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Abstract— Based on a comprehensive study of hydrothermal magmatic systems at island arcs and a review of
available mechanisms that cause elasto-plastic deformation in rocks, we considered the conditions for inter-
action between a convective magmatic cell and a convective hydrothermal cell in different rheologic zones of
the crust. Three models have been developed to describe the generation of hydrothermal circulation systems:
(1) the magma chamber is localized in a plastic zone, (2) partial and (3) complete penetration of the chamber
into a brittle crust. It is shown that the last of these models is highly consistent with the structure of present-
day high-temperature hydrothermal magmatic systems at depths greater than 1.0—1.5 km and with the struc-
ture of Miocene to Pliocene ore-bearing volcano-plutonic complexes that are eroded to different depths in

different geologic blocks within these complexes.
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INTRODUCTION

A hydrothermal system is a part of the Earth’s crust
of regular structure above a source of heat supply and
in the region of its influence within which a favorable
combination of geologic bodies, permeable zones, and
hydrogeological structures creates conditions for heat
energy to be transported from certain depths to the
ground surface by fluid convection in a liquid or gas-
eous phase [Struktura ..., 1993]. The structure of a
hydrothermal system is composed of rocks, hot (cool-
ing) magma bodies, hydrothermally altered zones,
permeable tectonic faults and faults that have been
welded with secondary minerals, regions of boiling
hydrothermal occurrences, water-bearing horizons
and aquicludes, zones of thermodynamic and
geochemical barriers and other elements of geological
space that involve phase transformation of material
and the generation of ores and minerals influenced by
chemical reactions that either release or absorb heat.

Any model for hydrothermal systems in areas of
present-day volcanism assumes the presence of a
magma chamber or a hot intrusive body at depth as the
main source of heat [Aver’ev, 1966; Gidrotermal’nue ...,

1976; Kononov, 1983]. However, it is only in recent
years that it was possible to prove the presence of a
transition zone between a near-surface hydrothermal
convective cell and a deep-seated magmatic convec-
tive cell in the structure of a high-temperature hydro-
thermal systems; this research was based on deep drill-
ing data, a detailed study in the structure of long-lived
volcanogenic metallization centers, and deep drilling
on andesitic volcanoes at island arcs. Such geological
structures were defined as long-lived, ore-forming,
hydrothermal, magmatic, convective systems in the
ocean—continent transition zones [Rychagov, 2003],
to be referred to below as hydrothermal magmatic sys-
tems.

The present authors use theoretical concepts and
thermal hydrodynamic models, as well as materials
from multidisciplinary studies of hydrothermal mag-
matic systems at island arcs and the Au—Ag—Cu—
Mo—... ratios in porphyry, as well as epithermal ore
and geothermal fields, to suggest a new model to
describe the interactions between magma chambers
(hot intrusive bodies) and gas—liquid circulation sys-
tems in different rheologic crustal zones.
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Fig. 1. A diagram that shows the elastic/plastic transition in the crust down to a depth of 20 km: (a) variation in the lithos-
tatic/hydrostatic pressure relationship as a function of depth in relation to crustal rheology, (b) cross section of the model system,
(c) fluid density contrast in the system along the vertical (p;; and py,; for the case of the plastic/brittle transition occurring along

the 30°/km geotherm.

Py is fluid hydrostatic pressure in fissures in the brittle region, P, is the fluid pressure in pores, which is equal to the lithostatic
pressure in the plastic region, Pj is the transition zone from P; to P, in relation to the physical state of host rock. At different
transition depths we also have different pressure contrasts (APy, and APy,). I is the zone of open fissures in the brittle region, II
is the zone of closed fissures or no fissures in the zone of plastic deformation.

THE ELASTO-PLASTIC TRANSITION
IN THE EARTH’S CRUST
AND THE EVOLUTION OF HYDROTHERMAL
MAGMATIC SYSTEMS: THE CONCEPT

It is known that brittle deformation is replaced by
plastic deformation as one goes downward from the
ground [Vashchilov, 1984; Ivanov, 1970, 1990;
Nikolaevskii, 2001; Pavlenkova, 2001]. However, the
depth of this elastic/plastic transition is estimated dif-
ferently. For example, S.N. Ivanov’s assertion is that
continental crust is subject to brittle deformation
down to depths of 6—10 km with plastic deformation
dominating greater depths [Ivanov, 1990]. His other
thesis is that the fluid exists in open cracks under
hydrostatic pressure within the brittle crust, while
below it resides in isolated cavities and pores in the
conditions of the maximum lithostatic pressure
[Ivanov, 1970, 1990]. According to Nikolaevskii
[2001], the true plasticity of the geological medium is
reached at the Moho; this makes the rocks below that
interface impermeable. It is supposed that the zone of
elasto-plastic transition in oceanic crust is shallower,
but still possibly below the Moho. For example,
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according to Bazylev [1992], oceanic water in Atlantis
Fracture Zone penetrates to depths of about 10—
20 km, which must be in the upper mantle for oceans.

The different estimates of the elastic/plastic transi-
tion depth may be due to the fact that different geody-
namic settings have different rates of deformation. If a
rock behaves as a plastic material when it is under a
relatively slow deformation, then it will exhibit elastic
properties as the rate increases. For example, accord-
ing to Fyfe et al. [1978], the yield limit as a limestone
specimen is compressed occurs in the stress range
between 1 and 10 MPa with the respective rates of
deformation between 1.2 x 1077 s and 1.9 x 10! s. It
seems that one has to assume a certain range for the
brittle—elastic transition corresponding to extremely
low and extremely high rates of geological movements.

Figure 1 shows a plausible range for the elas-
tic/plastic transition in the depth—pressure coordi-
nates [Kissin, 2001]. To a first approximation, the
solutions that reside in the upper (brittle and cracked)
part of the earth’s crust are under their own hydro-
static pressure; if the fluid density is assumed to be 1
g/cm?, then the pressure plot will correspond to the P,
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line. Actual pressures may differ by a value that is pro-
portional to the decrease in fluid density over depth
due to thermal expansion. The P, line shows a possible
fluid pressure when the rocks in isolated pores and
cracks are plastic. The pressure under these conditions
is controlled by the lithostatic load and depends on
rock density in the depth range between the ground
and the depth where the cracked pore fluid system is
found. When an isolated crack that contains a fluid
penetrates from the plastic zone into a brittle region,
which is quite possible for a migrating crack (the
mechanism that is responsible for crack migration in a
plastic medium was discussed previously in [Zhatnuey,
2005]), there must be a sharp drop in fluid pressure
from lithostatic to hydrostatic with accompanying adi-
abatic cooling and the precipitation of dissolved mate-
rial. The value of this pressure drop will be different for
different depths of the transition from plastic to elastic
rocks. For example, the drop will be AP, for a depth
of 6 km, which is much lower than that for 15 km
(APy,, see Fig. 1a). Accordingly, we shall have different
changes in fluid density, which will vary between p,,
and p,, in the range of these depths (see Fig. 1c). As
the fluid density increases, so does the fluid dissolving
capability under higher temperatures.

Whatever the depth of the elastic/plastic transition,
this transition is important in controlling the location
of magma chambers, ore magmatic complexes, and
geothermal fields. The transition from the brittle to the
plastic state does not produce cracking and porosity, as
well as large-scale convective motions in the fluid, and
must limit the generation of hydrothermal systems. In
practice, however, deep boreholes and microseismic
probing revealed zones (restricted volumes, block, or
horizons) that have contrasts in their petrophysical
rock properties. This is related to zones of lower rock
density at different depths, as far down as 10—12 km
[Kol’skaya ..., 1984], that are saturated with fluids in
the form of gas and/or liquid. Such zones are oil and
gas traps; they widely occur at the boundaries of older
platforms, within volcanic belts, and in areas of tec-
tono-magmatic activation [Rychagov, 2003; Khristo-
forova et al., 1999].

Depending on rock mechanical properties (brittle-
ness and plasticity), the hydrothermal systems that are
generated by a magma chamber may develop along the
ways specified by the scenarios that follow.

Scenario 1. The chamber is in a brittle crust (frag-
ment 1A in Fig. 2). As hot magma is being emplaced,
a plastic shell of host rock forms around the new
magma chamber [Efimov and Ershova, 1999]; the
shell prevents meteoric water from contact with the
edge parts of the cooling intrusion and hampers mass
exchange between the melt and the hydrothermal
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occurrences that occur in the host-rock crack—pore
space. Nevertheless, convection arises at some dis-
tance from the magma chamber in rocks that have not
been subjected to plastification owing to poor heating
of the geological material during this stage. The con-
vection gives rise to a flow of hydrothermal solutions
that is upward near the chamber boundaries and
downward at the periphery of the heated part of the
system.

The convection of solutions that are dominated by
meteoric water drives mass transport in the host rocks
and the upward heat transfer. As the magma cools and
crystallizes, the edge part of the intrusion becomes
brittle, the front of plastic rocks recedes into the
chamber, and the solutions penetrate into the intrusive
body along contraction cracks (see fragment 1B in
Fig. 2). The meteoric material of the solutions and the
juvenile magmatic material are mixed. At the same
time, the magmatic fluid separates to form an inde-
pendent phase as a result of retrograde boiling during
the melt crystallization; the pressure in that phase
exceeds the strength of the impermeable plastic shell
and the phase breaks from the chamber, afterwards
mixing with meteoric hydrothermal water.

Scenario 2. The magma chamber is partially
emplaced in a brittle crust (see fragment 2A in Fig. 2).
Most of the chamber is within the plastic zone. The
convection of meteoric solutions in the zone of brittle
deformation drives mass transport in the host rocks
and transfers heat upward to the ground surface. As
crystallization and cooling proceed, the apical part of
the massif loses plasticity, it experiences brittle crack-
ing and is “washed out” by hydrothermal solutions. In
contrast to the first scenario, the part of the intrusion
that is in the plastic zone cools at a lower rate, because
there is no convective transport of heat outward. As a
result, the lower part of the magma chamber remains
in a molten state, is isolated in the plastic zone, and
hardly exchanges material with the hydrothermal dis-
charges at all. All of this increases the time of melt
crystallization in the chamber and favors the preserva-
tion of juvenile composition for the igneous rock that
is thus being generated.

Scenario 3. The chamber completely remains in the
plastic zone (see fragment 3A in Fig. 2). Magma con-
vection transports heat to the upper part of the cham-
ber. Conductive heat transport into the host rocks
mostly occurs via the apical zone of the intrusive body,
which is related to convection in the magma. No con-
vective mass transfer with the host rocks occurs. The
only event that is still possible is batch separation of
fluids that contain mineral material, with the separa-
tion occurring during melt crystallization due to retro-
grade boiling or decompressional degassing in case the
magma is oversaturated with fluids. The convection of
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Region of brittle deformation

Region of plastic
deformation

Region of brittle deformation

Region of plastic
deformation

Fig. 2. Emplacement of magma chambers in different rheologic zones of the crust and patterns of convective hydrothermal flows
in relation to the location of the heat source.

In the region of brittle deformation the fluid pressure in the host rocks is hydrostatic and the heat-and-mass transport is convec-
tive. In the region of plastic deformation the fluid pressure in host rocks is equal to lithostatic pressure, the heat transport is con-
ductive, and the transport of material occurs by diffusion. (1) location of the magma chamber in the zone of brittle deformation,
(2) location of magma at the boundary between the zones of elastic and plastic deformation, (3) location of the magma chamber
in the zone of plastic rock; A the initial stage of the system evolution after magma emplacement, B evolution of the convection
in the system after partial magma crystallization. The larger arrows indicate the convection of solutions in the zone of brittle
deformation, smaller arrows show the conductive heat flow from the magma reservoir located in the zone of plastic rock; light
circular arrows indicate the magma convection in the chamber.

meteoric solutions mostly occurs by conductive heat- affected by juvenile material, it completely forms by
ing of the rocks in the brittle part of the section above interaction with the host rocks. In contrast to the first
the magma chamber (see fragment 3B in Fig. 2). The two scenarios, the intrusive body enclosed in the plas-
mineral composition of hydrothermal solutions is not  tic zone will crystallize for a long period, since con-
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Fig. 3. Mechanism for the upward motion of a fissure cav-
ity filled with a fluid in a plastic rock: (a) model of the fis-
sure cavity (arrows at the top show the hydraulic fracture at
the “head”; the arrows at the bottom indicate the com-
pression of the cavity by lithostatic pressure, the arrow
inside the cavity shows the direction of fluid movement),
(b) vectors of fluid and lithostatic pressure that act on the
cavity wall.

ductive heat exchange is much less effective compared
with convective exchange.

It follows from the above that hydrothermal mag-
matic systems will evolve in different ways, depending
on the depth where the paternal intrusive body is
located. Three evolution scenarios are possible. The
first consists in the localization of magma chambers in
the zone of brittle deformation; the second is localiza-
tion at the boundary between the zones of brittle and
plastic deformation; and the third is in the zone of
plastic deformation. Each of these models has its own
crystallization of the magma melt and has its own spe-
cific features in the generation of hydrothermal sys-
tems.

In the first case the magmatic system (the subvol-
canic chamber) cools rather rapidly and the crystal-
lized massif is “washed out” by hydrothermal solu-
tions. The process involves practically complete mix-
ing of juvenile and meteoric material. In the second
case fast cooling of the apical part of the massif occurs
and partial mixing of juvenile and meteoric material.
During the process the deeper part of the massif may
be evolving for a long time and this involves the deep
magmatic differentiation of the material. In the third
case the conductive cooling of the intrusive body
results in long-continued differentiation of the melt in
the magma chamber, with the last phase generating
pegmatites and vein bodies combined with the separa-
tion and migration of magma fluids by the mechanism
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discussed in [Zhatnuev, 2005]. “Contamination” of
the massif with meteoric material is virtually ruled out.
At the same time, low-temperature hydrothermal sys-
tems may form by conductive heating of the geological
medium in the brittle region; these systems have emi-
nently meteoric compositions of their solutions during
the initial phase of the evolution. In the first and sec-
ond cases the hydrothermal systems involve, during
the initial phases, the generation of thick (300—500 m
or greater) steam zones whose boundaries are effective
geochemical barriers, including ore barriers [Zhat-
nuev et al., 1996].

In the third case (the retrograde boiling of magma)
the residual water—silicate liquid may separate and
migrate upward along moving cracks as far as the zone
of brittle deformation. The mechanism of crack
migration of fluids in the zone of plastic deformation
was developed previously [Zhatnuev, 2005]. The
mechanism is essentially as follows. An excess pressure
arises in the “head” part of a crack that is filled with
the fluid and is in the gradient field of lithostatic pres-
sure, with the excess pressure exceeding the rock
strength. It fractures the plastic rocks above the crack
and, at the same time, the lithostatic pressure com-
presses the crack around its tail (Fig. 3a). The distribu-
tions of lithostatic and fluid pressure on the crack wall
in relation to crack height are shown in Fig. 3b. This
process makes the crack move against the lithostatic
pressure vector toward the zone of brittle deformation
where the fluid is under its own hydrostatic pressure.
The transition from lithostatic to hydrostatic pressure,
as the break-through from the plastic to the brittle
zone occurs, produces an adiabatic expansion of the
fluid accompanied by considerable cooling and pre-
cipitation of the dissolved material. For this reason the
zone of elastic-to-plastic transition shows intensive
generation of secondary minerals, in particular, silici-
fication and filling of cavities, pores, and cracks with
tridymite, cristobalite, opal, chalcedony, and quartz.
When the fluid is thus ejected from cracks, its density
drops dramatically. The drop varies in relation to the
depth of the elastic/plastic transition (Fig. 4).
Figure 4a shows the isolines of the water density in P—
T coordinates with due account of the elastic/plastic
transition at a depth of 8 km. The rocks are porous and
cracked in the zone of brittle deformation (within
8 km depth), which allows the water solutions to be
under their own hydrostatic pressure. The depth—
pressure relationship is that for liquid water. Below an
8 km depth the solutions have lithostatic pressure,
hence the slope of the water isopleths is significantly
altered. The same slope of isopleths is also character-
istic for the field of basaltic melt whose solidus can also
be seen in the diagram. The projection of the water
isopleths onto a hypothetical cross section of the
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Fig. 4. Fluid density contrast between the zone of plastic deformation and the zone of brittle deformation. (a) isolines of water
density in the P—T coordinates and with incorporation of the elastic/plastic transition at a depth of 8 km, (b) a hypothetical sec-
tion with isotherms across the magma chamber and projections of water isopleths from diagram (a) onto the section, (c) variation

of water density in sections 1—3 (numerals in circles).

Diagram (a) also displays the solidus of water-containing basaltic magma: the position of water isopleths in the field of basaltic
melt is the same as that in the zone of plastic deformation; we also plot here geotherms of a hypothetical magma chamber, the
numerals in circles at the geotherms indicating the temperature distributions in sections 0—3 in fragment (@c). Heavy line in dia-

gram (b) shows the basalt solidus as projected onto the section.

magma chamber (see Fig. 4a) shows that water density
experiences a considerable contrast at the elastic/plas-
tic boundary. As well, if the melt contains free water in
bubbles, its density will exceed that of water in the brit-
tle zone at the same depth. Figure 4c clearly shows
contrasts in fluid density at the elastic/plastic transi-
tion with a geothermal gradient that has not been dis-
turbed by the thermal anomaly of the magma chamber
(plot 0) and in the temperature field of the magma
chamber (plot 1). In the former case the density con-
trast is small, while in the latter case it is much higher
(about 0.3 g/cm?). As well, a large contrast in the den-
sity of water fluid (about 0.2 g/cm?®) occurs at the
boundary between the host rocks and the melt (plots 2
and 3).

The mechanism of fissure eruptions that discharge
basaltic melts and a model for the evolution of a sys-
tem of fissures and dikes above major peripheral and
deep-seated magma chambers were developed by
Fedotov [1984]. He discussed the existing theoretical
concepts, examined a great wealth of continuously
recorded seismological data as well as in-situ volcano-
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logical and other observations conducted during the
Great Tolbachik Fissure Eruption to prove that the
ascent of basaltic magma occurred from upper mantle
depths by narrow fissure channelways, with individual
fissures being only 1.0—1.3 m across. The high speed of
magma ascent (its value is estimated as between 2 and
20 cm/s on average) is also due, among other causes,
to an excess pressure of gas-saturated magma in the
head parts of the fissures [ Fedotov, 1984].

The present authors used different data (knowledge
in the geological structure of hydrothermal systems
and intrusive bodies, geochemical parameters, the
gas—water—rock interaction in the zone of transition
from hydrothermal to magmatic convective cells) but
arrived at similar inferences concerning the mecha-
nisms that operate in the opening of fissures in an
elasto-plastic medium. Based on [Fedotov, 1984] and
on the mechanism proposed by Zhatnuev [2010], it
can be hypothesized that a connected, long, magma-
conducting set of fissures is generated by emplacement
of a water—silicate liquid (melt or fluid) into individual
fissures that are close in time and space.
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Fig. 5. The positions of mineralization zones in the section
at the boundary of the plastic/brittle transition. (1) miner-
alization zone that forms as the fissure solution comes out
from plastic rocks into brittle rocks, (2) same, as the solu-
tion comes from the melt into the host rocks, (3) convec-
tion of hydrothermal fluids in brittle fissured porous rocks,
(4) isotherms and the melt solidus.

It was noted above that when in the thermal field of
a magma chamber, hydrothermal fluids transport heat
and material along open pores and fissures by convec-
tion. The transport and deposition of material will
occur as the P—T conditions are changing over the
section of the hydrothermal magmatic system. At the
same time, if one accepts the hypothesis of fissure
movement for fluids [Zhatnuev, 2005] under the con-
ditions of plastic deformation, as well as the possibility
of material being transported outward in bubbles and
fissures from a boiling and crystallizing magma, one
can then assume a dramatic expansion of the fluid as it

Phreatic
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Convective |Two-phase
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Fig. 6. A conceptual model for an island-arc hydrothermal magmatic system based on the study of epi- and meso-thermal and
porphyry deposits at the Philippine island arc [Corbett and Leach, 1998].
(1) volcanogenic—sedimentary host rock sequence, (2) multi-phase intrusion: a basic rocks, b intermediate rocks, c acidic rocks;
(3) zone where deep fluids mix with sulfate—bicarbonate solutions and the region where ore minerals are deposited, (4) zone of
sulfate—bicarbonate hydrothermal fluids, (5) zone of meteoric water infiltration, (6) explosion craters of volcanic or hydrother-
mal origin, (7) direction of fluid flows, sea or mixed waters, (8) borehole.
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6

Fig. 7. A diagrammatic model of transition from magmatic to epithermal (hydrothermal) conditions in subvolcanic structures
near the top of emplaced plutons [ Fournier, 1999]. @a transition from brittle to plastic medium in the temperature range between
370°C C and 400°C, b episodic and temporary penetrations of magmatic fluids that come to the hydrothermal system above.

(1) volcanogenic-sedimentary host rock sequence, (2) first phase of the intrusion, (3) second phase of the intrusion, (4) zone of
brittle/plastic transition, (5) volcanic breccia in the zone of boiling hydrothermal fluids, (7) boundary of this boiling zone,
(8) piezometric level of hydrothermal solutions, (9) supra-intrusion zone saturated with steam and mineralized water (brine),
(10) directions of fluid flows and water flows.
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Fig. 8. Deep geological and geochemical section of the North Paramushir hydrothermal magmatic system, column of well

GP-3 [Rychagov et al., 2002].

(1) lithocrystalloclastic, psepho—psammitic intrusive tuffs (intrusive breccias), (2) andesitic lavas, (3) lithocrystalloclastic, pse-
pho-psammitic, variegated tuffs, (4) fine-fragmental tuffites with relict microfauna forms, (5) gabbro—porphyrites (a flattish
body), (6) tectonic fissuring of rocks, (7) intensive tectonic fissuring, (8) tectonic breccias, (9) zone with high open porosity, (10)
zone of low-temperature, opal—cristobalite—tridymite—chalcedony—quartz mineralization involving hydromica, (11) medium-
temperature, quartz—chlorite—epidote—muscovite propylite, (12) secondary quartz—adularia—hydromica quartzites, (13—15)
bounbdaries: (13) lithologic, (14) tectonic, (15) metasomatic, (16) zone of liquid—steam transition with quartz—adularia meta-
somatites, (17) quartz—chalcedony streaks, (18) ore mineralization.

penetrates from the plastic to the brittle medium,
reduction in the dissolvability of fluid components,
and the deposition of material around the magma
chamber and at the boundary of brittle/plastic defor-
mation (Fig. 5), just as it occursin the earth. The above
versions of the model cover the case of one-pulse
emplacement of magma into the reservoir. Multi-
pulse emplacement possibly involves a superposition
of these scenarios.

ELASTO-PLASTIC TRANSITIONS
IN THE STRUCTURE OF ISLAND-ARC
HYDROTHERMAL MAGMATIC SYSTEMS

Drilling to depths of 5 km within long-lived volca-
nogenic ore centers, geothermal areas, and on active
andesitic volcanoes situated at the Kuril—Kamchatka,
Japan, Indonesian and other island arcs in the Pacific
yielded reliable thermodynamic and physico-chemi-
cal parameters peculiar to the zone of interaction
between hydrothermal systems and magma intrusions.
Especially interesting results for estimating the inter-
action between themselves and the influence of the
conductive heat flow and convective magmatic and
hydrothermal cells on the physico-chemical proper-
ties of host rocks were obtained during exploration and
extraction of geothermal and epithermal gold—base-
metal and Au—Ag—Cu—Mo—... porphyry fields at the
Philippine island arc [Corbett and Leach, 1998]. In
spite of the fact that the poly-phase intrusion is
emplaced within the upper crust there, one can see
scenarios 1 and 2 in action, possibly also scenario 3,
owing to the long-continued evolution of a magma
body with a complex structure (Fig. 6). Under island-
arc conditions, a powerful conductive heat flow is pro-
vided by the occurrence of mantle plumes, while the
convective flows are produced by major poly-phase
intrusions (ultramafic to acidic in composition) that
are emplaced into the lower crust and by their subse-
quent long-continued evolution. A zone of brit-
tle/plastic transition arises in the apical parts of sub-
volcanic magma bodies (depths of 1—3 to 5—7 km have
been studied) at contacts with host rocks (Fig. 7). That
zone has a complex structure owing to interaction of
the magmatic fluid with hydrothermal solutions and
host alumosilicate rocks, the generation of brines and
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zones of cooling magma, the generation of breccia
bodies and of a special type of hydrothermal metamor-
phic alteration, etc. The magmatic system periodically
interacts with the hydrothermal system owing to phys-
ical fracturing that affects the zone of brittle/plastic
transition.

We showed previously that the evolution of an
island-arc ore-forming hydrothermal magmatic sys-
tem involves self-isolation of the system from other
regional geologic structures around it owing to out-
ward transport of many major and trace components
from the zone of ascending heat flows toward the
boundaries of the system [Belousov et al., 1998;
Rychagov, 2003]. The components that are actively
involved in the self-isolation of a hydrothermal mag-
matic system include colloidal compounds of silicic
acid and the silica minerals that derive from these, viz.,
opal, tridymite, cristobalite, chalcedony, and quartz.
It is this mechanism of water—rock interaction that is
realized in the geothermal processes that are occurring
in the interior of the North Paramushir hydrothermal
magmatic system [Rychagov et al., 2002]. One of the
geologic blocks of this structure was penetrated by the
GP-3 well to a depth of 2.5 km. A zone of boiling
metal-bearing hydrothermal fluids formed above the
intrusive body with peculiar geochemical and mineral-
ogical ore zonalities. The boiling of hydrothermal flu-
ids results in the precipitation of silicate gel in porous
volcanogenic—sedimentary rocks, with the gel subse-
quently crystallizing to produce silica minerals
(Fig. 8). The latter process gave rise to a secondary (an
additional upper aquiclude and heat-insulating) hori-
zon up to 300—500 m and greater in thickness. Such a
horizon which is found in a block of the North Para-
mushir geothermal magmatic system, is 750 m thick
[Rychagov et al., 2002]. The zone of brittle/plastic
transition from the cooling magma body to host rocks
is also the so-called “breccia mantle,” which is a set of
various breccia formations (from intrusive and auto-
magmatic to hydrothermal and metasomatic breccias)
in endo-contact and exo-contact parts of the intru-
sions (Fig. 9). The visible thickness of the breccia
mantle in this geologic feature is 400—500 m, but it can
also be as thick as 800—1000 m [Rychagov, 1989]. We
studied the Vychenkiya, southern Kamchatka paleo-
volcanic complex to map transitions from intrusive
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Fig. 9. Structure of the Vychenkiya, southern Kamchatka ore-bearing volcano-plutonic complex.

(1) andesite lavas at the bottom of the Paleogene—Early Miocene(?) section, (2) andesite and dacitic andesite tuffs and welded
tuffs, (3) sequence of interstratified, acidic lavas, welded tuffs, tuffs, and ignimbrites, (4) subvolcanic basaltic andesites, (5) intru-
sive breccias: giant-, coarse- and fine-fragmental auto-magmatic breccias with fragments and blocks of host rocks, (6) andesite
and basaltic andesite dikes, (7) extrusive lava complex of dacitic andesites from the Pliocene (?) phase of magmatism, (8) Qua-
ternary tuff conglomerates, (9) Holocene pumice deposits, (10) rewashed pumice deposits and lacustrine (lacustrine—marine?)
sand, (11) stratigraphic and intrusive boundaries, (12) boundary to the breccia mantle in intrusive bodies, (13) tectonic faults,
inferred (dashed) and certain (continuous line), (14) fields of hydrothermally altered rocks, (15) quartz—ore zones and veins.

bodies via various “intermediate” rock types to ore-
forming structures at different erosional truncations.
The depth of erosional truncation for this geologic
structure is estimated here as 800—1000 m for the
southwestern part and 300—500 m for the northeastern
and eastern parts of the complex [Struktura ..., 1993].

CONCLUSIONS

(1) Special rheologic conditions are created in the
structure of long-lived ore-forming hydrothermal
magmatic island-arc systems in the form of elasto-
plastic transitions in the geological medium. The elas-
tic-to-plastic transitions regulate the generation of
hydrothermal magmatic systems, their supply sources
(magma chambers and intrusive bodies), and the
occurrence of physico-chemical processes in the tran-
sition zone between a near-surface hydrothermal and
a deep-seated magmatic convective cell.

(2) Two scenarios (models) were suggested for the
generation of hydrothermal magmatic circulation sys-
tems to incorporate the location of the magmatic heat
source in the plastic or brittle zones of the Earth’s
crust. The ascent of magma melt and fluids along ver-
tical fissure systems occurs, when an excess pressure is
available in the head parts of the fissures. The excess
pressure arises from the difference in the densities of
the fluid (or magma) and the host rocks. It depends on
the vertical extent of cavities that are filled with fluid or
magma [Zhatnuev, 2005]. The transition from lithos-
tatic to hydrostatic pressure as a fissure penetrates a
brittle rock results in an adiabatic expansion of the
fluid, a sharp decrease in its density, and the cooling of
the solutions (often accompanied by boiling), as well
as in mineral generation. For this reason the transition
zones from lithostatic to hydrostatic pressure can be
recognized from intensive secondary mineral genera-
tion, in particular, silicification and filling of the fis-
sure pore space with tridymite, cristobalite, opal, chal-
cedony, and quartz in association with adularia. The
quartz—adularia metasomatites and argillization zones
contain gold—sulfide mineralization, native metals
and intermetallic compounds.

(3) Multidisciplinary geological, geophysical,
hydrogeological, mineralogical, geochemical, and
other research in the hydrothermal magmatic systems
in southern Kamchatka and on Paramushir Island
demonstrated the high consistency between the model
that envisages the emplacement of magma melts into
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a brittle crust and the structure of present-day, high-
temperature, hydrothermal magmatic systems (at the
progressive phase of their evolution) at depths of over
1.0—1.5 km and Miocene to Pliocene ore-bearing vol-
cano-plutonic complexes that have been eroded to
different depths in different geologic blocks. The part
of the brittle/plastic transition zone in the structure of
volcano-plutonic complexes is played by the breccia
mantle of intrusive gabbro—diorite bodies, which con-
trols the flows of high-temperature metal-bearing
gas—water fluids.
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