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INTRODUCTION

The relationship between magmatism and ore for-
mation remains one of the burning and fundamental
geological problems for many decades. Although vari-
ous aspects of this problem were studied by many geol-
ogists cursorily or in detail, no satisfactory solution has
been offered as of yet.

A wide application of isotope methods over the last
25–30 years made it possible to obtain principally new
information, which sometimes provides an unambigu-
ous solution for some controversial problems. We stud-
ied various ore-magmatic systems in Armenia with
Cu

 

−

 

Mo, Fe, and Au mineralization for two decades as
examples of relationships between granitoid magma-
tism and ore mineralization. This work is based on iso-
tope, primarily oxygen isotope, as well as geologic–
petrographic and mineralogical–chemical data on some
ore-magmatic systems. Oxygen isotope data are typi-
cally utilized to identify the genesis of rocks. In our
research, these data were additionally applied to deci-
pher the mechanism of the formation and operation of
the ore-magmatic systems by comparison of the results
obtained for different stages of a single process. The

data thus obtained allowed us to illuminate in a new
way some important issues of the discussed problem.

ROLE OF THE GENESIS
OF THE GABBRO–GRANITE COMPLEXES

IN THEIR ORE POTENTIAL

This problem is exemplified by the Mesozoic
(Upper Jurassic) Kokhb–Shnokh island-arc ore–mag-
matic system, which consists of the Kokhb–Shnokh
intrusive complex, the Tekhut Cu–Mo deposits, and
small Fe deposits.

The Kokhb–Shnokh intrusive complex is a part of
multiple tonalite (gabbro–tonalite) suite of the Meso-
zoic Pontides–Transcaucasian ensialic island arc and
comprises small gabbroid, quartz diorite, tonalite, and
granodiorite massifs extending from the Pontides
through the Lesser Caucasus to Elburs. These intru-
sions are accompanied by Fe, Cu–Mo, base-metal, and
other deposits and numerous occurrences of ore miner-
alization.

The Kokhb–Shnokh intrusive complex (~90 km

 

2

 

 in
area) includes three phases. The first phase occupies
>90% of the area and is made up mainly of tonalites and
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Abstract

 

—The results of oxygen–isotope study of the Kokhb–Shnokh (

 

J
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) and Vokhci (

 

N

 

1

 

) intrusive com-
plexes and the related Tekhut and Kadzharan Cu–Mo porphyry deposits of different types, Armenia, were used
to discuss the relevant problems of rock and ore genesis and their relationships. It was established that the
assimilation of parental mantle basaltic melts by crustal, mainly feldspathic material is a decisive factor in the
formation of multiple gabbro–granite complexes. Specifics in the composition and crystallization of the hybrid
melt causes the enrichment of the residual melt and hydrothermal fluids in Fe and other elements, in particular,
Cu and Mo. The ore-bearing solutions are generated over the solidification time of the melt. They are removed
by the hydrothermal system of directionally moving solutions, a process that gives way to a convective–circu-
lation hydrothermal system. A change in the spatial position of the hydrothermal solutions during the formation
of the deposit supplies them to different sites, creating a seeming discontinuity in ore deposition, which is
observed at many deposits. In fact, the supply of the ore-bearing solutions is continuous process. The ore stage
is not a time interval with particular ore-bearing solutions but rather a certain physicochemical state of the solu-
tions attained during their interaction with the environment. This process resulted in the simultaneous precipi-
tation of different mineral assemblages and the asynchronous precipitation of the same assemblages. The for-
mation of deposits of various metals related to a common intrusive complex, as changes in the composition of
mineral assemblages, is caused by the influence of various geochemical barriers rather than by compositional
variations in the initial hydrothermal solutions.
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quartz diorites with subordinate diorites and granodior-
ites. The rocks of the subsequent phases, pegmatites,
granite porphyry, aplites, and leucocratic granites,
compose small dike and stock-like bodies. These rocks
are thought to be generated either by crustal assimila-
tion or the crystallization differentiation of the parental
basic melt. Different mechanisms give different isotope
effects. During differentiation, equilibrium in the melt
is disturbed with decreasing temperature, after which
the system approaches new equilibrium. Since there
was no disturbance in the isotope balance of the system,
the opposite isotope effects should arise, i.e., an
increase in the concentrations of the heavy oxygen iso-
tope in some minerals should be accompanied by the
lightening of the isotope composition of others. The
formation mechanism of multiple granitoid intrusions
can be unambiguously deciphered from oxygen isotope
variations in quartz and magnetite within a single rock
series (Akopyan and Melkonyan, 1986, 1981). The
oxygen isotope fractionation between quartz and major
rock-forming mineral under decreasing temperature
leads to a heavier isotope composition of quartz, while
fractionation between magnetite and other minerals
results in the lightening of the oxygen isotope compo-
sition of magnetite.

The opposite effects should be caused by assimila-
tion or mixing. In this situation, the isotope equilibrium
is disturbed by the supply of the material with different
oxygen isotope composition in a melt. Naturally, the
influx of acid upper crustal material with heavier oxy-
gen isotope composition causes a heavier isotope com-
position of the corresponding minerals of the melt and
the disturbance of the equilibrium. A tendency toward
equilibrium might lead to the distribution of heavy oxy-
gen between other rock-forming minerals, including
quartz and magnetite, and, respectively, to their heavier
oxygen isotope composition.

Thus, if the formation of multiple granitoid com-
plexes was controlled by mainly crystallization differ-
entiation, the oxygen isotope composition becomes
heavier for quartz and lighter for magnetite from early
to late phase, whereas assimilation or mixing should
result in a heavier oxygen isotope composition in
quartz and magnetite.

The oxygen isotope study of the rocks from differ-
ent phases of the Kokhb–Shnokh intrusion and major
rock-forming minerals (Table 1) unambiguously sug-
gests the assimilation mechanism. Quartz is known to
have the heaviest oxygen isotope composition among
equilibrium minerals. The heaviest isotope composi-
tion of feldspars testifies in this situation to disequilib-
rium crystallization and a predominantly feldspathic
composition of the assimilated material. Previous pet-
rographic–mineralogic and geochemical investigations
also showed that the rock series from quartz diorites to
leucocratic granites was formed by the assimilation of
basaltic melts mainly by feldspathic material in an
intermediate chamber (Meliksetyan and Melkonyan,
1976). The initial 

 

87

 

Sr/

 

86

 

Sr

 

 ratios in the rocks of differ-
ent phases (

 

0.70405 

 

± 

 

0.00013

 

 in I phase, 

 

0.70458 

 

±

 

0.00027

 

 in III phase) indicate an upper mantle source of
the parental melt, while the shift in 

 

ε

 

Sr

 

 from negative
values (–3.72) in the rocks of phase I to positive values
(+3.67) in the leucocratic granites of the III phase also
supports the crustal contamination of the melt
(Melkonyan and Gukasyan, 2004).

Crustal assimilation results not only in composi-
tional changes but also in the disturbance of the chem-
ical and isotope equilibrium and the initiation of pro-
cesses aimed at the attainment of a new equilibrium.
According to Le Chatelier’s principle, an increase in
the content of the feldspathic component in the melt
activates processes that lead to a decrease in the con-
centration of the assimilation component. This can be
attained only by the crystallization of feldspars. Natu-
rally, feldspars were the first to crystallize in all of the
rocks (Meliksetyan and Melkonyan, 1976). In spite of
the upper mantle source and basaltic composition of the
parental melt, no high-temperature Fe-bearing mafic
minerals crystallized, with the only exception of minor
amounts of hornblende and biotite (no more than 7%),
which formed after plagioclase of the first generation.
This promoted iron enrichment in the residual liquids.
The Fe-rich hydrothermal solutions produced both the
Fe and Cu–Mo deposits of the Kokhb–Shnokh ore–
magmatic system. The presence of Fe in the melt
explains the accumulation of other metals (Cu, Mo, Zn,
and Pb) typical of this ore-magmatic system. The
Clarke value of Fe in intermediate rocks is almost

 

Table 1. 

 

 Oxygen isotope composition of the rocks and minerals of the Kokhb–Shnokh intrusive complex

Rock

 

δ

 

18

 

O, ‰ (SMOW)

Rock Quartz Plagioclase Orthoclase Magnetite

Quartz diorite (I phase) +7.1 +6.8 +8.2 – –1.7

Pegmatite (II phase) +8.1 +7.1 – – –1.7

Vein granite (II phase) +8.1 +7.2 – – –1.5

Leucocratic granite (III phase) +8.5 +7.5 +8.8 9.3 –1.0

 

Note: Oxygen isotope composition was determined at the Laboratory of Isotope Investigations, Institute of Geological Sciences, Academy
of Sciences of Armenia, on a modernized MI-1201 mass spectrometer by the uncompensation method; the analytical errors were 

 

±

 

2‰.
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500 times higher than that of the aforementioned met-
als. Hence, if Fe is not incorporated in silicate minerals,
it is accommodated in iron sulfide according to the law
of mass action during differentiation. In view of the
limited sulfur content in the melt, less abundant metals
are mainly deprived of the possibility to form sulfides.
They are accumulated in the residual products and are
removed later with the fluid phase (Aslanyan et al.,
1990).

The parental melt and assimilated material formed
at different depths, i.e., under different redox condi-
tions. During their interaction, the conditions changed
both in the melt and in the assimilated material. This
also can serve as an ore-mobilizing factor, since a
change in the valence of ore-forming elements prevents
the formation of ore minerals in the source and facili-
tates their escape with a fluid phase. No extraordinary
processes are required to generate the ore potential of
the Kokhb–Shnokh, as also follows from isotope data
on other elements for various regions (Pushkarev, 1997;
Hedge, 1977). It should be noted that the ore-generat-
ing potential of a silicate melt is promoted by the inter-
action of silicates having various composition and
formed at different depths. This situation can arise dur-

ing both the ascent of a mantle melt and the descent of
crustal blocks in the mantle.

MECHANISMS OF THE FORMATION, 
OPERATION, AND EVOLUTION

OF THE HYDROTHERMAL SUBSYSTEM

The mechanism of exsolution of a fluid phase from
a melt is of great importance for the elucidation of rela-
tionships between magmatism and ore formation. As is
widely known, the soft spot shared by several works
devoted to this problem is the fact that “they do not con-
sider the exsolution mechanism of volatiles and their
migration from the melt into its host rocks” (Sharapov
and Averkin, 1990, p. 36). It seems to be expedient to
consider the escape mechanism of the fluid phase from
an intrusive body and the migration of this phase into
the host rocks. Figure 2 schematically represents an
emplaced magmatic melt and fluid inclusions at points

 

A

 

 and 

 

B

 

. Fluid inclusions in the melt are under the
influence of the pressure and Archimedean force. At
any point of the melt, the pressures are equal in all
directions, the forces affecting the fluid inclusions are
equilibrated (point 

 

A

 

), and the migration of fluid is
impossible. The Archimedean force caused by differ-
ences in density between the melt and fluids is directed
upward (point 

 

B

 

), and fluid inclusions may migrate if
this force overcome the resistance of the melt viscosity.
However, even in this situation, the inclusion will move
only within the melt and has no possibility to leave it.

The solidification of the melt and fracturing are fol-
lowed by the release and migration of fluids. Since
pressures in the fluid (lithostatic) and in the host rock
fractures (atmospheric or hydrostatic) are different, the
fluid phase may migrate from the intrusion into the host
rocks, with the direction of this movement determined
by the maximum pressure gradient, i.e., by normals to
the contacts. A scheme of the formation and operation
of the system is shown in Fig. 3. To consider the migra-
tion dynamics of a fluid phase during melt solidifica-
tion, the intrusion was arbitrarily divided into several
zones. Fluid will be exsolved from the outer zone in the
form of numerous thin flows over the entire intrusive
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Fig. 1.

 

 Rb–Sr diagrams for rocks from various phases of the
Kokhb–Shnokh intrusive complex.
(a) I phase: (4009) quartz diorite, (PM-106) tonalite, (PM-
111) tonalite, (PM-92) quartz–biotite–feldspar facies peg-
matite in tonalites, (PM-105) granite.
(b) III phase: (PM-109) leucogranite, (4002) granite, (4004)
leucogranite with pegmatoid quartz–feldspar aggregates,
(4003) aplitic leucogranite, (PM-108) leucogranite with
pegmatoid pockets.
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Fig. 2.

 

 Scheme of the effects of various factors on fluid
inclusions in magmatic melt.
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surface. Fluids from the inner zones are combined in
progressively larger but fewer flows, because they are
drained by thicker channels when passing through
already-solidified and more fractured rocks. This is a
general scheme of the formation of a hydrothermal sys-
tem of directionally moving solutions. With increasing
distance to the source and a pressure decrease, the ore-
bearing solutions move with decreasing velocities and
eventually stop, forming a convective–circulation
hydrothermal system driven by the thermal energy of
the intrusion.

The mechanism proposed for the development of a
hydrothermal system implies some its features. In par-
ticular, the composition of the generated ore-bearing
solutions remains unchanged throughout the period of
their generation. Even if the composition of the fluid
phase changes during the crystallization of the melt, the
fluids would universally have the same composition
when leaving the intrusion. This means that the precip-
itation of different mineral assemblages depends on a
diversity of ore-controlling factors affecting the multi-
component solution rather than on the compositional
variations in the ore-bearing solutions. Since the gener-
ation of the ore-bearing solutions begins when the near-
contact zone of the intrusion is solidified and continues
up to complete solidification of the inrtusion, the ore-
bearing solutions are continuously supplied into the ore
precipitation zones. Within the framework of this
mechanism, the discontinuous character of ore precipi-
tation observed at many deposits can be explained by
the repeated reestablishment of the conduits of the
hydrothermal solutions, which is caused, on the one
hand, by formation mechanism of the hydrothermal
system and, on the other, by changes in the fracturing
style of the host rocks.

The aforesaid considerations based on the theoreti-
cal analysis of the formation and evolution of the
hydrothermal system are confirmed by results obtained
on the Kokhb–Shnokh ore–magmatic system. As was
mentioned above, it consists of the Tekhut Cu–Mo por-

phyry deposits and the Kokhb and Miskhan contact–
metasomatic Fe occurrences.

The Tekhut deposit is located in the western inner
contact of the intrusion, being confined to the NE-
trending fault zone with shattered rocks. The occur-
rences of Fe mineralization are situated in Late Jurassic
volcanosedimentary rocks with lenses of marbleized
limestones in the northeastern and southeastern outer
contacts of the intrusion.

Filled with seawater, the fault zone served as a con-
vective–circulation system, which removed heat and
maintained the intense cooling of the intrusion on one
side (Fig. 4). Evidently, the higher cooling rate, the
thicker the solidified rocks, and the greater amount of
ore-bearing fluids is generated in this direction.

This fact explains the differences in the scales
between the Tekhut deposit, on the one hand, and the
Kokhb and the Miskhan deposits, on the other hand. At
the Fe occurrences, the mineralization is present in the
form of dissemination and lens-pocket bodies, which is
consistent with ore precipitation from flows of variable
thickness. The definite relation of these occurrences to
limestones points to the ore-controlling significance of
the latter. The participation of the limestones in the ore
formation is supported by isotope data and the compo-
sition of the precipitating minerals. The limestones
have heavier oxygen and carbon isotope compositions
than the ore-bearing solutions and serve as an oxidizer.
They are more abundant at the Miskhan than at the
Kokhb occurrence. Correspondingly, the ore-bearing
solutions at the Miskhan occurrence have a 

 

2.5

 

‰
higher 

 

δ

 

18

 

O

 

 value and 

 

1.5

 

‰ higher 

 

δ

 

13

 

ë

 

 than those of
the Kokhb deposit, while the hematite–magnetite ores
of the Miskhan occurrence have a higher hematite con-
tent (25% as compared to 18%). The correlation
between the degree of Fe oxidation and the amount of
oxidizer witnesses the in situ formation of the Fe ores.

The considered petrogenetic mechanism of the
intrusion formation suggests that the ore-bearing solu-
tions were enriched in Fe and depleted in S. Actually,
pyrite accounts for more than 90% of the ore minerals
at the Tekhut deposit, while the amount of S-bearing

 

Fig. 3.

 

 Formation scheme of the hydrothermal system of the
directionally moving solutions.
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Fig. 4.

 

 Scheme of the paleogeological setting of the Tekhut
Cu–Mo and Kokhb Fe deposits.
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minerals correlates with faulting, thus suggesting an
external source of sulfur. In particular, the Miskhan and
Kokhb contact–metasomatic Fe deposits contain ~3%
sulfides (late-stage) and are devoid of sulfates. The
Bover quartz–hematite vein deposit contains no more
than 9% sulfides, while the Tekhut Cu–Mo deposit con-
tains up to 95% sulfides and widespread sulfates. Sulfur
could be derived from seawater. The oxygen (2.8–
5.0‰) and hydrogen (from –40 to –20‰) isotope com-
positions of the ore-forming solutions point to mixing
between seawater and magmatic solutions. At the same
time, the sulfur isotope composition of sulfates of the
Tekhut deposit (

 

δ

 

34

 

S

 

 = 16.6‰) corresponds to that of
the Jurassic–Cretaceous sea, while the precipitation
temperature of the sulfide assemblages (

 

300°ë

 

 and
more) corresponds to the temperatures of abiogenic
sulfur reduction in marine sulfate.

The operation of hydrothermal subsystems and their
change define features of these subsystems and the spa-
tial distribution of various mineral assemblages. This
can be illustrated by the Kadzharan ore–magmatic sys-
tem, including the Vokhchi multiple granite–granod-
iroite complex, the giant Kadzharan Cu–Mo porphyry
deposit, and numerous diverse occurrences. The ore–
magmatic systems formed after the collision, in a com-

plex geodynamic setting of alternating extensional and
compressional events.

The deposit is made up of an intrusive complex of
variable age of the large (>1000 km

 

2

 

) Megri pluton and
a widespread series of diverse granodiorite dikes and
stock-shaped bodies. The host rocks belong to the
monzonite complex (37–38 Ma), while the ore-bearing
rocks affiliate with the granite–granodiroite complex
(22–24 Ma). These rocks are in tectonic contact
through the deep-seated Tashtun fault. The ten mineral-
ization stages recognized there are as follows: quartz–
magnetite, quartz–feldspar, quartz–molybdenite,
quartz–molybdenite–chalcopyrite, quartz–chalcopy-
rite, quartz–pyrite, quartz–sphalerite–galena, carbon-
ate, chalcedony, and anhydrite–gypsum (Karamyan and
Faramzyan, 1960). The temperature distinctly
decreases from early to late stages. The mineral assem-
blages show horizontal zoning with respect to the gran-
ite–granodiorite intrusion.

Table 2 demonstrates the 

 

δ

 

18

 

O

 

 and precipitation
temperature of quartz from different assemblages,
which were used to calculate the 

 

δ

 

18

 

O

 

 of the water in
the ore-bearing solutions. Samples are arranged in the
table in order of decreasing temperature. The variations
in isotope composition will be considered in the same
succession, though the aforesaid succession of mineral

 

Table 2. 

 

 Oxygen isotope composition of quartz, calculated values of 

 

δ

 

18

 

O of water and rocks at the Kadzharan deposit, ho-
mogenization temperatures of gas–liquid inclusions in quartz

Sample no. Mineralization stages

 

δ

 

18

 

O, ‰ (SMOW)

 

T

 

, 

 

°

 

C Sample
groupQuartz Water Rock

4/85 Quartz–magnetite 10.2 8.1 8.9 520 I

2/85 Quartz–feldspar 10.0 7.1 8.3 460

24/70 Quartz–molybdenite 10.1 6.7 8.6 430

1/75 Quartz–molybdenite 9.7 6.1 8.1 420

14/70 Quartz–molybdenite 9.6 6.0 8.0 420 II

32/70 Quartz–molybdenite 9.8 5.7 8.1 400

23/70 Quartz–molybdenite 9.8 5.7 8.1 400

25/70 Quartz–molybdenite 9.7 5.6 8.0 400

12/64 Quartz–molybdenite 9.7 5.6 8.0 400

33/70 Quartz–molybdenite–chalcopyrite 9.6 5.0 7.9 375

244 Quartz–molybdenite 9.8 5.0 8.0 370

28/70 Quartz–chalcopyrite 9.9 5.1 8.0 370

30/70 Quartz–molybdenite 9.9 4.6 8.0 350

74/k Quartz–molybdenite–chalcopyrite 10.1 4.2 8.0 330

77/k Quartz–chalcopyrite 10.2 3.9 8.1 315

17/63 Quartz–sphalerite–galena 7.3 0 4.9 290 III

13/65 Quartz–pyrite 8.1 –0.4 5.5 260

39/70 Quartz–pyrite 7.5 –0.6 5.3 260

3/70 Quartz–sphalerite–galena 6.7 –2.3 4.0 250

4/70 Quartz–pyrite 7.0 –2.7 4.7 235
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precipitation was sometimes disturbed. The values of

 

δ

 

18

 

O

 

 of quartz and water correlate with the temperature,
whereas the compositions of mineral assemblages
show no correlation with the temperature, and the tem-
perature ranges of adjacent assemblages overlap. From
early to late assemblages, 

 

δ

 

18

 

O

 

 in the solutions
decreases, presumably owing to interaction between
solutions and host rocks and mixing between surface
waters and magmatic solutions. It is highly impossible
to distinguish between these processes based only on
the 

 

δ

 

18

 

O

 

 of water, and the calculated 

 

δ

 

18

 

O

 

 of the rocks
are required. The value of 

 

δ

 

18

 

O

 

 of plagioclase calcu-
lated from the plagioclase–water equation (O’Neil and
Taylor, 1967) was taken as the approximate oxygen iso-
tope composition of the rock. No high accuracy is nec-
essary in this case, since these data are required to com-
pare the variations in observed and calculated 

 

δ

 

18

 

O

 

 val-
ues.

Ore precipitation at the Kadzharan deposit begins
with the quartz–magnetite assemblage at a temperature
of 

 

520°ë

 

 and 

 

δ

 

18

 

O

 

 of the ore-bearing solutions of

 

8.1

 

‰. Based on the subsolidus temperature of the solu-
tion, these values can be considered to be initial. The
approximate oxygen isotope composition of the
sources of these solutions is 

 

8.9

 

‰. The oxygen isotope
compositions of monzonites and granodiorites are,
respectively, 6.5–8.6 and 

 

8.7–9.0

 

‰, i.e., the ore-bear-
ing solutions were derived from the Vokhchi granite–
granodiorite intrusion rather than from the monzonite
complex. The inferred structure of the deposit with this
assumed source is shown in Fig. 5. The source of the
solutions is subdivided into discrete zones to consider
the evolution of the deposit during solidification (left-
hand side of the figure), while the ore-hosting monzo-
nites are shown in the right-hand side. Arrows indicate
the movement of solutions from the corresponding
zones into the monzonites. After the crystallization of
zone I and fracturing, ore-bearing solutions are released
at temperature 

 

T

 

 and migrate into monzonites. With
increasing distance from the source, the temperature
and pressure of the solutions decrease, and their inter-
action with the rocks causes compositional changes.

The solutions of zone I have different temperatures at
different distance from the source, 

 

T

 

1

 

, 

 

T

 

2

 

, 

 

T

 

3

 

, and 

 

T

 

4

 

under conditions 

 

T

 

 > 

 

T

 

1

 

 > 

 

T

 

2

 

 >  

 

T

 

3

 

 > 

 

T

 

4

 

. Since certain
temperatures correspond to certain mineral assem-
blages, different mineral assemblages are simulta-
neously deposited at different distance from the source
or in different parts of the deposit. The cooling of the
intrusion leads to the crystallization of subsequent
zones, displacement of the regions of the solution gen-
eration inward the intrusion, and the shift of the precip-
itation sites of the corresponding mineral assemblage
closer to the intrusion. Since mineral assemblages
replace one another at definite sites of the deposit, the
same assemblages are precipitated at different sites and
at different times.

The precipitation sites of the same assemblages in
Fig. 5 are connected by inclined lines, while their hori-
zontal projections show the inferred abundance of the
corresponding assemblages. The highest temperature
assemblage is located closer to the source and is spread
least widely, while later assemblages show increasing
abundance and are located at an increasing distance
from the intrusion, thus forming a zoned pattern. This
tendency can be seen in the spatial distribution of
quartz–magnetite, quartz–feldspar, quartz–molybden-
ite, and quartz–chalcopyrite assemblages at the
Kadzharan deposit. The quartz–molybdenite and
quartz–chalcopyrite assemblages are typically sepa-
rated by the quartz–molybdenite–chalcopyrite assem-
blage, which also composes a zone but is less abundant
than the previous one. The composition of the interme-
diate assemblage indicates that it was formed by the
superposition of quartz–chalcopyrite assemblage onto
quart–molybdenite one. Isotope data confirm this con-
clusion. The samples are subdivided into three groups
according to their calculated 

 

δ18O values (Table 2). The
supply of the ore-bearing solutions into monzonites
produced a disequilibrium system, whose tendency to
equilibrium results in a lighter oxygen isotope compo-
sition of water and a heavier oxygen isotope composi-
tion of the monzonites. However, while information on
the solution source is retained, the calculated δ18O val-
ues of the rocks follow the variations in the δ18O of
water (group I of samples). After the recovery of equi-
librium (Sample 1/75), this tendency would be
changed. The second group of samples shows a
decrease in the δ18O of water at a nearly constant δ18O
of the rock (~8‰), which indicates the lightening of the
oxygen isotope composition of the system owing to the
influx of water with isotopically light oxygen. These
samples preserve a near-equilibrium state caused by the
compensation of the isotope effects of the temperature
decrease and the influx of isotopically light water. The
samples of group III show a sharp (~4‰) decrease in
δ18O of water to –2.7‰ and below –3.7‰ during the
carbonate stage, indicating a meteoric origin of the
water and transition to a convective–circulation hydro-
thermal system.

II zone I zoneIII zone

T1T T2 T3 T4

T T1 T2 T3 T4

T1T T2
T3 T4

monzonitesgranodiorites

T1 T2 T3 T4

Fig. 5. Formation scheme of the horizontal zoning of the
Kadzharan deposit.
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Ore deposition from the system of directionally
moving solutions is related to the interaction of the
solutions with host rocks or with the material filling
fractures in these rocks (air, water, and others). The
deposition of the quartz–magnetite assemblage is
caused by interaction between the solutions and atmo-
spheric oxygen. The solutions filling fractures in
monzonites gradually replace air and stop precipitating
this assemblage. The quartz–feldspar stage was marked
by the pervasive alteration of monzonites instead of the
deposition of ore minerals. This leads us to the conclu-
sion that the solutions experienced significant changes,
and this stage was preparatory for molybdenite precip-
itation. Since the quartz–molybdenite assemblage pre-
cipitated under nearly equilibrium conditions, the wall-
rock alterations are insignificant in spite of the high
intensity of this ore stage. The deposition occurred
under reducing conditions induced by interaction
between solutions and monzonites. With increasing
contribution of meteoric water with atmospheric oxy-
gen, the reducing conditions give way to oxidizing
ones, and the quartz–molybdenite assemblage is
replaced by the quartz–chalcopyrite one. Given that
molybdenite and chalcopyrite precipitated under reduc-
ing and oxidizing conditions, respectively, the forma-
tion of the independent quartz–molybdenite–chalcopy-
rite assemblage seems to be highly improbable.

A change in the hydrothermal system type is accom-
panied not only by a sharp decrease in δ18O of solution
waters, but also by a change in the ore composition,
because the type of the hydrothermal system controls
ore deposition. The individual sites of convective–cir-
culation system differ in physicochemical conditions,
allowing the formation of diverse minerals. Unlike
hydrothermal system of directionally moving solutions,
this system enables the mixing of the solutions and the
simultaneous deposition of minerals formed under dif-
ferent physicochemical conditions. During this case,
the mineral composition of the ores is determined by
the law of mass action rather than by ore-controlling
factors. The earliest assemblage contains minerals of
the element, which is the most abundant in the solution
and shows the largest abundance at the deposit. With
decreasing content of the metal, the subsequent assem-
blages are formed by minerals of less abundant metals,
the composition of the ore changes, and the subsequent
minerals assemblages are characterized by a much
lower abundance than the previous ones. As a result, the
ore mineral assemblages are replaced by barren ones.
Naturally, with the cooling of the intrusion and the
solidification of the melt, the convective–circulation
system is displaced toward the intrusion, and the subse-
quent mineral assemblages are shifted in the same
direction. At the Kadzharan deposit, the quartz–pyrite
assemblage is the most removed from the ore-bearing
intrusion, while the latest anhydrite–gypsum assem-
blage is located immediately near the intrusion. Thus,
the structure of the Kadzharan deposit is consistent
with the derivation of the ore-bearing solutions from

the Vokhchi multiple granite–granodiorite complex.
Moreover, the tendencies in the ore distribution relative
to the source of the hydrothermal solutions rule out the
possibility of alternative sources, for example, the fairly
popular “deep-seated source” of hydrothermal solu-
tions. If mineralization is related to a deep-seated
source, the aforementioned relations should be
observed with respect to this source. If the solutions
move horizontally, the source and deposit must be
located at approximately equal depths (for example, the
Vokhchi intrusion and the Kadzharan deposit). The ver-
tical migration of solutions is responsible for the verti-
cal zoning, while the source can be located somewhat
deeper than the deposit. An amagmatic source of the
solutions is ruled out, because these solutions could not
produce a hydrothermal system of the solutions that
moved directly away from the intrusion into the host
rocks.

As was mentioned above, the contribution of mete-
oric water to ore formation is made possible by a
decrease in the pressure of the magmatic solutions and
attains a maximum in the convection–circulation sys-
tem.

It should be noted that even isotope study can lead
to erroneous conclusions without definite concepts on
the evolution of the hydrothermal system. The follow-
ing conclusions can be drawn from the isotope study of
the Kadzharan deposit for the vertical migration of the
ore-bearing solutions in the supra-intrusion zone. First,
the quartz–pyrite assemblage precipitating from the
convective–circulation system seems to be the most
distant from the intrusion. Correspondingly, this assem-
blage, and possibly, also the quartz–sphalerite–galena
and carbonate assemblages were first to be exposed by
erosion. In this case, the researcher can obtain data only
on these three assemblages with negative oxygen iso-
tope composition of water. This will inevitably lead to
the erroneous conclusion that the ore-bearing solutions
were amagmatic in origin, inasmuch as neither the
intrusion nor the early high-temperature assemblages
are exposed.

CONCLUSIONS

1. The decisive factor determining the ore potential
of the multiple gabbro–granite complex is its origin by
means of the assimilation of acid crustal material by the
parental mantle melt.

2. The ore fluids were obtained from certain intru-
sive complexes. The generation of ore-bearing fluids
was simultaneous with the solidification of the melt and
terminated upon the completion of this process. This
process was accompanied by the formation of hydro-
thermal systems of directionally moving solutions,
which gave way to a convective–circulation system. It
should be noted that ore-generating hydrothermal sys-
tem was not continuous but consisted of discrete flows
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of directionally moving and convective–circulation
hydrothermal solutions.

3. During the development of the deposit, the spatial
position of the directionally moving and convective–
circulation solutions changes, causing the supply of the
ore-bearing solutions to different sites. This predeter-
mined the pattern of the intermittent ore precipitation
observed at the deposits, though solutions were uninter-
ruptedly supplied to the deposit.

4. The stages of ore deposition do not correspond to
certain time intervals in the evolution of the deposit,
which is characterized by definite composition of ore-
bearing solutions, but rather to the actual physicochem-
ical state of the solutions, which is attained owing to
interaction with the environment. As a result, various
mineral assemblages simultaneously precipitated at
different sites of the deposit and similar assemblages
could be precipitated at different time.

5. The formation of the deposits of diverse metals,
which are related to the same intrusive complex, or a
change in mineral assemblages are caused by the influ-
ence of various geochemical barriers rather than by
compositional variations in the hydrothermal solutions.

6. The ore deposition in the hydrothermal system of
directionally moving solutions is determined by certain
ore-controlling factors. A change in mineral assem-
blages is caused by a change in the redox conditions,
and the earliest, highest temperature assemblage is
located most closely to the source and is the least abun-
dant. The subsequent lower temperature assemblages
are more abundant and are located at increasing dis-
tance from the solution source. This results in forma-
tion of zoning along the direction of solution move-
ment.

7. In the convective–circulation system, ore-control-
ling factors show no effect on the ore precipitation.
Since this system is characterized by different physico-
chemical conditions at various branches and levels, it
could completely release useful components. However,
according to the law of mass action, the compositions
of mineral assemblages are defined by the ore minerals
of the predominant metals. Unlike the hydrothermal
system of directionally moving solutions, the earliest
assemblage in this system is the most abundant and the
most distal from source. In other words, zoning in a

hydrothermal system of directionally moving solutions
develops away from the intrusion, while that in the con-
vective–circulation system develops toward the intru-
sion.

This study was financially supported by the Repub-
lic of Armenia.
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