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Summary

Extensive compositional heterogeneity is displayed by Pb-Sb-Au tellurides from
the type locality at Sacarimb. These phases are collectively considered as varieties of
nagyagite in the absence of crystal chemical data confirming the presence of distinct,
but topologically closely related compounds. Chemical heterogeneity is seen relative to
‘normal’ nagyagite, with close to the ideal composition Pbs[Pb; g(Sby 1,As0.1)1.2]5356
(AuTe,), which is the primary and common type in the deposit. A modified formula,
(Pb3S3)[(Pb, _ )(Sb,As,Tey); 1 (S5, Tey)|s6(Auy — ., Te 4 .S,), accounts for the
chemical variation observed. Values of x (0.2 to 1.15) express substitution of Pb by
Sb + As for Me, in sulfosalt modules in the case of Au-depleted and low-Au nagyagite,
and by Sb+ As+ Te,, in high-As and low-Pb varieties (b =x+ 1 — (Sb+ As) =0.24 to
0.29). Excess Te compensates for Au deficiency in the telluride layer, with substitution
by S also observed; empirical values of z and w are 0 to 0.45 and 0 to 0.32, respectively.
Minor substitution of Te for S (y<0.17) is noted in all varieties except low-Au.

Correspondence: C.L. Ciobanu, South Australian Museum, North Terrace, Adelaide, SA
5005, Australia
e-mail: Cristiana.Ciobanu@adelaide.edu.au; Ciobanu.Cristiana@saugov.sa.gov.au
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These varieties are formed during replacement of the ‘normal’ type as seen in over-
printing relationships in those veins reactivated during rotation of the duplex fault-
system responsible for vein formation. Replacement is by coupled dissolution-repreci-
pitation reactions, as indicated by pseudomorphism of one nagyagite type by another in
all cases. Variable rates of both molar-excess and -deficit reaction are invoked to ex-
plain the observed chemical and textural modifications. ILow-Pb nagyagite is also pres-
ent in zoned platelets where it grows over resorbed cores of ideal composition. Such
platelets are instead interpreted as products of self-patterning in a residual precipitate. A
marked depletion in the Au content of some nagyagite lamellae is considered to be a
diffusion driven Te for Au substitution in the presence of Te-bearing fluid.

Replacement of ‘normal’ nagyagite by other varieties can be linked to high fluid
acidity, whereas replacement by galena-altaite symplectites relates to changes in the
fTe,/fS, within a narrow domain defined by coexistence of these two minerals. Nagya-
gite is a mineral with modular crystal chemistry and is able to adjust to variable rates of
fluid infiltration by subtle chemical substitutions. (The behavior of nagyagite will map
and assist coupling between dissolution and precipitation during such reactions.

Introduction

The Sacarimb deposit, in the Golden Quadrilateral, South Apuseni Mts., Western
Romania, is the type locality for several gold and silver telluride species (krenner-
ite, petzite, stiitzite, nagyagite, muthmannite, museumite). This is one of several
gold-telluride deposits worldwide that consists of veins formed in an epithermal
environment, which at Sacarimb are of low-sulfidation type (Berbeleac et al.,
1995). The mineralization is related to Neogene calc-alkaline magmatism. Cook
and Ciobanu (2005) have drawn attention to the fact that this is a good, though not
unique, example of a deposit that contradicts the widely-held opinion that gold-
telluride deposits display an alkaline affiliation (Jensen and Barton, 2000).

The complex Pb-Sb-Au sulfotelluride nagyagite, one of the main components
in the exploited ore, is named for the deposit, Nagyag being the Hungarian name
of the village and associated mines at the time the deposit was discovered. High-
grade telluride ore formed the basis of exploitation of the deposit from the 1770’s
until its closure in 1991. Historical production figures infer that Sacarimb pro-
duced 32 tonnes of Au and 50 tonnes of Ag since its discovery (Udubasa et al.,
1992).

Nagyagite was first mentioned by Scopoli (1769) as minera aurifera
Nagyagensis and was named by Haidinger (1845); see Papp (2004) for a detailed
account of the early history of nagyagite. Since its discovery, considerable efforts
have been devoted to determine the compositional limits and formula of nagyagite
(Schrauf, 1878; Sipocz, 1885; Hanko, 1888; Helke, 1934; Gossner, 1935; Giusca,
1937; Stumpfl, 1970; Udubasa, 1986; Spiridonov, 1991; Udubasa et al., 1993;
Stanley et al., 1994; Lupulescu, 1997). Despite an early belief that nagyagite was
essentially stoichiometric (e.g., Stumpfl, 1970), compositional heterogeneity was
noted by several authors for nagyagite from Sacarimb (Giuscd, 1937; Udubasa,
1986; Cioflica et al., 1993a; Simon et al., 1994; Stanley et al., 1994; Lupulescu,
1997). The last three contributions demonstrated that there is significant substitu-
tion of Sb by As, coupled to Pb deficiency, as well as variation in the Au/(Au + Te)
ratio. Similar trends were also noted more recently by Shimizu and Stanley (2003).
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The structural formula of nagyagite: [Pb(Pb,Sb)S,][(Au,Te)], Z=2, was deter-
mined by Effenberger et al. (1999) who report a monoclinic parent cell in space
group P2;/m with a=4.220(1), b=4.176(1) ¢ =15.119(3)A and (3 =95.42(3)°.
The structure is an ordered intergrowth of two types of layers: (i) (Pb,Sb)S—a
sulfosalt layer, and (ii) (Au,Te)-telluride (T) that are stacked along the ¢ axis.
Four sulfosalt layers are combined into two slabs with tetragonal SnS-like motif
(Q) (Makovicky, 1993). In the parent structure the Q slab contains 2 metal posi-
tions of which one (Me,), is fixed by structural refinement as a Pb-only site. The
other (Me,) is a mixed site in which Me?** (Pb) or Me** (Sb, As, Bi) can be in-
corporated. The T layer features a square net in which Au and Te are assigned to a
single crystallographic position, although the two elements are considered unlikely
to form a solid-solution. Effenberger et al. (1999) postulate that Au** has a 4-fold
planar coordination with Te and such squares are connected by edges into chains;
Te atoms form a zig-zag arrangement between the Au chains. This configuration is
based on an assumed ideal ratio Au:Te = 1:2 and the often observed tripling of one
of the short axes (a or b).

The tripled cell parameter in nagyagite corresponds to b parameter in the
related sulfotelluride, buckhornite: [(Pb,Bi1)s3S3][(Au,Te,)s], (Z=2) (Effenberger
et al., 2000). The two minerals are part of the nagyagite series in which the number
of Q modules between T layers defines the homologue number (N). The homology
becomes apparent when the nagyagite formula is rewritten for the triple average
cell (bpucknornite ~ 3 X bnagyégite) as [Pb3(Pb,Sb);S¢][(Au,Te)s] (Z=2), ShOWing that
nagyagite and buckhornite are the N=2 and N=1 members, respectively.
Museumite, [Pb,(Pb,Sb)Sg](Te,Au),, is discussed as a structurally related mineral
(Bindi and Cipriani, 2004).

In nagyagite, the most common ratio of Pb to Sb in the Me, site found in nature
seems to be close to 2:1 and the ratio of Au to Te is close to 1:2 for the tripled
average cell. The structure and composition of the sulfosalt layer seems to have
much in common with other layered complex sulfides such as franckeite and
[(Pb,Sb)S], ,sNbS, which also show a preferred Pb:Sb ratio in the Me, site, in this
case 3:2 (Bengel et al., 2000). In the full 3 x a(b) super cell the single Me, site will,
by symmetry considerations, be split into a number of crystallographically distinct
sites. Preliminary electron microscopy and electron diffraction studies by us con-
firm the basic subcell reported by Effenberger et al. (1999) but note a range of
complex supercells/modulations with ordering along either a and b depending
upon the chemistry of nagyagite.

The compositions of nagyagite from other localities that represent either epi-
thermal (e.g., Cripple Creek, USA; Stumpfl, 1970; Eckel, 1997), or metamorphic
environments (e.g., Schellgaden, Austria; Paar and Chen, 1982), Sunrise Dam,
Western Australia (Sung et al., 2007) are all close to an ideal formula:
[(Pb3(Pb; gSby 2)S¢l[AuTe,]. Thus, this appears to be the most common and stable
variety of nagyagite, also present at Sacarimb.

What is the range of nagyagite composition at Sdcarimb and what drives this
variability? This is the subject of the present paper, attractive not only for establish-
ing the compositional limits for nagyagite, but also for understanding their stabili-
ties in a hydrothermal system. In a previous study on samples from Sacarimb,
Ciobanu et al. (2004a) documented (i) exchange of As for Sb, (ii) variation in
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the Au/(Au+ Te) ratio, and (iii) variation in the Pb/(Pb + Sb + As) ratio that is
independent of As/(As+ Sb). The present contribution extends this earlier dataset
(which was based exclusively on analyses by SEM-EDS), using electron probe
microanalysis to quantify the extent of the three exchanges above, and the infer-
ences this may have for characterization of nagyagite. Secondly, this compositional
variation is seen in connection with a range of textures that deserves attention for
their petrogenetic implications at Sacarimb or elsewhere.

The Sacarimb deposit

Geodynamic setting

Séacarimb is the southernmost among 32 known deposits/prospects in the eastern-
most and longest tectono-magmatic alignment in the Golden Quadrilateral, i.e.,
Brad-Sacarimb (Fig. 1a). Drew (2003) considered that the opening of troughs
hosting magmatic activity was along NW-SE faults during a 17-15Ma (Early
to Middle Miocene) extensional regime and followed a pre-existing anisotropy
inherited from the Jurassic basement; this in turn controlled the position of exten-
sional stepovers in the smaller basins within each trough. Such repartition is real-
ized during the change from an initial pull-apart regime to later strike-slip tectonics
(Middle to Late Miocene), followed by emplacement of volcanic rocks and intru-
sions (mainly andesitic) in extensional stepovers. Sacarimb is positioned at the SE
end of the Sacarimb-Hondol-Bolcana district, in which porphyry stocks and vein
meshes are not associated with one another within the same deposit, as in other
districts in the Golden Quadrilateral (e.g., Zlatna-Stanija, Brad). This is interpreted
as a function of the regional evolution of this area, in which the duplex-system is
formed by master faults underlying the margins of the trough (Drew, 2003), with
Sacarimb representing one of the more complex extensional stepovers. This ap-
proach offers a unitary model for mineralizing styles in the Golden Quadrilateral,
even though whether the onset of the requisite tectonic setting for magmatism
occurred during the Neogene, as Drew assumes, and not earlier is debatable (see
Ciobanu et al., 2004b).

Vein characteristics

Most of the 230 veins that make up the deposit (Helke, 1934; Giusca, 1935, 1936a,
b; Tanovici et al., 1976) are located within a small area (1 km?) of an andesitic stock
with central position in a volcanic edifice (Central Neck; Fig. 1b). The entire
structure is emplaced close to the intersection of NW—SE and E-W fracture sys-
tems, which form the boundaries of the basin towards the basement rocks (Fig. 1a).
Palfy (1912) was the first to note the branched and funnel-shaped morphology of
the Central Neck, with blocks of country rocks displaced and melded within the
neck during ascension of magma (Fig. 1b). Capraru (2004) interprets such relation-
ships as evidence for subsidence-collapse with probable evolution to a diatreme +
maar stage for the Central Neck that also features a radial relationship with the
satellite volcanic centers and a tendency to a marginal segregation following frac-
tures and ring/curviplanar faults (Fig. 2).
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Fig. 2. Position of vein systems on the Bernat level (710 m), as remapped during re-
evaluation by Deva Gold SA in 2004. The Central Neck (CN) and satellite stocks are
shown in projection. Arrows with double tail show direction of lava flow between
the Central Neck and surrounding stocks. Simple arrows indicate sense of rotation during
vein opening, controlled by the evolution of the regional duplex-system (Drew, 2003).
Allocation of samples to individual vein systems is shown as circles. Although samples
are from deeper levels than Bernat (accessible only during mine operation), the relative
positions of the vein systems remain the same

The veins form a dense mesh and they are steep, with a vertical extension of
some 400-600m and lengths of <100-150m at upper levels and >400m (e.g.,
Magdalena) in the median part; the average width is ca. 30 cm although this may vary
from several cm to 2m within pinch and swell structures along strike. The entire
mineralized zone has a vertical plunge and is known from underground mines between
levels 810 m (Boca) and 135 m (Fig. 1b); maximum extension of veins is attained
between the levels Ferdinand (627 m) and Carol (477 m). Capraru (2004) noted that
most of the veins are clustered in parallel systems with crosscutting relationships,
which he interpreted in relation with transposition of a strike-slip duplex fault sys-
tem, from NW-SE to E-W (Fig. 2), in response to the regional evolution of the area.

Ore assemblages and their distribution

In their overview of deposits in the Golden Quadrilateral, Ghitulescu and Socolescu
(1941) give the following exploitation record of gold speciation and distribution in
the three main vein systems at Sacarimb: (i) nagyagite in Magdalena; (ii) sylvanite
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and native Au, rare nagyagite in Longhin; (iii) sylvanite and petzite in Nepomuc
(see Fig. 2). Unlike any other deposit in the Golden Quadrilateral, in Sacarimb the
veins contained a dominance of Au-(Ag)-tellurides over native gold, which is
maintained throughout the high-grade middle part of deposit (Cook et al., 2004).
Native gold was exploited mainly from low-grade, sulfide-sulfosalt ore (scarce
tellurides) at uppermost levels. This represents an inverse zonation trend compared
to other deposits in the Golden Quadrilateral (Udubasa et al., 1992) or elsewhere
(Cooke and McPhail, 2001).

Nagyagite is one of 22 telluride species reported from the deposit. The telluride
suite includes a wide variety of Au-(Ag)-tellurides, other tellurides, i.e., altaite,
tellurantimony, coloradoite, frohbergite (see Cook et al., 2004 and references there-
in) and several Bi-(Pb)-tellurides (Simon and Alderton, 1995; Shimizu et al., 1999;
Cook et al., 2005). Ciobanu et al. (2004a) gave a contemporary overview on tell-
urides and sulfosalts from the veins at Sacarimb, discussing their speciation and
phase relationships. Based on these data, telluride formation was estimated at 290—
300 °C. Abundant As-Sb-sulfosalts (mainly from the bournonite-seligmannite and
jordanite-geochronite series) and rare Bi-sulfosalts are co-genetic with tellurides in
the margins of the vein (salband) (Ciobanu et al., 2005), whereas replacement is
typical for the filling of the same vein.

Nagyagite was widely present at Sacarimb and is typical for the Magdalena
veins. Although less common, the association of nagyagite with rhodochrosite and
alabandite is characteristic for the Longhin vein system. As-nagyagite (Simon et al.,
1994) is considered to have been from the Nepomuc vein. Lupulescu (1997) con-
tends that Au-poor/Te-rich nagyagite was deposited after sylvanite and hessite.
Increasing aag in the latter part of the crystallization sequence is indicated by
the increasing As content of co-existing bournonite and late deposition of native
arsenic on nagyagite crystals.

Fluid characteristics and genetic interpretation

Alderton et al. (1997) reported homogenization temperatures (Ty,) of around 260—
300°C and low salinities of 1-4 wt.% eq. NaCl from vein quartz at Sacarimb. Their
conclusion was that evidence for boiling is uncommon for the main stage telluride-
mineralization; this is, however, reported from fluid inclusions in quartz from the upper
parts of veins (Bernat level; 710 m) (Gal et al., 2003). Stable (C, O, H) isotope evidence
from the Sacarimb area points to a single ore-forming event, with Au, Ag, Te, base
metals, S and C derived directly from a crystallizing magma and only a negligible input
from meteoric waters (Alderton et al., 1997; Alderton and Fallick, 2000).

Based upon evidence of ore deformation and abundance of pinch-and-swell
structures, Ciobanu et al. (2004a) argued that sustained throttling prompted by
activation of the duplex faults centered on the Central Neck assisted ore deposition.
Moreover, pressure variation (associated with throttling) would have been en-
hanced along strike rather than plunge given the fact that the Central Neck was
most likely buried under volcanic rocks/sediments at the time of vein opening. If
so, the epithermal system would not be connected with surficial fractures at the top,
a fact that could explain also the lack of mixing between magmatic and meteoric
waters as mentioned above. This may also explain the inverse zonation, since the
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model of Cooke and McPhail (2001) assumes upward migration of Te vapors after
their separation from fluids, due to processes such as boiling; at Sacarimb, Te
condensation is controlled by tectonic-assisted pressure variation at depth.

Sample description and textural relations of nagyagite

In this paper, we focus on three samples from the collection at Baia Mare
University that are representative of the range of chemical composition for nagya-
gite. They were collected from (i) Nepomuc (S2), (ii) Longhin (S3) and (iii)
Margareta (SM) veins (Fig. 2). Longhin is one of the major veins with NW-trend-
ing direction, perpendicular to Magdalena (NE-trending), whereas Nepomuc and
Margareta (to the SW) are branching veins between Longhin and Magdalena
(Fig. 2). Although we do not know the exact location of the samples, these veins
are all situated on the western side of Magdalena, whereas Longhin is at the
northern and Margareta at the southern side; Nepomuc is positioned between them.
Tellurides in the samples (Table 1), in which nagyagite is a main component, occur
as elongated lamellae within quartz and/or carbonate gangue; sulfides are scarce.
There is little difference in terms of the telluride species encountered in each
sample although these differ in relative proportions (e.g., petzite is more abundant
than sylvanite in sample SM). Another marked difference is that rhodochrosite is
the major gangue mineral in sample S3, whereas quartz and/or calcite are promi-
nent in the others. Nagyagite, with a composition close to ‘ideal’, as discussed
above, and which we call ‘normal’ at Sacdrimb, is present in all samples as thin
lamellae, several mm to 1 cm long (attained in S3), with random orientation. This
normal nagyagite is overprinted by a later replacement generation. The replace-
ment style, even though it differs from one sample to another, both in terms of the
resulting mineral associations and textures (see below), preserves the lamellar
shape of nagyagite (pseudomorphs). Although compositional trends in nagyagite
will be quantitatively documented in the following section, they are nonetheless
introduced here since they appear to be strongly linked to textural development.

Sample S3-Longhin vein

The nagyagite lamellae appear single or in bundles and display a characteristic
jigsaw or sawtooth boundary (depending upon the orientation of carbonate rhom-
bohedra) marked irregularly by a rim of altaite towards the host rhodochrosite; the
latter is enriched in Mg along the contact. Many of the lamellae are replaced by
symplectites of altaite and galena (Fig. 3a). Such symplectites are typical of break-
down textures since the two elements in the intergrown minerals account for the
bulk of nagyagite composition. The symplectitic areas follow deep inliers parallel
to the lamellae elongation; some lamellae are completely replaced by the symplec-
tites. Galena was observed alone in some of the lamellae and its morphology
mimics that of the nagyagite. Overall, the textures above indicate that nagyagite
has been pseudomorphosed, in variable proportions in individual lamella, either by
breakdown galena-altaite symplectites or by galena.

Semseyite is an additional, yet minor, component in or around the breakdown
areas, either as symplectites with altaite (Fig. 3b) or selvages along the replacement
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Table 1. Summary of minerals present in the 3 samples
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Mineral

Sample

S3

S2

%)
<

nagyagite

sylvanite

krennerite

petzite

hessite

stiitzite

altaite

tellurantimony

coloradoite

*unnamed (Ag,Au),AsTe,

native gold

native tellurium
dufrénoysite [Pb(Sb,As),S4]
jordanite-geocronite
guettardite [Pb,(Sb,As),Ss]
stibnite

semseyite
bournonite-seligmannite
tetrahedrite-tennantite

galena

sphalerite

alabandite

pyrite

arsenopyrite
**Te-bearing 16lingite
chalcopyrite

marcasite

quartz

rhodochrosite /kutnahorite
other carbonates

Sericite
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‘X’ indicates main component, ‘X’ represents a minor component

* Unnamed Ag-Au-As telluride: mean of 4 analyses, wt.% Ag 35.34, Au 7.64. Sb 0.31, As
12.62, Te 45.19, Se 0.10, Total 101.19. Empirical formula: (Ag; g3Aug22)s2.05(AS0.94-

Sbo.01)50.95(Te1.995€0.01)5:2

** Te-bearing 161lingite: mean of 4 analyses, wt.%, Ag 0.67, Fe 25.07, Bi 0.07, Sb 0.20, As
58.94, Te 11.56, Se 0.59, S 1.70, Total 98.95. Empirical formula: (Fey 9gAg0.01)50.99(AS 71-

Te 2050.095€0.02)522.01

boundary (Fig. 3c). Nagyagite lamellae that are partially replaced by symplectites
are revealed as darker zones in the back-scattered electron images (BSE) and
correspond to a lower Au content (0.7 apfu, considering 15apfu, see below;
Fig. 3c). Other minerals, such as hessite and native tellurium, occur as inclusions
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Fig. 3. Back-scattered electron images of nagyagite in sample S3 (Longhin vein). (a)
Replacement of nagyagite lamellae by symplectites of galena and altaite typical for molar-
excess reaction. (b) Altaite rim and symplectites of semseyite and altaite along the margin
of nagyagite lamella. (¢) Detail of symplectites in (a) showing semseyite sealing the
contact towards the adjacent nagyagite lamellae. (Note darker shades along this lamella
that correspond to Au-depleted portions: (d) Inclusions of hessite and native tellurium in
the galena-altaite symplectites. Note the porosity of native tellurium. a/ altaite; ga galena;
he hessite; ku kutnohorite; se semseyite; fe native tellurium

in some of the areas of decomposition (Fig. 3d). In such instances, we note the
relatively high porosity of these areas in and around the fine-grained aggregates of
native tellurium. Native gold was observed as tiny inclusions (Fig. 4a) or coarser
grains (Fig. 4b) in the carbonate halos seen around lamellae that have been com-
pletely replaced by galena. Such halos, clustered by inclusions containing minerals
from the lamella they surround, are present even when the nagyagite is not affected
by replacement. The halos are seen either with margins preserving the nagyagite
shape (pseudomorphosis; Fig. 4a) or irregular (Fig. 4b); the latter is associated with
corrosion and advanced replacement of nagyagite.

Sample S2 — Nepomuc vein

Fracture assisted brecciation (Fig. 5a) is observed throughout sample S2. There are
at least two sets of veinlets, with Mg-carbonate in the latest, which affected both
the host carbonate-quartz gangue and the telluride (nagyagite and sylvanite) lamel-
lae. Nagyagite also features symplectites, but these differ from those in S3 in that
they surround, rather than intrude individual lamellae (Fig. 5b). Secondly, they are
formed by altaite and a variety of nagyagite that appears darker in BSE images
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Fig. 4. Photomicrographs of sample S3 (Longhin vein) showing occurrence of native gold
in the carbonate halos around nagyagite completely replaced by galena (pseudomorphosis).
(a) Dusty gold in a halo that has a jigsaw and sawtooth contact (stepwise replacement
interface) towards the parent lamella typical for molar deficit reaction; the front is sealed
by an altaite rim. Note also inclusions of galena and altaite within the halo. (b) Coarse-
grained gold in a halo that becomes irregular relative to the original margin of nagyagite.
The replacement interface is also irregular, indicating that there is no longer a coupling
between dissolution and precipitation. Note the occurrence of native tellurium in the same
halo with native gold. Abbreviations are the same as in Fig. 3; au native gold; bo bourno-
nite-seligmannite; vk rhodochrosite

rather than galena. The nagyagite in the symplectites has a higher, but variable, As
content than the lamella core; the latter has also lower Au content than the rim (i.e.,
average 0.65 and 0.83 apfu, respectively).

Other lamellae, especially where crosscut by veinlets of bournonite, show re-
placement textures that are more complex. One such lamella (Fig. 5¢) consists of
larger masses of altaite and bournonite along its margin; in between these two is a
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Fig. 5. Back-scattered electron images of sample S2 (Nepomuc vein). (a) Two sets of post-
telluride-deposition fractures; Mg-carbonate fills the latest generation. (b) Halo of Symplec-
{tites with altaite and high-As nagyagite (darker shades) surrounding a nagyagite lamella;
note that the Au content is 0.7 apfu, lower than the ideal value (1 apfu), indicating the same
Au-depletion as in sample S3. (¢) Different mineral replacement Zzones at the edge of a
nagyagite lamella; altaite, nagyagite with changed composition (‘tiles’) and bournonite;
note also the bournonite veinlet crosscutting the same lamella. (d, e) Details on the tiles
areas where nagyagite shows two different compositions (i) low-Au and (ii) high-As. Relict
nagyagite is present as a web-like network of lighter color in the image and the other
nagyagite varieties are darker. Note, in e, the bending of the nagyagite lamella around the
sylvanite grain, taken as evidence for a volume increase reaction during sylvanite growth.
(f) Low-Au nagyagite in bournonite (g) High-As nagyagite nested within altaite. Abbrevia-
tions are the same as in Figs. 3 and 4; gz quartz; sy sylvanite; ty tellurantimony. Composi-
tional data for bournonite-seligmannite (e.g., boy,) indicate mol.% bournonite within the
bournonite-seligmannite solid solution series
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mass of decomposed nagyagite, with a distinctive ‘tiled’ appearance (Fig. 4d, e),
interspersed by rounded or scalloped grains of Ag-rich (Ag:Au ~ 1) sylvanite. The
latter differs from the sylvanite that occurs as discrete lamellae in the sample; these
are not Ag-rich (Ag:Au ~ 0.3). The tiles (<5 um in size) appear in BSE images as a
web-like net of lighter color (relict nagyagite) within a darker background, which
consists either of nagyagite that is low in Au content (0.35 apfu Au; Fig. 5d) or
high in As (Fig. 5e). The two varieties are found together in such areas, although
the tiled texture is only seen in one phase at a time. Bent crystals of nagyagite
occur between altaite and sylvanite.

Bladed aggregates of nagyagite with various orientations occur within bourno-
nite, which surrounds the nagyagite lamellae affected by overprinting (Fig. 5f);
these aggregates have a consistently low-Au content (0.3 apfu Au). Their smaller
size and different orientations compared to the main nagyagite lamellae (e.g., per-
pendicular in Fig. 5f), is evidence that such crystals are products of a distinct
crystallization process. The same is apparent for flaky, deformed and porous aggre-
gates of nagyagite that are nested within the altaite that replaced the same lamella
(Fig. 5g). These aggregates represent a nagyagite variety that has the highest As-
content (1.48 apfu As), lowest Sb-content (e.g., 0.1 apfu Sb) and highest Au-con-
tent (e.g., 0.94 apfu Au).

Sample SM-Margareta vein

In sample SM, nagydgite lamellae show discontinuous, porous overgrowths con-
sisting of yet another variety of nagyagite, different from the other two types (i.e.,
low-Pb) and skeletal hessite (Fig. 6a). Such overgrowths have a sharp, stepwise
contact with the parent nagyagite, whereas their outer margin expands from the
initial limit of the lamellae (Fig. 6b), thus differing from the [Symplectites in the
two cases described above which more or less pseudomorph the lamellae. Hessite
is pervasively distributed throughout the mass of low-Pb nagyagite. The larger
hessite grain is 5—10 um in size and is evenly interspersed by patches of even
smaller size, lending the appearance of a mottled intergrowth between the two
minerals. The composition of nagyagite in the overgrowths displays a comparable
trend of As-enrichment to that of sample S2. In this case, however, the enrichment
(up to 0.5 apfu As) is coupled with an increase in the Sb content (up to 1.5 apfu),
rather than the decreasing trend as observed in sample S2. The net change is a
decrease in the Pb content, by as much as 1 apfu. Patchy, larger masses of altaite
and bournonite also occur in the overgrowths. They have an irregular distribution,
appear to lack the porosity, and in some cases spread outside the overgrowth mar-
gin towards the parent nagyagite (Fig. 6b).

Sample SM also contains (several areas with Ag-(Au)-tellurides that form a
distinct Ag-rich assemblage, and in which nagyagite is present as only a minor,
yet persistent component. The central mass of one such area is composed mainly of
petzite (ca. 60%), within which Ag-rich domains are present. The latter consist of
(i) hessite, stiitzite and petzite in equilibrium relationships (the phases meet at
triple points; Fig. 6¢), and (ii) hessite with fields of sylvanite exsolution (Fig. 6d).
Other patches feature similar phase components as in Fig. Sc but petzite forms
exsolutions in hessite in this case (Fig. Se).
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Fig. 6. BSE images of nagyagite in sample SM (Margareta vein). (a) Lamellae of ‘normal’
nagyagite (lighter) with overgrowth of low-Pb nagyagite (darker) and skeletal hessite; note
the mottled texture in the overgrowths. (b) Larger masses of bournonite and altaite that
have obliterated the contact between the overgrowth and parent nagyagite. (c—g) Nagyagite
in a Ag-rich association. (¢) Fringe of nagyagite platelets along boundaries between various
Ag-(Au)tellurides. The latter meet at a triple point, indicating equilibrium conditions; note
also the curvilinear boundaries between the phases at equilibrium indicating crystallization
from a sub-solidus precipitate. (d) Two-stage exsolutions in hessite; nagyagite crosscuts
former sylvanite. (e) Hessite with stiitzite along the margin and exsolutions of petzite; short
platelets of nagyagite along the hessite margin. Note that this assemblage involves the same
phases as in c, although different relationships feature here. (f) Typical Zoned platelets of
nagyagite. Low-Pb nagyagite outgrows resorbed cores of normal composition at the margin
of the fringe, whereas (€haotic zoning is seen in the smaller platelets along the same fringe.
(g) Margin of petzite (detail from ¢) with nagyagite showing the same zoning as in f.
Abbreviations are the same as in Figs. 3-5; pe Petzite; st stiitzite

Nagyagite is present as short platelets, strikingly different from the habit of the
normal type, typically forming fringes placed along the mutual boundaries between
the Ag-(Au)-tellurides (Fig. 6¢). Nagyagite, exsolved after sylvanite (crosscutting
relationships), is also observed exsolved from hessite (Fig. 6d). The platelets fea-
ture zonation with resorbed cores of normal nagyagite overgrown by margins of


Stephanos
Highlight

Stephanos
Highlight


Another look at nagyagite from the type locality, Sdcarimb 287

low-Pb nagyagite; the latter is compositionally identical to the overgrowths de-
scribed above. Simple zonation is characteristic for platelets at the outer margin
aligned perpendicular to the direction of fringes (Fig. 5f), whereas a chaotic zona-
tion is more typical of the smaller grains along the fringes. Exceptionally, zoned
platelets occur singly or along the margin of one or the other host Au-Ag-tellurides
(e.g., petzite, Fig. 5g).

Compositional data and plots

Microanalytical methodology

Electron probe microanalytical data were collected using a Cameca SX-51 instru-
ment at Adelaide Microscopy Centre, University of Adelaide, Australia. Operating
conditions were an accelerating voltage of 20kV and a beam current of 20 nA.
Standards used were: Au (Au), Bi,Ses (Bi, Se), PbS (Pb, S), Ag,Te (Ag, Te), Sb,S3
(Sb), CoAsS and GaAs (As).

Results

The compositions of nagyagite are shown in Table 2 and have been calculated on
the basis of the 15-atom structural formula given by Effenberger et al. (1999);
atoms per formula unit (apfu) hereafter always refers to such a 15-atom cell.
This is considered most suited to express the chemical identity of nagyagite given
the fact that the three-fold supercell is recognizable in electron diffraction images
for normal nagyagite (Ciobanu et al., unpublished data). The data have been plotted
in 7 binary diagrams and 1 ternary diagram (Figs. 7-9) that are discussed below. The
positions of individual clusters are referred to ideal [(Pbs(Pb,Sb)s:3)Sel[(AuTe,)s]
composition and the regression lines are used to track the excess or deficiency for
each respective variable relative to these ideal values; elemental substitutions result-
ing from these plots are given in Table 3. On all diagrams, except Fig. 8c and d, the
analytical points form four clusters representing the following categories:

(i) Normal nagyagite, the largest cluster, typical for the long lamella in all three
samples. Compositions from areas that appear darker on BSE images (Fig. 3c),
as well as those from the tiles (Fig. 5d, e), are included and they separate into
a distinct cluster (Au-depleted) on Fig. 8c and d. The normal cluster also
comprises compositions from the middle part (cores) of platelets in sample
SM (light on BSE images; Fig. 6f, g);

(i) Low-Au nagyagite, lamellae nested in bournonite in sample S2 (Fig. 5f);

(iii) High-As nagyagite, the flaky lamellae in altaite in sample S2 (Fig. 5g), as well
as a few points from the symplectites (Fig. 5c) and tiles (Fig. 5d, e) in the
same sample;

(iv) Low-Pb nagyagite, the overgrowths (Fig. 6a) and margins of short-platelets in
SM (dark on BSE images) (Fig. 6f, g).

For the purposes of this paper, we regard all of these as varieties of nagyagite,
while acknowledging that crystal chemical data may subsequently confirm some of
these to be distinct, but structurally closely related compounds.
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Table 2. Electron probe microanalyses of nagyadgite (wt.%)

Ag Au Pb Bi As Sb Te Se S Total

(A) ‘Normal’ nagyagite (Sample S3)
Mean (n=31)  0.07 1052 5625 0.22 0.26 7.80 15.16  0.13 10.64  101.06

S.D. 0.12 0.58 0.72  0.12 0.12 0.19 0.38  0.05 0.15

Max. 0.58 1136 57.34 042 0.65 8.17 16.03 0.21 10.95

Min. <mdl 9.50 5506 <mdl <mdl 7.35 1433  <mdl 10.38
Representative analyses

S3.14.5 <mdl 10.09 5590 0.31 0.28 7.69 15.06  0.05 10.79 100.17
S3.16.4 <mdl 9.57 5655  0.09 0.32 7.77 1578  0.12 1091 101.11
S317.1 0.58 10.56 5598  0.18 0.30 7.53 1529  0.08 10.79 101.28
Atoms per formula unit (calculated to 15 atoms)

Mean (n=31)  0.01 0.95 4.82  0.02 0.06 1.14 2.11 0.03 5.89

S3.14.5 - 0.91 479  0.03 0.07 1.12 2.10  0.01 5.98

S3.16.4 0.02 0.85 479  0.01 0.06 1.12 2.15 0.03 5.97

S317.1 0.09 0.94 475  0.02 0.07 1.09 2.11 0.02 5.91

(B) ‘Normal’ nagyagite from platelets and overgrowths (Sample SM)

Platelets

Mean (n=6) 0.12 10.12 5543 <mdl 045 8.08 15.10  0.05 10.81 100.18
S.D. 0.10 0.21 0.67 - 0.31 0.54 0.36  0.04 0.20

Max. 0.24 10.35 56.60  <mdl 1.05 8.53 1548  0.10 11.12

Min. <mdl 9.76 5468 <mdl 0.20 7.13 1464  <mdl 10.56

Representative analysis
SM gr4 light 0.24 10.03 5531 <mdl 0.32 824 1464 0.03 11.12 99.92

Atoms per formula unit (calculated to 15 atoms)

Mean (n=06) 0.02 0.91 4.73 - 0.11 1.17 2.09 0.01 5.96

SM gr4 light 0.04 0.89 4.69 - 0.07 1.19 202 0.01 6.09
Overgrowths

Mean (n=9) 0.08 1038 56.53  0.07 0.26 7.95 1522 0.17 10.68 101.32
S.D. 0.09 0.24 0.51 0.10 0.06 0.25 028  0.09 0.13

Max. 0.25 1094 5736  0.25 0.37 8.34 15.68  0.34 10.89

Min. - 10.17 5554 - 0.17 7.57 1476 0.07 10.52
Representative analysis

Sm?2 <mdl 10.17 5644 <mdl  0.17 7.74 1476 0.13 10.64 100.04
Atoms per formula unit (calculated to 15 atoms)

Mean (n=9) 0.01 0.93 4.82 0.01 0.06 1.15 2.11 0.04 5.88

Sm2 - 0.92 487 - 0.04 1.14 2.07  0.03 5.93

(C) ‘Au-depleted’ nagyagite (Sample S3)

Mean (n=19)  0.07 7.72  56.84  0.28 0.23 7.92 1692  0.10 10.81 100.88
S.D. 0.07 0.18 042  0.13 0.13 0.18 0.21 0.07 0.14

Max. 0.20 8.19 5756  0.67 0.40 8.32 1729 024 11.02

Min. <mdl 7.45 56.00  0.08 <mdl  7.66 1647  <mdl 10.54

(continued)
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Table 2 (continued)
Ag Au Pb Bi As Sb Te Se S Total

(C) ‘Au-depleted’ nagyagite (Sample S3)
Representative analyses
S3.19.4 <mdl 819 5590 0.22 <mdl 7.79 1647 <mdl 10.54 99.94
S3.14.1 <mdl 7.64  56.00 0.36 0.27 7.80 16.78  0.09 10.61 99.55
S3 155 0.16 746 5692  0.26 0.28 7.73 16.49  0.16 10.94  100.41
Atoms per formula unit (calculated to 15 atoms)
Mean (n=19)  0.01 0.69 4.82  0.02 0.05 1.14 233 0.02 5.92
S3.19.4 - 0.74 490 0.02 - 1.15 231 - 5.88
S3.14.1 - 0.69 481  0.03 0.06 1.21 234 0.02 5.90
S3 155 0.03 0.66 4.82  0.02 0.07 1.18 227  0.04 5.98
(D) ‘Au-depleted’ nagyagite (Sample S2)
Mean (n="7) 0.05 7.59  56.84  0.20 0.49 7.73 17.11  0.06 10.99 101.06
S.D. 0.04 0.30 0.50  0.18 0.32 0.44 0.25  0.04 0.12
Max. 0.09 7.89 5757 047 1.11 8.16 17.52  0.12 11.16
Min. <mdl 699 56.18 <mdl 0.24 6.93 16.72 <mdl  10.85
Representative analyses
S2.11 0.07 6.99  56.52 0.12 0.77 7.97 16.72  0.12 11.09 100.38
S2.64 <mdl 779 5696  0.06 0.35 7.41 17.07 <mdl  10.88  100.53
Atoms per formula unit (calculated to 15 atoms)
Mean (n="7) 0.01 0.67 4.77  0.02 0.11 1.10 233 0.01 5.97
S2.11 0.01 0.62 4.74  0.01 0.18 1.14 228  0.03 6.01
S2.64 - 0.69 483 - 0.08 1.07 235 - 5.96
(E) Low-Au nagyagite (Sample S2)
Mean (n=06) 0.03 3.64 5444  0.17 0.53 10.01 18.37  0.05 11.71 98.96
S.D. 0.05 0.14 027  0.14 0.07 0.13 0.15  0.04 0.07
Max. 0.10 391 5481 041 0.65 10.17 18.56  0.10 11.78
Min. <mdl 351 5410 <mdl 045 9.78 18.17 <mdl  11.59
Representative analyses
S2p 36 <mdl 391 5481 041 0.65 9.78 18.17 <mdl  11.68 99.40
S2p 40 <mdl 3.60 54.17 0.16 0.49 10.17 18.41  0.10 11.71 98.82
Atoms per formula unit (calculated to 15 atoms)
Mean (n=0) - 0.31 447  0.01 0.12 1.40 245  0.01 6.21
S2p 36 - 0.34 450  0.03 0.15 1.37 242 - 6.19
S2p 40 - 0.31 445 0.01 0.11 1.42 246  0.02 6.22
(F) High-As nagyagite (Sample S2)
Mean (n=10)  0.05 10.55 5293  0.17 5.86 1.41 18.22  0.07 11.25 100.50
S.D. 0.05 0.40 099  0.12 0.44 0.76 0.35  0.05 0.12
Max. 0.12 11.16  54.02 0.28 6.55 2.68 18.83  0.17 11.46
Min. <mdl 9.83 51.53 <mdl 5.14 026 17.64 <mdl 11.04

(continued)
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Table 2 (continued)

Ag Au Pb Bi As Sb Te Se S Total
(F) High-As nagyagite (Sample S2)
Representative analyses
S2p 24 0.06 1045 5153 <mdl 5.74 1.88 18.52  0.08 1.25 99.51
S2p 26 <mdl 10.61 52.82 0.25 6.07 1.10 18.18  0.03 11.46 100.38
S2p 61 <mdl 11.16  54.02  0.15 6.09 0.58 17.86  0.07 11.28 101.21
Atoms per formula unit (calculated to 15 atoms)
Mean (n=10)  0.01 0.90 428  0.01 1.31 0.19 239 0.02 5.88
S2p 24 0.01 0.89 419 - 1.29 0.26 244 0.02 5.91
S2p 26 - 0.90 425 0.02 1.35 0.14 238 - 5.96
S2p 61 - 0.95 436  0.01 1.36 0.08 234 0.01 5.89
(G) Low-Pb nagyagite from platelets and overgrowths (Sample SM)
Platelets
Mean (n=28) 0.16 11.05 48.89 <mdl 2.13 9.96 1829  0.10 10.76 101.35
S.D. 0.15 0.18 1.70 - 0.53 0.84 047  0.06 0.26
Max. 0.44 11.24 5162 <mdl 3.02 10.88 18.61 0.16 11.03
Min. <mdl 10.66  46.18  <mdl 1.49 8.66 17.19  <mdl 10.38
Representative analysis
SM gr4 dark 0.05 11.00 4839 <mdl 3.02 9.26 18.31 0.08 10.93 101.05
SM gr7 dark 0.27 10.66  47.25 <mdl 2.54 10.56 18.60  0.16 10.43 100.47
Atoms per formula unit (calculated to 15 atoms)
Mean (n=28) 0.03 0.95 4.00 - 0.48 1.39 243 0.02 5.70
SM gr4 dark 0.01 0.93 393 - 0.68 1.28 2.41 0.02 5.73
SM gr7 dark 0.04 0.89 389 - 0.58 1.48 249  0.04 5.55
Overgrowths
Mean (n=4) 0.13 11.21 4783 <mdl  2.08 10.93 1898  <mdl 11.08 102.23
S.D. 0.20 0.12 0.86 - 0.24 0.28 047 - 0.08
Max. 0.43 1138 49.00 <mdl  2.35 11.30 19.24  <mdl 11.16
Min. <mdl 11.11 46.97  <mdl 1.79 10.65 18.28  <mdl 10.96
Representative analysis
Sm1 72 <mdl 11.12  49.00 <mdl 1.79 10.65 18.28  <mdl 11.16 101.99
Atoms per formula unit (calculated to 15 atoms)
Mean (n=4) 0.02 0.95 3.84 - 0.46 1.49 247  0.01 5.75
Sm1 72 - 0.95 396 - 0.40 1.47 240 - 5.83

<mdl less than minimum detection limit (0.02—0.03 wt.%)

General sums of atoms in the two types of layers

On the plots in Fig. 7, only the normal nagyagite is close to ideal, with minor
Au+Te excess and S deficit (<0.1 apfu for the cluster center). This cluster, as
well as those with low-Au, are centered onto the Pb + Sb + As = 6 position, where-
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Fig. 7. Binary diagrams illustrating compositional variation in nagyagite in terms of the
total sums of atoms (per formula unit) in the two types of layers, calculating formulae to a
total of 15 atoms: (a) (Pb+ Sb+ As) vs. (Au+Te). (b) S vs. (Pb+Sb+ As). (¢) S vs.
(Au +Te). See accompanying text for explanation and discussion

as the other two clusters (high-As and low-Pb) show a marked deficit from this
value (Fig. 7a, b). The latter two also display Au + Te excess and S deficit; the low-
Au variety shows the inverse trends between the same variables. Opposing trends
between Au+ Te and S are indicative of substitutions between these elements that
are otherwise concentrated in the different layers. This becomes clear from Fig. 7c
that shows all clusters drawn along (low-Au, normal) or above (high-As, low-Pb)
the regression line. The offset observed for the high-As and low-Pb clusters, cor-
roborated with their deficits in the Pb+ Sb 4 As sum (Fig. 7a), indicates that, in
these varieties, both cations and S in the Q modules have deficits that are compen-
sated by an excess of one or the other element forming the telluride layer (i.e., Te
values that are higher than the ideal 2 apfu in all cases, Table 2).

The Me; site in the sulfosalt layer

Substitution Sb(+ As) — Pb in the Me, site is plotted in Fig. 8a. The low-Au and
high-As form clusters mid-way, and at comparable values (Pb-3 = 1.5 and 1.3 apfu,
respectively) between the normal (Pb-3 = 1.8 apfu; close to ideal) and low-Pb (Pb-
3 =1 apfu) clusters. The values are given for means of the clusters in Table 3. The
high-As and low-Pb clusters fall along a regression line below that of the ideal
composition (Fig. 8a), because they have deficits in the Me, site.
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Fig. 8. Set of binary diagrams illustrating compositional variation in nagyagite in terms of
variation in atoms in the Me, site (per formula unit), calculating formulae to a total of 15
atoms. (a) Pb-3 vs. (Sb+ As). (b) As/(As + Sb) vs. Pb-3; and in (¢) in terms of Au trends
relative to occupancy in the telluride layer, Au vs. (Au + Te-3) and (in d) in both layers, Pb
vs. Au/(Au+ Te). See accompanying text for explanation and discussion. Symbols used
are the same as in Fig. 7

The dataset shows variable As-enrichment trends, expressed as As/(As + Sb)
(Fig. 8b). The clusters relate to two different tie lines that link Pb-free, intermediate
As/Sb nagyagite (Pb-3 =0, As/(As + Sb) =0.5) on one side, with an ideal high-Pb
(Pb-3 =2 apfu) that is either (i) the pure Sb end-member, or (ii) the pure As end-
member on the other. The normal, low-Au and low-Pb clusters are placed along
the same regression line (i). The low-Pb composition (Pb-3 =1apfu) occurs at
As/(As + Sb) =0.25 apfu (Table 3). In this case, Pb variation is tightly coupled
to substitution by Sb + As. The high-As cluster straddles the other regression line
(ii), with the mean at As/(As + Sb) = 0.8 and Pb-3 = 1.3 apfu. However, the scatter
of points shows an inverse correlation, with regression line (ii) indicating that a
second substitution As — Sb, with opposite trend to Sb 4+ As — Pb, is responsible
for Me, variation in the high-As cluster.

Gold variation

Variation in Au, as shown by (Au + Te)-3 or the Au/Au + Te ratio, shows discrete
compositional clusters that are not linked by any continuous trend (Fig. 8c, d). The
Au-depleted population splits from the normal nagyagite cluster, with a distinct Au
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m  SMlong lamella and cores of platelets
SM overgrowths and margins of platelets
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¢+ S3 (undifferentiated) site, (Pb-3)-Sb-As. Lines labeled
o  S2Au-depleted nagyagite as ‘0.33°, ‘0.5” and °‘0.66° indicate
e  S2Low-Au nagyagite in bournonite (Sb+ AS)/(Pb—3 + Sb + As) ratios.
+  S2High-As nagyagite nested in altaite Filled star indicates the composition

= mean) of ideal nagyagite. The diagram does
+  S2otherhigh-As nagyagite not show the Te substituting in Me,

content and Au/(Au+ Te) ratio, which also differs from those in the low-Au
cluster. The ‘low-Au’ variety forms a tight cluster at lower Pb and with an apparent
deficit in the telluride layer (see above). Thus the ‘Au-depleted’ variety is derived
from the normal nagyagite by the simple substitution of Te for Au at around
0.31 apfu, leading to a content of Au=0.69 apfu, at constant Pb. In this case, the
Au/(Au + Te) ratio represents a true measure of Au decrease from one cluster to
another (i.e., from 0.31 to 0.23 apfu). In the low-Pb and high-As clusters, the Te
excess (as discussed above) is seen in Fig. 8c in the positive balance of atoms in the
telluride layer at close to ideal Au values is responsible for the apparent lower
Au/(Au+ Te) ratios (0.28 and 0.27, respectively). The spreads in these clusters
show positive correlation trends between Pb and Au/(Au + Te) ratios (Fig. 8d), in
turn indicating an inverse correlation between Pb and Te.

The main varieties of nagydgite at Sdcdrimb

The ternary diagram in Fig. 9 delineates the main compositional varieties of
nagyagite at Sacarimb as defined by the variation of metals in the Me, site. This
can be expressed as tie lines with (Sb + As)/(Pb-3 + Sb + As) varying from 0.33
(Sb+ As=1apfu) to 0.66 (Sb+ As=2apfu). Normal nagyagite (including the
points representing Au-depleted nagyagite) forms a tight cluster lying between
the tie lines 0.33 and 0.5, at ca. 0.4, close to ideal nagyagite, although with
a slight As-shift. The low-Au nagyagite falls on the 0.5 tie line, but is also
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slightly shifted towards As. The low-Pb nagyagite is centered on the composition
Pb3Pb(Sb; 5,As0.5)52S6(Au,Te)s, along the tie line at a (Sb + As)/(Pb-3 + Sb + As)
value of 0.66. The high-As cluster reaches the As-end of the tie line at 0.5, with
a spread towards the tie line at 0.66. Even though some of the points are close to
the As-end member, Pbs(Pb; 5,As;5)x3S¢(Au,Te)s, the mean is shifted towards
Pb3Pb(As) 5,Sbg 5)x2S6 (Au,Te)s.

Discussion

Nagydgite characterization

The compositional variation in type locality nagyagite documented above and in
previous publications, draws attention to several types of substitutions not indicat-
ed by the general formula of Effenberger et al. (1999). Secondly, there are three
varieties that significantly differ from the composition of ‘ideal’ nagyagite; all
display higher degrees of substitution by Me?* for Pb in the mixed site of the
sulfosalt layer. They could thus represent targets for investigation of metal ordering
in this site, which is one way to obtain derivatives from a parent structure. High-As
nagyagite is distinct from ideal nagyagite (As-free) as currently considered, and
this may qualify as a new mineral requiring a full crystal-structure characterization.

In Table 3, the compositional data for distinct varieties of nagyagite have been
summarized, along with key data from the literature (Cioflica et al., 1993a, b;
Simon et al., 1994; Lupulescu, 1997; Effenberger et al., 1999). We have performed
a series of calculations to derive a general formula for nagyagite that incorporates
several inferred substitutions. We first consider the sulfosalt (Q) modules, assuming
full occupancy of the Me, site by Pb (3 apfu). We also assume close to full occu-
pancy of the Me, site (3 apfu) by Pb (Pby,1-3), Sb and As, with the sum of atoms
in the Q modules equal to 12 (Me, + associated S is 6).

B Au- | 2 HiohAs| ® Pb+Sb+As
= | o - - -As| N "
& 3 Normal depleted ‘u._, Low-Au ig = | Low-Pb 0 S+Se
- 8 8 .
g = Pb-3
S 6pojop o |0 ofo e 8 ¥y glolq = 6 % © Sb+As for Me,
g ) ) &,:;- a Au
p A (8 A Te
15 <
o, A A a & afls sl 1A o
[7)] LAl S o[ & e s s|e o ° 2 =
g ol @ ol L@ & 3 X ® O Formal charge Q
g, it X Y R RIS m 0
< = ® 0 0| @ Formal charge T
oo | o o o, o ool ©
Y Balance Q+T

Fig. 10. Diagram illustrating the compositional varieties of nagyagite discussed in terms
of atoms per formula unit of the principal components. The diagram corresponds to the
columns in Table 3, left to right. 2:1, 1.8:1.2, 1.5:1.5 and 1:2 correspond to ideal com-
positions where these numbers correspond to the ratio between Pb and Me** in the Me2
site. Formal charge balance in the Q module and T layer and the net difference between the
two are also shown. The charge for T takes Te (as Te?~) only for that Te bound to gold in
the ratio 1:2. Remaining Te (and S) in the layer is considered as formally zerovalent
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Substitution of atoms in the Me, site in terms of nominal formal valencies
(Pb>*, Sb3*, As3*, S~ etc.) that may appear to constrain oxidation states of atoms
in the sulfosalt layers relative to atoms in the T layer (Te®>~ and Au’?), do not,
however, give consistent charge balances (or electroneutrality) throughout the data-
set (Fig. 10). Even in nagyagite with composition (Pbs(Pb; gSb; »)s:3S3)AuTe,, the
sulfosalt layer has a net positive charge of +1.2, and that of the T layer has a —1.0
net negative change, giving a slight mismatch of +0.2. In all cases, the formal
charge balance in the T layer is made by considering only the amount of Te bound
to Au, keeping a ratio of 1:2. This is because accommodation of Te in excess of
that bound to gold (2:1), as additional Te rows between the Au arrays in the T layer
via stacking errors, would necessitate a formally zerovalent status for this Te. Net
formal charge balance for ideal compositions (Fig. 10) shows that increased Me**
substitution offsets this value from zero (2Pb:1Me’*) to +1 (1Pb:2Me>*). The
formal charge balance between the layers thus appears strong in ideal nagyagites,
indicating ‘ionic’ bonds between the two units. Such a view is not validated by

Table 4. Atomic distances [in A, from Effenberger et al. (1999)] and bond valences
[calculated after Brese and O’Keeffe (1991)] for the sulfosalt layer in nagydgite

Atom 1 Atom 2 Atomic Bond valence
distance
Me; (Pb) S2 2.885 0.405
S1* (2x)  3.011 0.287
S1° (2x)  3.018 0.282
Total (5 bonds) 1.543
Me, =Pb Me, =Sb (Te) Me,=As
Me, S1 2.562 0.969 0.740 0.443
S2* (2x)  2.767 0.556 0.424 0.254
S2b (2x) 3.198 0.173 0.132 0.079
S2° 3.488 0.079 0.061 0.036
> (6) 2.506 ¥ (6) 1.913 ¥ (6) 1.145
Me,; (Pb) Te 3.619 0.122
Te (2x) 3.641 0.115
Te 3.656 0.110

Total (5 bonds) 0.462
Me, =Pb Me, = Sb Me, = As Me, =Te

Me, Tel 2.562 2.123 1.805 1.140 1.701
Te2* (2x) 2.767 1.217 1.035 0.654 0.980
Te2® (2x) 3.198 0.380 0.323 0.204 0.306
Te2° 3.488 0.174 0.148 0.093 0.140

2 (6) 5489 X (6) 4.668 X (6)2.948 X (6) 4.335

Bond valence parameters (Brese and O’Keeffe, 1991)

Pb-S 2.55, Pb-Te 2.84, Sb-S 2.45, As-S 2.26, Bi-S 2.55, Te-S 2.45, Sb-Te 2.78, As-Te 2.61,
Te-Te 2.76

Equation: v;; = exp[(R;; — d;;)/b], where v;; is the bond valence between two atoms 1 and j, d;;
is the bond distance between the two atoms, R;; is the bond valence parameter and b is a
universal constant (0.37a)
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what is known about the structure (Effenberger et al., 1999, 2000). Instead, in
nagyagite, the presence of monovalent Au atoms that may be accommodated by
local displacements or of varying ratios of covalent Te-Te bonds and unbonded Te-
Te contacts may adjust formal charge balance (Effenberger et al., 1999).

We have chosen to calculate the charge balance in the Q modules using the
bond valence method of Brese and O’Keeffe (1991). This procedure allows us to
take cation-anion bond valence parameters into consideration, and evaluate the
total bond valence for individual atoms in site Me, (Table 4). Such an approach
has been undertaken, for example, by Lafond et al. (1997) to address the covalent
character of layered composite incommensurate compounds with comparable SnS
modules. The method allows us to check charge neutrality between metals and
sulfur within the sulfosalt layer. The usefulness and applicability of combining the
bond length data given in Effenberger et al. (1999) with substitutions that were not
recognized in that work, as well as the problematic nature of calculating formal
bond valances for such partly covalent compounds, may be considered question-
able. Accepting the limitations of our approach, in particular the relative impor-
tance of covalent bonding at the expense of formal charge valencies for some
substitutions such as Te within Me,, we nevertheless believe it to be appropriate
as a first attempt to better appreciate likely substitution mechanisms.

In Table 3, term ‘a’ represents (Sb+ As)-1 in the Me, site. In the case of
As-rich and low-Pb nagyagite, a remaining deficiency in the Me, site relative to
sulfur can be met by an additional substitution, by Te (‘b’), since that element
is in apparent excess to the total atoms in the T layer. The term ‘x’ represents
the sum of a and b, the sum of atoms substituted within Me, relative to
(Pb53(Pb,Sb{)s:3Se)AuTe,. Recalculation of published data for the high-As variety
(Simon et al., 1994; average of 53 points) gives a similar result (i.e., the Me, deficit
is compensated by Te excess at 0.29 apfu, Table 3).

The Te-rich character of some varieties of nagyagite from Sacarimb has been
noted by Lupulescu (1997) and Shimizu and Stanley (2003), among others. In the
present dataset, it is only the normal nagyagite that has the ideal amount of Te
(2 apfu) (Tables 2 and 3). In the Au-depleted and low-Au varieties (and also in the
published data of Cioflica et al., 1993 and Lupulescu, 1997 for low-Au), the excess
Te compensates for the Au deficit in the T layer (term °z’). In these cases, there is
no deficiency in the Me, site to be met by Te. Excess Te also compensate for the
modest Au deficiencies in As-rich and low-Pb nagyagite.

In the low-Au variety, compensation of the Au deficit by excess Te still reveals
an overall deficiency in the T layer, indicating a further substitution. Given the
configuration of the T layer (Effenberger et al., 1999), we suggest that S substitutes
for Te (term ‘w’), presumably via isovalent exchange S*~ — Te?~. Availability of
excess S, beyond the amount necessary for charge balance in the Q modules, is
indicated by the calculations above.

In the Au-depleted, As-rich and low-Pb nagyagite, there is no S-excess, but
rather a deficiency, as indicated by bond valence considerations. In these three
cases, as well as to a limited extent even in normal nagyagite, there is still an
excess of Te, after compensation for Au bringing the total of atoms in the T layer to
3, and after compensation of any deficiency in the Me, layer. We thus assign the
remaining Te excess to S in the Q modules (term ‘y’). Minor substitution of Te?~
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for S, at values comparable to those indicated here, is common in a wide range of
sulfosalts.

The weakness of any bonds across the sulfosalt and T layers is indicated by the
bond valence method applied to Me; (Pb). This shows that the strength of the bond
to S in the Q is three times higher than the corresponding bond valence for Me,
(Pb) to Te in the T layer (Table 4).

The synthetic product obtained by Effenberger et al. (1999), which can be
considered an analogue of the low-Pb nagyagite, shows the highest Te excess.
Using this procedure, this might be explained in terms of compensation for Au
(0.31 apfu), Me, (0.72 apfu) and S (0.27 apfu) (Table 3).

Consideration of the available information (Table 3) allows us to propose
the following general formula for nagyagite: Pbs3S3;[(Pb, _,)(Sb,As,Tey); o 153
(S3_,Tey)3(Auy — .\, Te, . .S,), where b=x+1—(Sb+ As); b=0 to 0.29; 0.2<
x<1.15. Empirical values of y, z and w: 0<y<0.17; 0<z<0.45; 0<w<0.32.
The aforementioned synthetic low-Pb product shows higher values of b, x and y.

Why are there so many varieties of ‘nagyagite’ at Sacarimb?

Replacement via coupled dissolution-(re)precipitation reactions

The breakdown and wide range of chemical variation in nagyagite from Sacarimb
is mostly tied to pseudomorphism, a key feature in mineral replacement by coupled
dissolution-(re)precipitation reactions (e.g., Putnis, 2002). Preservation of crystal
shape is possible if the rate of product precipitation is equilibrated stepwise by the
rate of dissolution of the parent mineral. The advance of the replacement front is
dependent upon many factors, among which generation of porosity and solubility
of parent crystal in the fluid are both of prime relevance here. Both impact upon the
local supersaturation of the dissolved phase in the pervading fluid. Tenailleau et al.
(2006) reported the first experimental studies of coupled dissolution-reprecipitation
reactions in sulfide minerals in the pentlandite-violarite system.

Replacement with molar-excess reaction

Replacement textures may indicate if the reaction is with molar deficit or excess.
The latter can be associated with formation of symplectites if the fluid becomes
saturated with respect to two new phases during replacement (Putnis, 2006), as
seen in the breakdown of nagyagite to galena-altaite symplectites (Fig. 3a—c). The
indicative feature for molar excess is the irregular advance of replacement (Putnis,
2002), which in this case forms deep inliers controlled by cleavage. Gold depletion
in nagyagite adjacent to decomposition indicates that diffusion played a role, si-
multaneous with infiltration that assists breakdown.

Porosity may be a transient phenomenon when obliterated by textural re-
equilibration (Putnis, 2002), such as the pseudomorphosis of nagyagite by galena
(Fig. 4a). This is observed in the same sample where nagyagite features symplec-
tites that retain porosity (Fig. 3d). Such aspects, seen in areas no more than a few
mm apart, and involving replacement of the same mineral in a common matrix,
suggest that other factors such as infiltration rates were variable in the pervading
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fluid. A slower infiltration rate would obliterate the breakdown and lead to com-
plete replacement by galena; Au resulting from this reaction will precipitate in the
surrounding carbonate halo (Fig. 4).

Replacement with molar-deficit reaction

An intermediate stage of reaction is retained in the areas of decomposition with
‘tiled’ appearance (Fig. 5d, e), between altaite and bournonite, and which host
high-As and low-Au nagyagite, respectively (Fig. 5c, f—g). This interpretation is
based upon the fact that the same elemental trends, [i.e., Au-depletion via Te for
Au substitution and As-enrichment via As for Sb + Pb substitution, observed to-
gether, from one tile to the next (each only a few microns across)] are also present
alone in separate areas. The apparent inverse trends between Au and As (also
observed in the Symplectitic halos; Fig. 5b), suggest that they are coupled to adjust
variable reaction rates between the same parent nagyagite and the pervading fluid.
Preservation of such trends at variable degrees of substitution indicates, however,
that replacement is controlled by local chemical gradients at a scale more likely to
indicate diffusion than an infiltration-driven fluid.

Maximum values of the two exchange reactions above are attained in areas
from the same lamella where the infiltration threshold is enhanced, leading to re-
precipitation of low-Au and As-rich nagyagite. The two varieties share comparable
degrees of substitution of Pb by Sb+ As in the Me, site (Fig. 9), a substitution
barely present in the Au-depleted variety. This implies that other elements (e.g.,
Pb), become mobile only during infiltration-driven replacement. Gold, on the other
hand, may be easily remobilized by diffusion if Te is available to replace it.

In terms of amount of Au vs. telluride layer occupancy, the two highly substi-
tuted varieties of nagyagite form the ends of a line encompassing the Au-depleted
variety at zero excess/deficit (Fig. 8c). The latter is, however, not affected by
changes in the amount of Pb, as in the others (Fig. 8d). We thus consider the
Au-depleted variety as a relict resulting from parent nagyagite by diffusion-assisted
remobilization of Au. This accounts for nucleation of sylvanite, which is always
observed in conjunction with the tiled areas (with volume increase; Fig. Se), if the
fluid provides Ag. In contrast, the low-Au and As-rich nagyagite represent (re)pre-
cipitation products of infiltration-driven replacement of the same parent nagyagite.
Based on these aspects, and despite the fact that the infiltration rates may vary
across the same lamella, we suggest that replacement is with molar deficit in this
case, forming two of the three highly substituted varieties of nagyagite.

The sharp and stepwise contact of the overgrowths containing the low-Pb
nagyagite towards the parent lamella is indicative of a molar deficit reaction.
This is the case when the front moves through the crystal interface leaving behind
a mass of porous precipitate (Putnis, 2002). This is also underlined by the rapid
growth of components in the precipitate (i.e., skeletal hessite, mottled texture with
low-Pb nagyagite). In contrast, other minerals tied to the same overgrowths (e.g.,
altaite, bournonite) seem to have formed at the expense of the overgrowths them-
selves, rather than contemporaneously with the advance of dissolution front, since
they obliterate — in places — the initial contact between the overgrowths and parent
lamella (Fig. 6b).
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Residual nagydgite formed from Ag-rich precipitates

A compositional replica of the nagyagite varieties above is seen in the Zoned
platelets forming fringes in and around crystal boundaries of Ag-(Au)-tellurides
(Fig. 6¢). The crystal zonation, low-Pb nagyagite outgrowing resorbed cores of
normal nagyagite, features a trend that indicates a cycle of Pb-depletion and
Sb + As saturation following nucleation of ‘normal’ nagyagite. This trend may
be recurrent in the clustered, smaller platelets along the fringes that show chaotic
oscillatory zonation (Fig. 6f). Such differences in the zonation patterns can be
explained in terms of more rapid nucleation, denser population of crystallizing
nuclei, of nagyagite in the inner part of the fringe relative to the margin.

The nagyagite platelets, which crystallized after the host Ag-(Au)-tellurides,
can be considered to result from a residual mash, interstitial to grain boundaries,
which gradually incorporated those elements exotic to the main Ag-Au-Te phases
that underwent crystallization upon cooling. The Ag-Au-Te phases encountered
phase separation at equilibrium following precipitation (e.g., curvilinear bound-
aries between phases, as in Fig. 6¢). This may be considered the equivalent of
(BAgs.3Tes-fAg, Te-AgsAuTe,, an assemblage that, even though could not be
obtained experimentally, was nonetheless discussed by Cabri (1965) to result upon
heating at 315°C from one of the two alloys prepared by Markham (1960) with
composition lying in the AgAuTes-Ags;AuTe,-Ag,Te phase region of the Au-Ag-
Te system at 300 °C. Exsolutions among Au-Ag-tellurides (Fig. 6d, e) represent the
low temperature products of the “x’ phase of Cabri (1965). “x’ phase is considered
stable from 1.5 to 9at.% Au, in the temperature range 415-450 °C, and along the
tie line Ag,Te-AgzAuTe, at 33.33 at.% in the system Au-Ag-Te. Even though all
observed assemblages can be tied to this section in the system Au-Ag-Te, each
patch may have a slightly different composition upon precipitation, accounting for
the variation in the associations from one patch to another. Evidence that nagyagite
and the host tellurides are part of the same precipitate is seen in the nagyagite
exsolved from hessite (Fig. 6d) or that formed at the grain boundaries of petzite
(Fig. 6g).

Zonation in nagyagite can be associated with self-patterning phenomena occur-
ring due to small chemical fluctuations in closed systems (e.g., Ortoleva, 1994).
The residual mash interstitial to the Au-Ag-tellurides may be considered as one
such system. Depletion of Pb and saturation of Sb 4 As in the mash is induced by
crystallization of normal nagyagite cores and this provides the oscillatory trigger
for the observed zonation. The extent of As+ Sb for Pb substitution is similar to
that recorded during replacement of nagyagite by the overgrowths, suggesting a
common source for the causative fluids.

Petrogenetic implications

The prerequisite of mineral replacement, which may be fluid-driven in hydrother-
mal systems, is disequilibrium between the pervading fluid and a parent mineral
(e.g., Putnis, 2002), in this case nagyagite, which in all samples shows a dominant
normal, close to ideal composition. Secondly, in coupled dissolution-reprecipita-
tion reactions, although the advance of the replacement front is dependent upon


Stephanos
Highlight

Stephanos
Highlight

Stephanos
Highlight


302 C. L. Ciobanu et al.

maintaining this disequilibrium, the phases precipitated in the wake of such reac-
tion front are at equilibrium. Therefore, the differences in the nagyagite response
are indicative of several aspects of petrogenesis. The abundance of Te excess in
nagyagite, as well as precipitation of native Te in the case of breakdown to galena-
altaite, suggests that the pervading fluid was Te-rich. In the latter, the only modifi-
cation shown by nagyagite is the one leading to Au-depletion. The resultant Au,
from both depletion and breakdown processes, is removed from the areas of re-
placement, although slower infiltration rates assisted the precipitation of native Au
in the halo that immediately surrounds the replaced nagyagite. Breakdown of
nagyagite to galena-altaite Symplectites is also reported to occur during remobili-
zation processes at Sunrise Dam, W.A. (Sung et al., 2007). Here, the resulting Au is
largely precipitated as native Au in the symplectites. Considering that the fluids are
estimated at similar 300 °C in both deposits, the different behavior of Au infers that
factors controlling Au solubility, such as pH, might differ in the pervading fluids.
Otherwise, these fluids are quickly equilibrated to galena-altaite stability
(logfS,=—10+£1.5 at 300°C; Afifi et al., 1988), seen from the same type of
molar-excess reaction. In turn, conditions conducive to the stable coexistence of
galena and altaite are clearly not favorable to formation of nagyagite with normal,
close to ideal composition. One can argue that destabilization of nagyagite occurs
as a retrograde reaction during temperature decrease. In this case, however, the
breakdown should be ubiquitous. This is not the case at Sdacarimb, and is more
exception than rule. Secondly, the replacement should result in a marginal reaction
rather than being cleavage-controlled.

Formation of Au-(Ag)-tellurides should be expected during nagyagite break-
down, given the availability of both Ag and Te (co-precipitation of hessite and
native Te in the symplectites) although this is not observed. This may correlate
with a higher fTe,, above that at which Au-(Ag)-tellurides are stable, thus inhibit-
ing their formation. Such reaction takes place in cases where Te is involved in
additional substitutions (e.g., into the Me, site) during As-enrichment at the same
time as Au-depletion occurs in the tiled areas. Differences in the availability of
those elements involved at the reaction front, which impact on the behavior of Au,
could be locally induced by variable reaction /infiltration rates even if the fluid has
a uniform Te concentration. When the reaction is even faster (i.e., overgrowths of
low-Pb nagyagite and hessite) a high-rate of Pb remobilization may also attract Te
substitution into the Me, site; these reactions may inhibit substitution into the
telluride layer even though Te is in excess. Re-precipitation of different varieties
of nagyagite from the same parent lamella and the same type of molar deficit
reaction can be explained by the buffering effect of co-precipitating phases. The
latter provide for stabilization of one or the other nagyagite variety, if they have
different chemistry (e.g., bournonite and altaite are hosts for low-Au or high-As
varieties, respectively).

Positively charged Te is necessary for substitution into the Me, site (high-As
and low-Pb varieties). This implies a higher oxidation state, which is typical for
acidic fluids, as noted by Kovalenker et al. (1997) when addressing the occurrence
of goldfieldite in a high-sulfidation environment. The same acidic character of
overprinting fluids at Sacarimb is inferred from the presence of goldfieldite and
primary covellite in vein selvages (Ciobanu et al., 2005). An acidic fluid would be
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strongly reactive to carbonates and may in turn trigger fluctuation in fTe,/fS,
across the stability fields of altaite and galena at 300 °C, thus providing conditions
for nagyagite breakdown. Disequilibrium at this stage is also indicated by co-
existence of minerals that are thermodynamically incompatible (e.g., Te-bearing
lollingite, [(Fep.08Ag0.01)50.99(AS1.71T€0.2080.005€0.02)5:2.01], and native tellurium;
Ciobanu et al., 2004a). As seen from the ubiquitous carbonate halos around nagya-
gite, the resulting fluids react and further replace nagyagite after decomposition
(breakdown products among the inclusions clustering the carbonate). At first, this
is a molar deficit reaction, evidenced by jigsaw/sawtooth boundaries that indicate
equilibrium interface to the parent nagyagite (Fig. 4a). This process evolves into
replacement that is no longer driven by coupled dissolution-reprecipitation since
the halos become irregular and include both native gold and tellurium (Fig. 4b),
minerals that require ‘jumps’ in f'Te, in order to precipitate within the same halo
(see fTe,/fS, stability diagrams; Afifi et al., 1988).

Considering the above, we suggest that the key factor that led to compositional
variation in nagyagite at Sdcarimb is the variability in the local infiltration rates of
pervading fluid rather than any significant differences in Te concentration. The
variable infiltration rates for the fluids generated during the overprinting event
can be caused by the relative position of those veins during reactivation involving
rotation of the duplex system that controlled vein formation at Sacarimb (Fig. 2).
This event is obviously associated with a generation of fluids whose chemistry
shared a higher acidity, but differed in the relative amounts of metals, due to factors
such as local remobilization of pre-existing ores in each vein (e.g., As-richer in
Nepomuc, Ag-richer in Margareta).

Conclusions

1. Nagyagite, with close to ideal composition, Pbs[Pb; g(Sb; 1,AS0.1)51.2]5356
(AuTe,), and lamellar habit, formed during main-stage telluride mineralization
at Sdacarimb and was a major component of the exploited ore. This is the
‘normal’ type of nagyagite.

2. Replacement via coupled dissolution-reprecipitation reactions is responsible for
chemical variation in nagyégite at Sdcarimb, as documented from overprinting
aspects in the veins on the western side of deposit; pseudomorphism is a key
feature. This is likely to occur in any of the veins that were reactivated during
rotation of the duplex-system responsible for vein formation.

3. Variable rates of molar excess reaction are associated with nagyagite breakdown
to galena-altaite (faster) or galena replacement (slower). Molar deficit reaction
leads to precipitation of nagyagite that has higher degrees of substitution by
Sb + As for Pb in the Q modules.

4. What we call low-Pb nagyagite is also present in zoned platelets, outgrowing
resorbed cores of ideal composition. Such platelets, strikingly different in
habit to the normal type, are considered to form due to self-patterning in a
residual precipitate that first led to crystallization of Ag-(Au)-tellurides. This
process is likely to occur in precipitates of other compositions if nagyagite
crystallization starts late and the system can be considered thermodynamically
closed.
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5. Slow reaction rate leads to a decrease in the Au content in nagyagite, in the
presence of Te-bearing fluid, via Te — Au substitution. Diffusion assisted Au-
depletion down to 0.7 apfu in normal nagyagite. Infiltration leads to precipita-
tion of nagyagite that has a still more extensive decrease in Au content
(0.3 apfu; low-Au); this involves a second substitution, of S for Te in the T layer.

6. The behavior of Au released during breakdown or depletion of nagyagite de-
pends upon factors such as the infiltration rate, pH, f Te,, etc. In molar-excess
replacement, native gold is precipitated only at low infiltration rates (galena
replacement); it is otherwise soluble in the pervading fluid and removed else-
where. High fTe, precludes formation of Au-Ag tellurides even though Ag
is available. Gold-depletion leads to formation of sylvanite when involvement
of Te in additional substitutions (e.g., Te — Me,) provides for local decrease
in fTez.

7. Destabilization of primary, ‘normal’ nagyagite is due to (i) high acidity of fluid
(seen in the higher oxidation state required for Te — Me, substitution) and
(ii) changes in fTe,/fS, within a narrow domain where altaite and galena co-
exist at 300 °C. The latter occurs when the host carbonate neutralizes the acidic
fluid before interaction with nagyagite.

8. Nagyagite is a mineral with modular crystal chemistry and is able to adjust
to variable rates of fluid infiltration by subtle chemical substitutions, as express-
ed by the general formula: (Pbs3S3)[(Pb,_ ,)(Sb,As,Tey); 1 i Is3[(S5-Tey)lss
(Au; _,_,Ter, .S,), where b=x+ 1 — (Sb+ As). Empirical values of b, x, y,
zand w: 0<b<0.29; 0.2<x<1.15; 0<y<0.17; 0<z<0.45; 0<w<0.32. The
behavior of nagyagite, varieties thereof and any distinct, closely related com-
pounds yet to be revealed, will map and assist coupling between dissolution and
precipitation during such reactions.
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