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Fig. 1. Concentration of uniformly distributed Au in synthetic pyrite
(x5 in final sample of minimum values, n,) plotted against mean
specific surface area of crystals. Dashed line shows limit concentra-
tion of Au in pyrite at T = 500 °C and P = 1 kbar.

sorption effect can be considered negligible only at §sp ~6 cmzlg (Fig. 1). Recalculation of this value onto the

mean effective diameter of crystals yields 2.25 mm. Note that a similar value (2+0.5 mm) was recommended in
[21] as optimum for the sample of crystals with the least concentrations of adsorbed gold.

Thus, the study of synthetic gold-bearing pyrite shows that lattice gold can in principle be discriminated even
at high Au contents and despite the obscuring effect of non-lattice gold by extrapolation of the X, vs. specific

surface area curve onto the region of low §sp (at best to 6 cm2/g).

Natural pyrite. We studied pyrite from ore veins in Au-Ag deposits (Dal’nee, Kvartzevoye) and the Oroch
gold occurrence (northeastern Russia) located within the Even tectonic province, one major structure of the central
Okhotsk-Chukotka volcanic belt. These are typical epithermal low-sulfide Au-Ag ores [22, 23] existing as veins
or vein-like bodies composed of 90-99% quartz, 5-10% adularia, 1 to 10% sericite, hydromica, carbonates, and
kaolinite, and 1-3% ore minerals. The latter are dominated by pyrite and the main phases include proustite,
pyrargyrite, argentite, electrum, native gold and silver, polybasite, and gray ores. Of lesser importance are
arsenopyrite, galena, sphalerite, chalcopyrite, antimonite, miargyrite, pearceite, and stephanite [24]. Most of the
ore minerals, especially pyrite [11, 25], are gold concentrators. Our method turned to be inapplicable to anhedral -
crystals of high-Au pyrite of the Kvartzevoye deposit (mean Au concentration 240 ppm, maximum 1 wt.%, from
analysis of 20 grains). According to our observations, the less perfect are the pyrite crystals the more invisible
gold they contain. These crystals are typical of ores formed at shallower depths at relatively low temperatures
(<~200 °C), whereas the euhedral crystals are, as a rule, generated at greater depths and at higher temperatures
(~300-350 °C). We focused on Au-poorer but higher-quality crystals from the Dal’nee deposit and the Oroch
occurrence. Most crystals were of cubic shape with striated faces typical of pyrite. We selected crystals of oné
predominant shape from each size fraction: cubic in three cases and pentagon-dodecahedron in one case (Table 3).
Sometimes, the cubes were superposed with small {hkO} and {110} planes, and the edges were often tortuous.
Bulk As varied from 0.01 to 0.25 wt.%, and its binding form was not investigated.

Crystals in each sample were divided into four size fractions making representative assemblages of 15-20
grains [7]. This condition was mostly fulfilled, though not always very exactly (Table 3). The problem was that
the crystals of the needed quality were small (0.3-0.5 mm), and the most interesting coarse fraction (>1 mm) was
poorly represented. The results were. processed in the same way as for synthetic pyrite, taking into account the
real geometry of the crystals (Table 3, Fig. 2).
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Table 3

Gold in Different Size Fractions of Natural Pyrite from Au-Ag Deposits and Occurrences
in Northeastern Russia

. | Predomi- | Bulk As Initial sample (N) Final sample (n2)
Deposit,

Sample |ore occur- nant concen- | Number | Size of |_ B S
rence morpho- | - tration, of crystals, | Cay ppm |X2(X0), ppm| 7, mm** T
logy wt. % crystals mm* cm/g
R-267 | Dal’nee | {100} 0.25 15 ~0.2 355 99.8 (83.2) | 0.278 433
15 ~0.3 195 625 (10.2) | 0.309 38.7
15 ~0.4 220 61.6 (10.7) | 0.355 339
16 ~0.5 59 204 (7.0) | 0.409 29.3
58-58 Oroch {100} 0.15 12 0.2-0.25 41 19.1 (11.2) [ 0.311 38.7

15 0.3-0.35 32 11.8 (7.4) 0.343 349
17 0.4-0.5 27 112 24 0.401 29.9
18 0.45-0.6 12 33 @3.0) 0.456 26.4
K-24 Oroch {100} 0.01 14 0.3-0.5 26 13.6 (1.8) 0.409 29.3
14 0.4-0.5 28 10.0 (6.5) 0.468 25.7
15 0.5-0.6 64 6.9 (5.2) 0.561 214
18 0.6-0.8 38 42 (1.1) 0.731 16.4
R-1953 | Dal’'nee | {210} 0.028 14 0.1-0.2 97 30.5 (6.7) 0.122 439
15 0.15-0.25 40 16.1 (2.4) 0.174 30.8
15 0.2-0.3 42 9.5 (4.0 0.187 28.9
19 0.3-0.45 50 8358 0.211 25.7

* Edge of polyhedron.
** Calculated from average weight of crystals of each particular shape.
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Fig. 2. Concentrations of uniformly distributed Au in natural pyrite plotted
against mean specific surface area of crystals in different size fractions
(pyrite from Au-Ag deposits in northeastern Russia). Numbers of samples
correspond to Table 3: 1 — P-267, 2 — K-24, 3 — P-1953, 4 — C8-58.
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DISCUSSION

The dependcncc of gold concentration on size of the host crystal (or its specific surface area) can be
anticipated, as Au® particles are attributed to faces and near-surface regions of the crystal under co-crystailization
or precipitation of Au with pyrite {1, 3, 26] in synthetic pyrite, unlike some other minerals where invisible gold
may occur inside crystals as well [3]. 195A4 autoradiography of hydrothermally synthesized pyrite [1] showed that
gold is confined to crystal faces and is either disseminated or exists in small particles. The disseminated gold is
interpreted either as ultra-fine (<0.5 pm) particles of metallic Au or as adsorbed gold [1]. The same regularity is
observed in natural pyrite: INAA applied to coarse pyrite crystals from the Berezovo gold, deposit in the Urals
[27] showed increasing Au content toward their rims. The presence of gold particles seen under microscope on
the rims of coarse pyrite crystals caused doubt about the role of invisible gold in Au distribution. It was also noted
that the more uniform the pyrite crystals and grains, the less gold they contain [27].

Al particles and intermediate Au- and GGE-bearing compounds adsorbed on grain surfaces and boundaries
in anhedral hydrothermal pyrite may also obscure lattice gold [4, 6], but their appearance on crystal surfaces is
likewise controlled by reactivity of defect sites of the growing crystal. The active sites take up components of the
growth medium [28], which leads to contamination of the growing surface and decreases the growth rate to
termination [29]. Therefore, small crystals in the experiment may have remained so because their growth was
inhibited by contamination with Au impurity, including the uniformly distributed Au obscuring lattice gold
(Table 2). Note that natural pyrite crystals (Table 3) with more surface defects contain higher concentrations of
gold [30]. This means that entrapment of gold occurs in both cases by the same mechanism related to reactivity
of defect sites on crystal surfaces. In this context the relationship between the concentration of uniformly distributed
gold and the specific surface area of crystals (Figs. 1, 2) can be accounted for by the fact that starting with some
small surface area its role in Au uptake becomes insignificant. The slope of the curves for crystals with well
developed surfaces correlates with bulk content of As: the higher the content the greater the role of the surface.
This (i) means that As is the very agent responsible for high Au concentrations in the system and (ii) proves valid
the earlier inference [6, 7] that As does not participate in the crystallochemical mechamsm of Au incorporation
into pyrite, as extrapolation of the curves from Fig. 2 onto the optimum surface (6 cm /g) results in nearly zero
Au content in pyrite irrespective of the content of As. Note that further decrease in S p may fail to cause the

corresponding decrease in Au content. Larger crystals (23—4 mm) in our cxperiments are contaminated with
non-lattice gold (see above) [6, 21], possibly because the probability for the appearance of surface defects
responsible for interaction with the impurity increases proportionally to the surface area (if it becomes large enough).
It should be also taken into account that extension of the zone of liquid immiscibility near coarse crystals increase
the probability for disequilibrium uptake of impurity particles (and fine crystals) [31]. Thus the optimum conditions
of growth for pyrite crystals of optimum size and specific surface area are when crystals grow free of surface
active sites or defects responsible for sorption of gold from the fluid. This is confirmed by a study of Au (III)
reduction-driven sorphon on crystals of ore minerals [21]. Extrapolation of the obtained curves (Fig. 2) onto the
optimum surface of 6 cm /g shows that almost all homogeneously distributed Au in pyrite is due rather to sorption
than to incorporation of gold into the mineral structure. The very specms of adsorbed gold remaining unclear,
intermediate As compounds and products of their decomposition (small A’ particles) appear the most plausible
candidates. Therefore, high contents of uniformly distributed Au in pyrite are hardly related to metastable miscibility
as is suggested in [8, 32, 33]. )

It was noted [26] that invisible gold in arsenopyrite forms by reduction-driven sorption; A’ particles in
pyrite are larger. However, analysis of synthetic and natural minerals (Figs. 1 and 2) shows that homogeneously
distributed gold in arsenian pyrite that obscures lattice gold (i.e., actually, invisible gold) is rather due to surface
enrichment in As and Au intermediate compounds and products of their decomposition. If deposition is spontaneous
and the crystals are too small, the resulting Au concentrations can be rather high: In our case they attained 100 ppm
(Fig. 2, Table 3) but may be still higher. If crystals grow freely and clear from impurity as they grow, Au
concentration depends on their inner structure. Mosaic crystals may retain (at least partially) on subgrain boundaries
the initial adsorbed Au which is hard to discriminate from lattice gold in crystals with a developed mosaic structure.
However, if the mosaic structure is poorly developed (as, for instance, in relatively high-temperature hydrothermal
pyrite [3]), non-lattice gold can occur only on such defects as grain boundaries, cracks, etc., and can be easily
discriminated by the statistical method, as its distribution, like the distribution of the defects, cannot be uniform.
Therefore, invisible gold in pyrite results from sorption on crystal surfaces of fine particles of Au® and, possibly,
metastable Au- and GGE-bearing phases produced by decomposition of Au and GGE (primarily, As) intermediate
compounds and complexes. This conclusion confirms the active role of some guide elements in the geochemical
history of gold [4]. As for lattice gold in natural pyrite, its content is difficult to estimate because it is too low
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against the concentration of non-lattice gold and remote extrapolation of the curves in Fig. 2 is necessary. Crystal
assemblages that include coarser grains are more informative. However, preliminary estimates can be obtained
from pyrite in the Oroch occurrence (Table 3) which has lower contents of As and uniformly distributed gold
(x,) and larger crystals (sample K-24). Extrapolation of these data onto S P = 6 cm /g (though not very reliable,
Fig. 2) shows that the concentration of lattice gold is below ~1 ppm, which does not contradict the limit
concentration of Au in hydrothermal pyrite [6, 7]. Comparison of this result with the data in Table 3 allows an
inference that lattice gold makes an insignificant portion (1 to 10%) of all uniformly distributed Au. Assuming
that the true partitioning coefficient of Au between pyrite and fluid is ~0.06 [6], the concentration of gold in the
ore-forming fluid can be roughly estimated at £~17 ppm, which corresponds to the upper limit concentration in
the liquid phase ‘of fluid inclusions in gold deposits {34, 35]. In general, these solutions are rather enriched than
«super-concentrated» which would be the case if all uniformly distributed Au were assumed to be lattice gold.

CONCLUSIONS

The data we obtained allow an inference important for the development of the methods for discrimination
of lattice-bound trace elements and for investigation of endocrypty [36]. Lattice-bound impurity can be discriminated
by separation of the obscuring uniformly distributed adsorbed element by extrapolation of the concentration vs.
specific crystal surface dependence onto the reglon where the effect of the surface area is negligible. For gold,
the optimum mean specific surface area is 6 cm“/g. For other trace elements, it may vary as a function of content
and limit concentration. This method is applicable to natural minerals as well. The example of Au-Ag deposits in
northeastern Russia shows that almost all uniformly distributed gold in pyrite (invisible gold) is due rather to
sorption and its consequences than to the incorporation of gold into the mineral structure. Preliminary data show
that the proportion of lattice gold in small (0.2-0.5 mm) pyrite crystals is no higher than 1 to 10% of the total
invisible gold. The predominance of adsorbed gold and the lack of coarse crystals (>1 mm) which, according to
experiments, are good for extrapolation, make it difficult to estimate the concentration of lattice-bound Au in
natural pyrite. Thus, high concentrations of invisible gold in pyrite are due to fine particles of Au® and, possibly,
more complex metastable Au-bearing phases produced by decomposition of Au and GGE (primarily, As)
intermediate compounds and complexes that adsorb on crystal surfaces.
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