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Fig. 2 Radiating clusters (up to 1.5 mm in diameter) of zoned crystals consisting of a zalesiite core and agardite-(Y)/agardite-(Nd)/agardite-(La)
peripheral parts associated with compact spherulite of zincolivenite. Hilarion Mine, Lavrion.

higher: ® = 1.712(3), € = 1.780(5). Pleochroism is strong:
O = pale turquoise-coloured, £ = bright green-blue. The
absorption scheme is: £ > 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 pm. As standards were used FeAsS (Fe,
As), CuO (Cu), ZnO (Zn), diopside (Ca), YPO, (Y), LaPO,
(La), CePO, (Ce), PrPO, (Pr), NdPO, (Nd), SmPO, (Sm),
GdPO, (Gd), DyPO, (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 [(Nd
LaO.14Y0.1ZPrO.OSGdO.(HceO.OZSmO,OZDyo.OZ)EREE0.58C30.39]20.97
(Cuy Zn, )55 o, (ASO,),(OH), . 2.64H,0. Its simplified,
end-member formula is NdCu,(AsO,),(OH),-3H,0, which
requires CuO 43.45, Nd,0, 15.32, As,0, 31.39, H,0 9.84,
total 100.00 wt. %.

Most of “agardite” crystals studied here show chemi-
cal heterogeneity. The most significant variations are
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found for large 4 cations, in the Ca/ZREE 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. Zalesiite 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 zalesiite, 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. I.
Ca-free agardites were not found at this locality, and nei-
ther was a REE-free zalesiite. Some analyses of the latter
show low contents of lanthanides (close to their detection
limits) but never less than 0.5 wt. % Y,0..

All minerals of the agardite—zalesiite solid-solution
system at this locality are Ce-depleted, obviously as a
result of cerium fractionation from other REE because
of its oxidation from Ce*" to Ce*". 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—zalesiite system minerals from the Hilarion mine is
the presence of zinc admixture, typically ranging from
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Tab. 1 Chemical composition of minerals of the agardite—zalesiite solid-solution system from the Hilarion mine, Lavrion

Constituent Agardite-(Nd)* Agardite-(La) Agardite-(Y) Zalesiite
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
Y,0, 1.27 [0.7-1.4] 1.48 3.21 1.77
La,0, 2.16 [1.6-2.6] 3.40 2.68 2.01
Ce 0, 0.38 [0.0-0.6] 0.39 0.27 bdl
Pr,0, 0.79 [0.4-0.9] 0.74 bdl 0.83
Nd,0, 3.05 [2.8-3.5] 2.54 1.48 1.59
Sm,0, 0.32 [0.0-0.5] bdl 0.22 bdl
Gd,0, 0.40 [0.3-0.6] 0.30 0.31 bdl
Dy,0, 0.31 [0.0-0.5] bdl bdl bdl
As O 33.65[32.1-34.4] 33.09 33.18 33.49
H,O,, ** (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 - - -
XREE 0.58 0.61 0.61 0.44
X(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
Y(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
H,O*** 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 zdlesfite core; ranges are in square brackets. ** By total difference. *** The OH/H,O ratio is calculated by charge balance with (AsO,)..

bdl - below detection limit.

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

(MoK 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) A, V' =
937(2) A3, Z =2.

All crystallographic and structural studies of
“agardites”and related arsenates of the mixite group
show the same space group, P6,/m, and identical struc-
ture (Hess 1983; Aruga and Nakai 1985; Mereiter and
Preisinger 1986; Sejkora et al. 1999; Walenta and Theye
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Tab. 2 X-ray powder diffraction data of agardite-(Nd) from the Hilarion
mine, Lavrion

Iubs dol» Icalc* dca]c h kl
100 11.70 100 11.73 100
4 5.291 2 5.267 101
22 4.443 3,13 4.446, 4.435 111, 120
7 4.173 4 4.158 201
5 3.921 2 3911 300
18 3.545 2,17 3.544,3.544 211,121
6 3.397 5 3.387 220
8 3.255 1,7 3.254,3.254 130,310
18 2.935 9,10 2.937,2.933 221, 400
9 2.815 1,4 2.849,2.849 131,311
13 2.695 3,4,5 2.702,2.692,2.692 112,320, 230
10 2.559 11 2.560 410
30 2.453 11, 16,4 2.454,2.454,2.449 212,122,231
3 2.223 2,1 2.223,2.217 222,240
3 2.185 1,1 2.184,2.180 312,501
4 2.104 3,1 2.107,2.107 510, 150
3 2.078 1,1 2.079, 2.075 402, 241
3 1.983 1,1 1.987, 1.987 322,232
2 1.935 2 1.929 430
3 1.835 2 1.833 431
8 1.776 2,5 1.772,1.772 422,242
4 1.714 6 1.714 152
4 1.701 1,2 1.700, 1.694 223,440
2 1.683 1 1.682 313
6 1.623 5,1 1.629, 1.628 602, 441
3 1.584 3 1.584 522
1 1.557 2 1.554 710
3 1.529 3 1.529 612
6 1.467 3,3 1.473,1.468 004, 442
3 1.432 1,2 1.433,1.433 720, 270
1 1.397 1,1 1.398, 1.393 124,721
1 1.376 1 1.376 433
2 1.340 1 1.337 181
3 1.317 1,1,1 1.320,1.317,1.313 730, 404, 802
3 1.280 2 1.277 414
2 1.233 1 1.231 552
1 1.210 1 1.208 514

*I_,. values are calculated from structural data for agardite-(Ce) (Hess

1983); for this calculated pattern, only reflections with intensities > 1
are given.

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
P6./m and the same structure as for other mixite-group
arsenates.

Acknowledgements. We are grateful to A. Tsolakos and
C. Solomos for their help in collecting of the minerals,
I.A. Bryzgalov and A.A. Agakhanov for their assistance
with obtaining of chemical data and J. Sejkora, K. Walen-
ta and T. Theye for their helpful reviews. Our studies
were supported by grants of the Russian Foundation for
Basic Research nos. 09-05-00143-a and 11-05-00397-a.

References

ALTHERR R, S1EBEL W (2002) I-type plutonism in a continen-
tal back-arc setting: Miocene granitoids and monzonites
from the central Aegean Sea, Greece. Contrib Mineral
Petrol 143: 397-415

ALTHERR R, KrEUZER H, WENDT 1., LENZ H, WAGNER GA,
KEeLLER J, HARRE W, HOHNDORF A (1982) A late Oligo-
cene/early Miocene high temperature belt in the Attic—
Cycladic crystalline complex (SE Pelagonian, Greece).
Geol Jb E23: 97-164

AntHONY JW, BiDEAUX RA, BLADH KW, NicHors MC (2000)
Handbook of Mineralogy. Vol. IV. Arsenates, Phosphates,
Vanadates. Mineral Data Publishing, Tucson, AZ, pp 1-680

AruGa A, Nakar I (1985) Structure of Ca-rich agardite, (Ca
Y0.31Fe0.09Ceo.oeLaO.o4Ndo.01)Cu6.19[(ASO4)2.42(HASO4)
(OH), ,,'3H,0. Acta Crystallogr C41: 161163

Bactatzis E (1996) Blueschist to greenschist transition and
the P-T path of prasinites from Lavrion area, Greece.
Mineral Mag 60: 551-561

BaumacartL U, Burow J (2002) Laurion. Aufschluss 53:
246-372 (in German)

Bavuiss P, LEvinson AA (1988) A system of nomenclature
for rare earth mineral species: revision and extention.
Amer Miner 73: 422-423

Castor SB, Ferpock GC (2004) Minerals of Nevada.
Nevada Bureau of Mines and Geology, Reno, pp 1-512

DietricH JE, OrRLIAC M, PERMINGEAT F (1969) L’agardite, une
nouvelle espéce minérale, et la probléme du chlorotile.
Bull Soc fr Minéral 92: 420434

Downes PJ, Hore M, BEvan AWR, Henry DA (2006) Chal-
cocite and associated secondary minerals from the Telfer
gold mine, Western Australia. Australian J Miner 12: 25-42

FEnr T, HocHLEITNER R (1984) Agardit-La, ein neues Mine-
ral von Lavrion, Griechenland. Lapis 9: 22-37

Frost RL, EricksoNn KL, WEiErR ML, McKinnoN AR, WiL-
LiaMs PA, LeEverert P (2004) Effect of the lanthanide
ionic radius on the Raman spectroscopy of lanthanide
agardite minerals. ] Raman Spectrosc 35: 961-966

Frost RL, McKinnoN AR, WiLLiams PA, Erickson KL,
WEIER ML, LevererT P (2005) Studies of natural and
synthetic agardites. Neu Jb Mineral, Abh 181: 11-19

Hess H (1983) Die Kristallstruktur des Chlorotils,
SECu,(AsO,),(OH),3H,0 (SE = seltene Erdmetalle).
Neu Jb Mineral, Mh 385-392

0.40
0.49]

254



Agardite-(Nd) from Lavrion, Greece

KaTerINOPOULOS A, ZissiMoroULoU E (1994) Minerals of the
Lavrion mines. The Greek Association of Mineral and
Fossil Collectors, Athens, pp 1-304

Kunov AY, Nakov RA, StancHev CD (2002) First agardite-(Y),
-(Nd), -(La) find in Bulgaria. Neu Jb Mineral, Mh: 107-116

LeEvinsoN AA (1966) A system of nomenclature for rare-earth
minerals. Amer Miner 51: 152—-158

Liatr A, SkarpeLIs N, PE-PirER G (2009) Late Miocene
magmatic activity in the Attic—Cycladic Belt of the
Aegean (Lavrion, SE Attica, Greece): implications for
the geodynamic evolution and timing of ore deposition.
Geol Mag 146: 732-742

Marinos GP (1971) On the radiodating of Greek rocks. Ann
Géol Pays Hellén 23: 175-182 (in Greek, with English
summary)

Marmos GP, PETrascHEck WE (1956) Laurium. Geol Geo-
phys Res (Institute for Geology and Subsurface Research,
Athens) 4: 1-247 (in Greek, with English summary)

MEREITER K, PREISINGER A (1986) Kristallstrukturdaten der
Wismutminerale Atelestit, Mixit und Pucherit. Anz Osterr
Akad Wiss math-naturwiss KI 123: 79-81

PHoTIADES A, SAaccant E (2006) Geochemistry and tectono-
magmatic significance of HP/LT metaophiolites of the
Attic—Cycladic Zone in the Lavrion area (Attica, Greece).
Ofioliti 31: 89—-102

Sekora J, RibkosiL T, SREIN V (1999) Zalesiite, a new mineral
of the mixite group, from Zalesi, Rychlebské hory Mts.,
Czech Republic. Neu Jb Mineral, Abh 175: 105-124

SkarPELIS N (2007) The Lavrion deposit: geology, mineral-
ogy and minor elements chemistry. Neu Jb Mineral, Abh
183:227-249

SkARPELIS N, ARGYRAKI A (2009) Geology and origin of
supergene ore at the Lavrion Pb—Ag—Zn deposit, Attica,
Greece. Resour Geol 59: 1-14

SKARPELIS N, TSIKOURAS B, PE-P1PER G (2008) The Miocene
igneous rocks in the Basal Unit of Lavrion (SE Attica,
Greece): petrology and geodynamic implications. Geol
Mag 145: 1-15

Soromos C, VoubpouRis P, KATERINOPOULOS A (2004)
Mineralogical study of bismuth-gold-antimony
mineralization at the area of Kamariza, Lavrion. Bull
Geol Soc Greece 36: 387-396 (in Greek with English
abstract)

Voubpouris P, Economou-Eriopouros M (2003) Mineral-
ogy and chemistry of Cu-rich ores from the Kamariza car-
bonate-hosted deposit (Lavrion), Greece. In: ELIoPOULOS
CJ, Spry P, STEIN H, BEAUDOIN G (eds) Mineral Explora-
tion and Sustainable Development. Millpress, Rotterdam,
pp 499-502

Voupouris P, MELFOs V, SPRY PG, BONSALL T, TARKIAN M,
Economou-ELiorouros M (2008a) Mineralogical and
fluid inclusion constraints on the evolution of the Plaka
intrusion-related ore system, Lavrion, Greece. Mineral
Petrol 93: 79-110

Voupouris P, MELFOs V, SPRY PG, BONSALL T, TARKIAN M,
Soromos C (2008b) Carbonate-replacement Pb-Zn-Ag
+ Au mineralization in the Kamariza area, Greece: min-
eralogy and thermochemical conditions of formation.
Mineral Petrol 94: 85-106

WaLENTA K (1992) Die Mineralien des Schwarzwaldes.
Weise Verlag, Munich, pp 1-335

WaLenTA K (2003) Mineralien der Mixitgruppe aus dem
Schwarzwald. Erzgraber 17: 4651

WaLENTA K, THEYE T (2004) Agardit-(Ce) von der Grube
Clara im mittleren Schwarzwald. Aufschluss 55: 17-23

WALENTA K, THEYE T (2005) Plumboagardite, a new mineral
of the mixite group from an occurrence in the Southern
Black Forest, Germany. Neu Jb Mineral, Abh 181:219-224

255






