 Å (0.19 v.u), which result in 
valence sums close to the expected oxygen value (2.00 v.u), 
once taken into account the contributions of the oxygens 
belonging to sulfate group: S-O1 = 1.48 Å (1.48 v.u); 
S-O2 = 1.45 Å (1.60 v.u).

As quoted above, in order to fulfill the stoichiometry 
requirements, the occupancy of the sulfate group and 
water molecule sites must be halved. This entails SO4

2– 
groups and the water molecules with full occupancies 
alternating along [010] with vacant sites, doubling the b 
periodicity in case of perfect order. As a consequence, at 
vacant sites, the Cu cation should result in a fivefold coor-
dination. We observe that the halved occupancy of SO4

2− 
group and of the water molecule joined to the disordering 
of these arrangements over the two positions translated 
by b/2 cause the consequent lowering and spreading of 
the electron density that would explain the missing of the 
SO4

2– group and water molecule during the ab initio struc-
ture solution.

Fig. 7  Sketch of structural model for cyanotrichite-98 showing hydrogen bonds between SO4 groups and hydroxyl groups and water molecules 
of the main structural units. a With SO4 groups at special site 0,0,0 and 1/2,1,0. b With SO4 groups translated by b/2
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Related minerals

Cyanotrichite is related to khaidarkanite, Cu4Al3 

(OH)10F3·2H2O (Rastsvetaeva et al. 1997), carbonate-
cyanotrichite, ideally Cu4Al2CO3(OH)12·2H2O (Ankinovich 
et al. 1963), and camerolaeite, Cu4Al2[HSbO4,SO4]
(OH)10(CO3)·2H2O (Sarp and Perroud 1991). According to 
our model, the cyanotrichite-98 is based on a main block 
consisting of a central Al octahedron connected by edge-
sharing to two adjacent distorted Cu polyhedra. The princi-
pal block of cyanotrichite-98 presented in this study is iden-
tical to that of khaidarkanite (Fig. 9). This is in agreement 
with Hager et al. (2009), who predicted a close relationship 

between the cyanotrichite and khaidarkanite structures. The 
principal difference between the two structures involves 
the linkage of the ribbon-like units along the c direction. 
In khaidarkanite, columns of edge-sharing octahedral of 
composition [AlF4(H2O, OH)2]0.5 bridge adjacent ribbon-
like units by sharing the H2O groups with Cu polyhedra. In 
the cyanotrichite-98 model, the (SO4) tetrahedra replaces 
[AlF4(H2O, OH)2] octahedra and the linkage between the 
ribbon-like units along [001] occurs via hydrogen bonds 
between sulfate oxygens and water molecules belonging to 
the Cu octahedra.

The unit-cell parameters of cyanotrichite-98 are quite 
similar to those of khaidarkanite, as well as to those of 

Fig. 8  The average structure of cyanotrichite-98 in space group C2/m projected along [100] (a) and along [010] (b). For sake of clarity, only one 
mirror related SO4 tetrahedra is dotted (a). The SO4 group and the water molecule Ow have halved occupancy

Table 3  Atomic coordinates 
for structural model proposed 
for cyanotrichite-98 in space 
group P2

a Determined by geometric and charge-balance considerations

Atom x/a y/b z/c Atom x/a y/b z/c

Al1 0.0000 0.0000 0.5000 Al2 0.5000 0.5000 0.5000

Cu1 0.3269 0.5000 0.2832 Cu2 0.8269 0.5000 0.2832

OH1 0.5942 0.0000 0.4804 OH1′ 0.0942 0.5000 0.4804

OH2 0.4366 0.5000 0.3134 OH2′ 0.9366 0.0000 0.3134

OH3 0.2218 0.5000 0.2675 OH3′ 0.7218 0.0000 0.2675

Owa 0.3046 −0.1200 0.0610 Ow′a 0.8040 0.5200 0.0560

S1 0.0000 0.5000 0.0000 S2 0.5000 0.5000 0.0000

O1a 0.0414 0.2960 0.1151 O2′a 0.5390 0.2960 0.1151

O2a 0.0866 0.7020 −0.0325 O1′a 0.5866 0.7020 −0.0309
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carbonate-cyanotrichite, which is considered the carbonate 
analogue of cyanotrichite. All these structures are character-
ized by a unit cell with a beta angle of about 98°, whereas 
unit-cell parameters commonly reported for cyanotrichite are 
about 92°, thus analogous to the phase detected in this study 
and indicated as cyanotrichite-92. In spite of this similarity 
in unit-cell parameters, the lack of carbonate and the simi-
lar sulfur contents of cyanotrichite-98 and cyanotrichite-92 
exclude the possibility that our cyanotrichite-98 could cor-
respond to carbonate-cyanotrichite.

The crystal structure of carbonate-cyanotrichite is still 
unknown to date. However, the possibility of a carbonate-
free structure related to carbonate-cyanotrichite has been 
hypostasized by Hager et al. (2009). Furthermore, Walenta 
(2001) reports a carbonate-free, cyanotrichite-like phase 
whose powder pattern could be indexed on a basis of a 
khaidarkanite unit cell. This structure results quite similar 
to the cyanotrichite-98 phase analyzed in this study.

Although the structure camerolaite is unknown so far, 
it is believed to be chemically and crystallographically 
related to cyanotrichite (Sarp and Perroud 1991). It is char-
acterized by the substitution of most of SO4 with HSbO4 
and the incorporation of a carbonate anion. It shows a mon-
oclinic unit cell closely related to that of the other phases of 
the cyanotrichite group, with a beta angle of about 95°.

All the members of the cyanotrichite group share the 
same structural unit with composition [Cu4Al2(OH)12], but 
differ by the presence of chemical species such as Al, S, 
Sb and C making anionic groups lying on the (001) plane. 
This explains the similar unit-cell parameters, as well as 
the possibility to index their powder diffraction pattern 
either by a P or C monoclinic unit cell. In fact, since the 
main structural unit [Cu4Al2(OH)12] exhibits C2/m symme-
try, the occurrence of order or disorder of the Al, S, Sb and 

C anionic groups in each respective structure can lead to 
apparent P or C unit cell, respectively (Hager et al. 2009).

Conclusions

The sample from Dachang deposit investigated in this study 
by means of automated electron diffraction tomography and 
synchrotron X-ray powder diffraction revealed of two dis-
tinct cyanotrichite-like phases, labeled cyanotrichite-98 and 
cyanotrichite-92, with metrically related monoclinic cells. 
These two phases resulted compositionally indistinguish-
able within the accuracy of TEM–EDS analysis. Infrared 
spectra do not evidence the presence of carbonate group 
in the structure. Only the cyanotrichite-98 phase was par-
tially solved ab initio using ADT/PED data from individual 
nanosized domains. This partial structure, verified on the 
basis of three independent ADT/PED datasets, consists of 
a ribbon-like unit built with composition [Cu4Al2(OH)12

2+]. 
The remaining parts of the structure, namely the positions 
of the missing water molecule and the SO4

2− anion, were 
deduced via geometric and charge-balance considerations. 
Structural constraints suggest two possible local arrange-
ments, in P2 symmetry, of water molecule and the SO4

2− 
anion. The average structure arising from this statistical 
positional disorder shows the C-centering symmetry in 
agreement with ADT results.
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