
 

1146

 

ISSN 0016-7029, Geochemistry International, 2007, Vol. 45, No. 11, pp. 1146–1151. © Pleiades Publishing, Ltd., 2007.
Original Russian Text © V.L. Tauson, N.V. Smagunov, V.A. Datkov, T.M. Pastushkova, 2007, published in Geokhimiya, 2007, No. 11, pp. 1239–1244.

 

INTRODUCTION

In our earlier publications [1, 2], we attracted atten-
tion to endocrypty as a phenomenon of the incorpora-
tion of atoms of an admixed element into the real struc-
ture of the host crystal, with this phenomenon possibly
responsible for the significant enrichment of mineral
phases in trace elements. Compared to the role of clas-
sic isomorphism, that of endocrypty remains, however,
obscure. This issue should be discussed with regard for
the following facts. First, defects that make it possible
for an admixture to enter the structure of a crystal cause
an increase not only in the limiting concentration of this
minor element [2] but also in its partition coefficient
between the phases. In geochemical literature, this was
first established for point defects in [3] and was then
extended to other types of defects [4]. For these sys-
tems, it was proposed to differentiate between true
phase coexistence, which refers to an isomorphic (in
the strict sense) admixture in a crystal, and apparent
phase composition correlation, which is characterized
by an elevated partition coefficient of an admixture due
to its interaction with defects [4, 5]. In the former
instance, the partition coefficient can be calculated
from thermodynamic data for the corresponding iso-
morphic series, whereas an analogous calculation
applicable to the latter situation only with regard of the
properties of the determinative defects [4]. Obviously,
the value of the so-called trapping effect [3], i.e., a rel-
ative increase in the partition coefficient, can vary
depending on the nature and concentrations of the
defects, which differently react to variations in the
external and internal parameters of state of the system.
Second, in the case of endocrypty, the postcrystalliza-
tion history of the admixture should differ from that of
traditional isomorphic admixture. In a closed system,
the history of an isomorphic series is completely con-
trolled by the temperature and pressure evolutionary
paths, whereas the situation with endocrypty is more
complicated, even if it is related to equilibrium defects,
for example, thermal or constitutional (structural) vacan-
cies. The system can pass into the state of forced equilib-

rium [4, 6], in which it is maintained by internal forcing
factors. Examples of these states were discussed in [4].
One of the compelling factors may be the balance of the
chemical energy of compositional fluctuations and the
short-range ordering of vacancies (Cu
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S, and others). In this situation, phase exsolution
can be avoided, and no admixture will be exsolved as an
individual phase at changes in the 

 

ê

 

–

 

í

 

 conditions, or
the character of the transformations will be inadequate
to these changes compared to that of a normal isomor-
phic admixture. Thus, a real crystal can not only “trap”
a minor element in an elevated concentration but also
retain this concentration via establishing forced equi-
libria of various types. The qualitative aspect of this
problems seems to be obvious, whereas the possibility
of its quantitative description remains obscure because
some elements “prefer” to occur as isomorphic admix-
tures in certain crystalline matrices, whereas others are,
conversely, associated with defects. In this paper, the
problem discussed above is considered using the exam-
ple of Au incorporation into greenockite, a hexahonal
modification of Cd sulfide, in the course of Au parti-
tioning between coexisting CdS and Ag

 

2

 

S.

MATERIALS

Greenockite was used as a reference mineral in con-
structing phase correspondence diagrams and deter-
mining the limits of Au incorporation in various phases
of sulfide systems. The mineral is characterized by an
even distribution of the element, a feature typical of a
structural admixture, which was confirmed by special-
ized research [7]. The limiting Au concentrations in
greenockite were estimated at 
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 ppm at 500
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and 

 

10 
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 2

 

 ppm at 450
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 and a 1 kbar pressure, which
indicates that mixing is more strongly dependent on
temperature compared to that in the regular solution
[8]. The incorporation mechanism was not explored in
detail. Greenockite was utilized in our research as an
examined mineral, and the reference mineral was
argentite (
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Ag
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S), which forms substitution solid solu-
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tion with Au sulfide within a broad temperature and
compositional ranges. According to the phase diagram
[9], argentite is a disordered phase with a body-cen-
tered unit cell and contains up to 33 mol % (and more)
AgAuS at temperatures of 

 

300°ë

 

 and higher. At higher
Au concentrations, the solid solution is characterized
by a primitive cubic cell because of a second order
phase transition. Argentite is stable at temperatures
higher than 

 

175 

 

±

 

 2°ë

 

 and is an unquenchable phase
that transforms into monoclinic acanthite (

 

β

 

-

 

Ag

 

2

 

S)
below this temperature. This transition cannot affect the
concentration of the Au end member in the crystals at
its low values (i.e., near the ordinate of the pure Ag

 

2

 

S
component). A temperature decrease and the passage
over the eutectoid isotherm (

 

113°ë

 

) gives rise to the
association of 

 

β

 

-

 

Ag

 

2

 

S and tetragonal 

 

β

 

-

 

Ag

 

3

 

AuS

 

2

 

.
Argentite seems to be a promising reference mineral,
because the isomorphic character and valence state of
Au in it provoke no doubt. The occurrence of Au in this
mineral, largely in the form of Au(I), is also confirmed
by the results of our research.

EXPERIMENTAL AND ANALYTICAL 
TECHNIQUES

The experiments were conducted on conventional
equipment for thermogradient hydrothermal synthesis
[8]. Samples 6 g in mass and consisting of chemically
pure CdS and Ag

 

2

 

S in the proportion 1 : 1 and a minor
amount (1 wt %) of Au foil (99.99% Au) folded as a
cornet were placed into titanium (alloy VT-6) insert
vessels ~50 cm

 

3

 

 in volume with preliminarily passi-
vated inner surface. In order to vary the Au amount in
the phases, we used various NH

 

4

 

Cl-based solvents with
added Na

 

2

 

S, NaOH, or HCl. The total concentration of
the mineralizers was always the same (the filling coef-
ficient of the insert vessels under a 1 kbar pressure was
calculated for 10% NH

 

4

 

Cl). The insert vessels were
placed into autoclaves of stainless steel and held for
3 days at 

 

450°ë

 

 to homogenize the material of the
experimental samples and then for 9 days at a tempera-
ture gradient (

 

10°ë

 

 along the outer wall of the auto-
clave). The experiments were terminated by quenching
the autoclaves in cold running water.

The experimental products were examined by X-ray
powder diffraction (XRPD; DRON-3 diffractometer,
Cu

 

K

 

α

 

 radiation, Ni filter) and X-ray photoelectron spec-
troscopy (XPS; LAS-3000 spectrometer manufactured
by Riber, Al

 

K

 

α

 

 = 1486.6 eV, emission current 20 mA,
accelerating voltage in the tube 10 kV, vacuum in the
analytical chamber 

 

5

 

 × 

 

10

 

–10

 

 torr, calibration against
C 1s carbon line with a binding energy of 285 eV). The
samples were pulverized and introduced into the spec-
trometer chamber immediately before their spectro-
scopic examination. The Au 

 

4

 

f

 

7/2

 

-4

 

f

 

5/2

 

 doublet was reg-
istered. The binding energy of the components of the
doublet and the peak areas were calculated by a com-
puter program designed for the processing of spectra
with regard for the nonlinear background and the

Lorentz–Haussian shapes of the peaks. In order to iden-
tify various Au modes, we applied the technique of sta-
tistical treatment of analytical data for single crystals
(STADSC), which was described in detail elsewhere
(see [8, 10] and references therein). The chemical anal-
yses of single crystals for Au was conducted by electro-
thermal atomic absorption on a Perkin-Elmer M 503
spectrometer. In compliance with the requirements of
the STADSC procedure, we analyzed sets of 20 care-
fully selected single crystals of each of the phases: CdS
and Ag

 

2

 

S. The Au detection limit was 0.2 ppb, the pre-
cision was 

 

±

 

10

 

%.

RESULTS

The greenockite crystals synthesized in our experi-
ments are 1.5–2 mm long and have a pinkish brown to
orange red color and prismatic dipyramidal habitus typ-
ical of the hexagonal system. The dark Ag

 

2

 

S crystals
are of two types: hexagonal platelets up to 2 mm across
and ~0.1–0.2 mm thick and equant crystals up to 1 mm.
The latter were found mostly in the starting batch. In
solutions containing Na

 

2

 

S or NaOH, they replaced the
material of the gold foil and formed typical cubic crystals
on its surface (Fig. 1). The results of X-ray diffraction
analysis indicate that gold was completely replaced by
silver sulfide in both experiments (2 and 3) with the
development of polycrystalline pseudomorphs inherit-
ing the original cornet shape of the foil (Fig. 2). The foil
was, however, preserved in other experiments, although
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Fig. 1. 

 

Ag
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S crystals on gold foil replaced by this phase.
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it was corroded. Ag

 

2

 

S crystals of both platy and equant
shape were very soft and plastic and were not broken
but spread when pressed by metallic spikes like plasti-
cine. Both X-ray powder diffraction and chemical anal-
yses indicate that platy crystals are not suitable for
determining the mode of Au occurrence by the
STADSC technique, because these crystals contain
fairly much CdS. The crystals displayed skeletal mor-
phologies, which suggested that greenockite was
replaced by argentite during the growth of the crystals
or, perhaps, that some metastable phase was formed
and immediately decomposed into CdS and Ag

 

2

 

S. We
did not examine this phenomenon more closely but
arrived at the conclusion that the platelets were not suit-
able for our purposes, and we had to utilize equant Ag

 

2

 

S
crystals. These crystals were hand-picked mostly from
the sample, in which these crystals were larger and have
better morphologies. The use of this material put forth
the problem of the equilibrium character of the com-
pared phases, because the greenockite crystals were
picked up from the uppermost portion, i.e., near the
stopper of the insert. However, in autoclaves of the type
used in our experiments, a 

 

10°ë

 

 temperature difference
along an outer wall corresponds to an “internal” tem-
perature difference of no more than 

 

3°ë

 

 or even less

with regard for the equalizing action of the insert vessel
[11]. This is lower than the daily temperature drift in
our experiments (

 

±

 

5°ë

 

) and cannot significantly effect
an approach to equilibrium in the crystallization process.

The results of treatment of the experimental prod-
ucts by the STADSC technique are summarized in
Table 1 and graphically represented in Fig. 3. In the
solutions with added Na

 

2

 

S and NaOH, both the average
Au concentrations and the concentrations of structural
Au in both phases are much higher than in the crystals
obtained from more acidic solutions. The phase compo-
sition correlation diagram (Fig. 3) resembles the situa-
tion proposed for endocrypty [2]. The initial fairly steep
slope of the curve corresponds to an Au partition coef-
ficient between greenockite and argentite equal to 

 

~3 

 

×

 

10

 

–2

 

 (Fig. 3, line 

 

2

 

), although if the limits for Au incor-
poration in the phases are assumed at 

 

10

 

–3

 

 wt % for CdS

 

1 cm

 

Fig. 2.

 

 Complete polycrystalline Ag

 

2

 

S pseudomorph after
gold foil folded into a cornet (experiment 2).

 

Table 1.  

 

Results of experiments on Au partition between greenockite CdS and argentite Ag

 

2

 

S at a temperature of 450

 

°

 

C and
a pressure of 1 kbar

Experi-
ment 
no.

Starting material 
composition, wt % Solution composition, wt % Au concentration, ppm

CdS Ag

 

2

 

S Au NH

 

4

 

Cl Na

 

2

 

S NaOH HCl
CdS Ag

 

2

 

S

 

 ± σ

 

**

 

 ± σ

 

**

1 49.5 49.5 1 10 – – – 17.8 3.5

 

 ± 

 

1.3 1523 184

 

 ± 

 

84

2 49.5 49.5 1 9 1 – – 143 17.0

 

 ± 

 

4.9 4845 1869

 

 ± 

 

471

3 49.5 49.5 1 9 – 1 – 44.8 14.3

 

 ± 

 

2.0 1987 777

 

 ± 

 

194

4 49.5 49.5 1 9 – – 1 23.1 6.5

 

 ± 

 

2.8 462 118

 

 ± 

 

20

5 49.5 49.5 1 8 – – 2 31.3 8.5

 

 ± 

 

3.4 626 236

 

 ± 

 

68

 

Notes: * Average Au concentration in the statistical sampling.
** Parameter of the STADSC technique [8, 10]: average concentration of evently distributed Au.
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Fig. 3.

 

 Partition of an Au structural admixture between CdS
and Ag

 

2

 

S at 

 

450°ë

 

 and 1 kbar pressure (STADSC results).
(

 

1

 

) Approximation of experimental data;
(

 

2

 

) linear approximation of points <10 ppm Au in CdS

(  ~ 0.03);

(3) Incorporation limit of Au in CdS [8, 10].
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and 58.46 wt % for AgAuS, it should be at least three
orders of magnitude lower. This decrease is manifested
in the gentler slope of the phase composition correla-
tion curve with the Au concentration increasing to ÒAu >
~10 ppm, i.e., after the limiting Au concentration in
CdS is reached. The initial steep slope of the curve sug-
gests that Au is accommodated at structural defects in
CdS, with the concentration of these intrinsic defects
comparable with that of the limiting Au concentration.
When a normal isomorphic mixture is formed, the par-
tition curve has another configuration [2]. The XPS
data (Table 2, Fig. 4) indicate that the greenockite con-
tains no Au, whereas the Ag2S contains Au in two
modes: elemental and monovalent sulfide (binding
energy according to [12, 13]). Our XRP and STADSC
display a good agreement (within ±10%, compare
Tables 1 and 2 for experiment 2), which testifies to the
reliable differentiation between the structural and non-
structural modes of Au occurrence by the STADSC
technique.

DISCUSSION

Inasmuch as the range of the possible Au concentra-
tion is fairly precisely reproduced in various experi-
ments at the same temperature and notably depends on
it, it is reasonable to suggest that Au is partly accommo-
dated in CdS at thermal defects. The own defects of the
phase (vacancies and interstitial atoms) form com-
plexes with introduced atoms of the Au admixture and
donor–acceptor pairs, which are typical of group-I ele-
ments in AIIBVI semiconductors [14]. If the limiting Au
concentration of 50 ppm at 500°ë and 10 ppm at 450°ë
(see above) are controlled by the maximum concentra-
tions of defects of this type at corresponding tempera-
tures, then the Boltzmann equation can be used [4] to
evaluate the corresponding energy of formation: g =

, where T1 = 773 K, T2 = 723 K, Ò1 and Ò2

are the corresponding concentrations, and R is the gas
constant. The obtained values of 150 kJ/mol = 1.55 eV
is consistent with the enthalpy of formation of Cd inter-
stitials (or chalcogen vacancies) in CdSe (133 kJ/mol),
the closest analogue of CdS [15]. Note that the forma-
tion of –  Frenkel pairs was noted in CdS films
at relatively low temperatures and is a thermally acti-
vated process, which is accompanied by the shift of
atoms in the crystal structure during the phase transi-
tion of the metastable cubic form of CdS into its stable
hexagonal form [16]. Admixtures in CdS and its solid
solutions with other AIIBVI compounds are often
related to acceptor Cd vacancies [17, 18]. It is difficult
to identify the structural setting of Au because of its
dualistic behavior (which also pertains to other ele-
ments of group I). These elements are formally
regarded as acceptors in CdS (for example, ) but
are characterized by high diffusion coefficients, which

T1T2

T1 T2–
-----------------R

c1

c2
----ln

Cdi
. νCd'

AuCd'

can be explained only by the passage of these elements
through CdS in the form of interstitial atoms, i.e.,
donors ( ). In CdS activated with Au, practically all
donors are neutralized via combining in pairs with Cd
vacancies at the nearest sites [19]. Accordingly, the

−  complex may well serve as a mode of Au
accommodation in the situation considered here. A seri-
ous argument in favor of the participation of Cd vacan-
cies in Au accommodation is provided by the data in [8,
10] on Au accommodation in pyrrhotite in the presence
or absence of CdS. It was demonstrated that the limit-
ing Au concentration in pyrrhotite is practically inde-
pendent of its composition and is close to 25 ppm at
450°ë and a pressure of 1 kbar [10]. At the same time,
the Au partition coefficient between greenockite and
pyrrhotite depends on the composition of pyrrhotite
and, hence, also on the sulfur activity. A consequence of
this is the seeming decrease in the limiting Au concen-
tration in pyrrhotite with increasing concentrations of
structural vacancies in the mineral. The average values

of the partition coefficient  are equal to 0.4, 0.9,
and 5.0 at  equal to –16.2 (FeS), –13.4 (Fe0.98S),

Aui
.

νCd' Aui
.

KAu
Gr/Po

f S2
log

Table 2.  Parameters of the 4f Au XPS spectrum in aurian
Ag2S from experiment 2

Photoelec-
tron peak

Binding 
energy, eV

Mode 
of Au 

occurrence*

Au concentration

at %** ppm***

4f7/2 84.0 Au(0) 65 3149

4f5/2 87.7

4f7/2 84.6 Au(I) 35 1696

4f5/2 88.3

Notes:    * According to [12, 13].
            ** Au(0) + Au(I) = 100%.
          *** Average concentration was assumed to be equal to

4845 ppm (Table 1).
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Fig. 4. XPS spectrum Au 4f (experiment 2).
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and –5.3 bar (Fe0.87S), respectively [8]. The Au partition
coefficient increases in favor of CdS with increasing S
activity, perhaps, because of an increase in the concen-
tration of Cd vacancies in the greenockite crystals. This
effect was not comprehensively explained in [8, 10]
because it was determined that Au is incorporated at
vacancies, which are contained in pyrrhotite in a con-
centration three to four orders of magnitude higher than
in CdS. It was hard to expect that Au can be incorpo-
rated at intrinsic CdS defects, which has a composition
very close to the stoichiometric one according to all
available data.

A number of plausible mechanisms can be proposed
for Au incorporation in CdS with the participation of
Cd vacancies, but any of these mechanisms belongs to
endocrypty (as understood in [1, 2]) but not true iso-
morphism, because all of them require the participation
of intrinsic defects of the CdS structure. The Au parti-
tion coefficient between CdS and Ag2S is significantly
higher (by approximately three orders of magnitude)
due to Au interaction with CdS defects compared to the
coefficient for purely isomorphic mixtures. This means
that endocrypty plays a determining role for incompat-
ible elements, first of all, noble metals, whose isomor-
phic capabilities in most mineral matrices are very low.
The same concentrations of these elements in ideal and
real crystals may be reached at concentrations of these
elements in the environments differing by several
orders of magnitude.

An interesting problem is the postcrystallization
history of a trapped admixture. A change in the external
conditions leading to a decrease in the concentration of

 (a decrease in the temperature or sulfur fugacity)

should bring about the decomposition of –
associates. Using the equation presented above, it can
be demonstrated that no more than 0.02 ppm Au should
be related to defects already at T ≤ 300°C. In a regular
solid solution with Q = 65.6 kJ/mol [8], the isomorphic
mixture at the same temperature could contain
1.43 ppm Au. As can be seen, in both variants (both
endocrypty and “normal” isomorphic mixture) temper-
ature is the most important factor controlling the Au
state in a mineral. The Au diffusion coefficient in CdS
at 300°ë is ~3 × 10–17 cm2/s [19]. For defect-free
domains of the crystal, which are ~1µm and are obvi-
ously larger than blocks in real crystals of hydrothermal
sulfides [4], Au atoms can reach the nearest boundary
for ~500 days. This means that the Au admixture origi-
nally present in the structure can be removed to the
inner and outer boundaries of the crystal for a geologi-
cally relatively brief time span. This is likely the main
tendency in the geochemistry of Au that results in finely
disseminated mode of Au occurrence in sulfides known
as invisible gold. At the same time, there are possibili-
ties of retaining admixtures in the structure related to
both defects of other types (interstitial atoms can be
easily incorporated at clusters of line defects [4]) and

νCd'

νCd' Aui
.

reactions between point defects (occupation of vacan-

cies ). These mechanisms and the
corresponding states of intracrystalline equilibrium are
subject for specialized research.

CONCLUSIONS

1. The phenomenon of endocrypty may play a deter-
mining role in the incorporation of trace and minor ele-
ments in minerals, particularly incompatible elements,
whose partition coefficients can increase by a few
orders of magnitude compared to the corresponding
coefficients for a true isomorphic admixture. This is
illustrated by the example of Au in CdS: the partition
coefficient of this element between greenockite and

argentite  is approximately 103 times greater
compared to the coefficient expected for the true iso-
morphic admixture because of Au incorporation at CdS
defects (Cd vacancies, supposedly with the formation
of –  associates).

2. The STADSC technique is reliable and accurate
enough not only to enable distinguishing the structural
component of an admixture at its trace concentrations
but also to obtain additional arguments for validating or
invalidating crystal chemical models for the incorpora-
tion of admixtures in real crystals.

3. The selection of a reference material for determi-
native the incorporation limits of admixtures with the
use of the phase correspondence principle is a nontriv-
ial problem. The dependence of the concentration of
determining defects that interact with the admixture on
the activities of components in the gas (fluid) phase
results in an apparent phase composition correlation
and ambiguous estimates for the incorporation limits of
the admixture in the mineral in question. However, if
known, the same dependence expands the applicability
potential of this mineral in studying defects that control
the endocrypty of the trace element in the matrix.

4. The main tendency in the postcrystallization his-
tory of Au captured in a mineral is the expulsion of this
element to the outer and inner boundaries of the crystal
for a geologically relatively brief time span. This is
explained by the relatively high Au diffusion coefficient
and results in finely dispersed Au in sulfides (so-called
invisible gold). The possibility of Au retention in the
structure at defects of other types requires further
studying.
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