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higher: ω = 1.712(3), ε = 1.780(5). Pleochroism is strong: 
O = pale turquoise-coloured, E = bright green-blue. The 
absorption scheme is: E > O.

4.	Chemical composition

Chemical analyses were performed using a Camebax SX 
50 electron microprobe instrument operating at a voltage 
of 20 kV and a beam current of 2 nA; the electron beam 
diameter was 2 µm. As standards were used FeAsS (Fe, 
As), CuO (Cu), ZnO (Zn), diopside (Ca), YPO4 (Y), LaPO4 
(La), CePO4 (Ce), PrPO4 (Pr), NdPO4 (Nd), SmPO4 (Sm), 
GdPO4 (Gd), DyPO4 (Dy). Other elements with atomic 
numbers higher than O were below detection limits. The 
water was not measured directly because of scarcity of pure 
material. Analytical data are given in Tab. 1. The empirical 
formula of agardite-(Nd) based on 3 As atoms is [(Nd0.19
La0.14Y0.12Pr0.05Gd0.02Ce0.02Sm0.02Dy0.02)ΣREE0.58Ca0.39]Σ0.97
(Cu5.49Zn0.44)Σ5.93 (AsO4)3(OH)5.38·2.64H2O. Its simplified, 
end-member formula is NdCu6(AsO4)3(OH)6·3H2O, which 
requires CuO 43.45, Nd2O3 15.32, As2O5 31.39, H2O 9.84, 
total 100.00 wt. %.

Most of  “agardite” crystals studied here show chemi-
cal heterogeneity. The most significant variations are 

found for large A cations, in the Ca/ΣREE and the Y/La/
Nd ratios. Commonly a crystal consists of zones corre-
sponding to two, three or, in some cases, even four min-
eral species. Zálesíite typically occurs in core of a crystal 
whereas agardite-(Y), agardite-(Nd) and/or agardite-(La) 
form its peripheral parts. As a rule, no sharp boundaries 
are observed between chemically different areas: gradual 
compositional transitions between zálesíite, agardite-
(Nd), agardite-(Y) and agardite-(La) are common instead. 
Typical compositions of four minerals forming here the 
continuous solid-solution system are given in Tab. 1. 
Ca-free agardites were not found at this locality, and nei-
ther was a REE-free zálesíite. Some analyses of the latter 
show low contents of lanthanides (close to their detection 
limits) but never less than 0.5 wt. % Y2O3.

All minerals of the agardite–zálesíite solid-solution 
system at this locality are Ce-depleted, obviously as a 
result of cerium fractionation from other REE because 
of its oxidation from Ce3+ to Ce4+. The main reason may 
represent the influence of oxygen-rich meteoric water 
and sulphuric acid produced by oxidation of primary ore 
sulphides.

Another characteristic chemical feature of the agard-
ite–zálesíite system minerals from the Hilarion mine is 
the presence of zinc admixture, typically ranging from 
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Fig. 2 Radiating clusters (up to 1.5 mm in diameter) of zoned crystals consisting of a zálesíite core and agardite-(Y)/agardite-(Nd)/agardite-(La) 
peripheral parts associated with compact spherulite of zincolivenite. Hilarion Mine, Lavrion.
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1.0 to 3.5 wt. % ZnO. Moreover, in some analyses, up to 
3 wt. % FeO was detected (Tab. 1). 

5.	X-ray crystallography

Single-crystal X-ray studies of agardite-(Nd) were not 
carried out because crystals are very thin and typically 
divergent. A STOE IPDS II single-crystal diffractometer 
equipped with an image plate detector was used to obtain 
X-ray powder data, by means of the Gandolfi method 

(MoKα radiation). X-ray powder diffraction pattern of 
agardite-(Nd) (Tab. 2) is close to those of other arsenates 
of the mixite group. Unit-cell parameters calculated from 
the powder data are: a = 13.548(8), c = 5.894(6) Å, V = 
937(2) Å3, Z = 2.

All crystallographic and structural studies of 
“agardites”and related arsenates of the mixite group 
show the same space group, P63/m, and identical struc-
ture (Hess 1983; Aruga and Nakai 1985; Mereiter and 
Preisinger 1986; Sejkora et al. 1999; Walenta and Theye 

Tab. 1 Chemical composition of minerals of the agardite–zálesíite solid-solution system from the Hilarion mine, Lavrion 

Constituent Agardite-(Nd)* Agardite-(La) Agardite-(Y) Zálesíite
wt. %

FeO 0.00   [0.00–0.02] bdl 3.04 bdl
CuO 42.63 [41.3–41.5] 42.18 41.86 44.92
ZnO 3.52   [3.1–3.8] 3.35 1.02 0.95
CaO 2.15   [1.9–2.3] 2.02 2.06 3.14
Y2O3 1.27   [0.7–1.4] 1.48 3.21 1.77
La2O3 2.16   [1.6–2.6] 3.40 2.68 2.01
Ce2O3 0.38   [0.0–0.6] 0.39 0.27 bdl
Pr2O3 0.79   [0.4–0.9] 0.74 bdl 0.83
Nd2O3 3.05   [2.8–3.5] 2.54 1.48 1.59
Sm2O3 0.32   [0.0–0.5] bdl 0.22 bdl
Gd2O3 0.40   [0.3–0.6] 0.30 0.31 bdl
Dy2O3 0.31   [0.0–0.5] bdl bdl bdl
As2O5 33.65 [32.1–34.4] 33.09 33.18 33.49
H2Ocalc.** (9.37) (10.51) (10.67) (11.30)

Total (100.00) (100.00) (100.00) (100.00)
formulae calculated on the basis of 3 As atoms

Ca 0.39 0.38 0.38 0.58
Y 0.12 0.14 0.30 0.16
La 0.14 0.22 0.17 0.13
Ce 0.02 0.02 0.02 –
Pr 0.05 0.05 – 0.05
Nd 0.19 0.16 0.09 0.10
Sm 0.02 – 0.01 –
Gd 0.02 0.02 0.02 –
Dy 0.02 – – –
ΣREE 0.58 0.61 0.61 0.44
Σ(Ca+REE) 0.97 0.99 0.99 1.02
Fe – – 0.44 –
Cu 5.49 5.52 5.47 5.82
Zn 0.44 0.43 0.13 0.12
Σ(Cu+Zn+Fe) 5.93 5.95 6.04 5.94
As 3 3 3 3
OH*** 5.38 5.49 5.67 5.36
H2O*** 2.64 3.33 3.32 3.79

* Average data for six point-analyses obtained from two crystals of agardite-(Nd) with thickness 0.005 mm and outer zone (0.003 mm thick) of one 
crystal with zálesíite core; ranges are in square brackets. ** By total difference. *** The OH/H2O ratio is calculated by charge balance with (AsO4)3. 
bdl – below detection limit.
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2005). In the X-ray powder pattern of agardite-(Nd) from 
the Hilarion Mine, the measured intensities of reflections 
are close to ones calculated for agardite-(Ce) structurally 
studied by Hess (1983) (see Tab. 2). From this similar-
ity, we consider for agardite-(Nd) the same space group 
P63/m and the same structure as for other mixite-group 
arsenates. 
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