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geodynamic mechanisms can lead to the penetration of siliceous carbonates
mantle wedge. Their thermal decomposition in the “mantle olivine autoclave”

can be a mechanism for the formation of diamond erupted in subduction zone of

Kamcha
mixture
can tem

tka. Using the theory of poroelasticity, we showed that rapid heating of a
of sideritic dolomite and silica on 150-200°C in the closed system conditions
porarily lead to an increase in the fluid pressure by 2-3 GPa. With the

initial parameters P = 2 GPa and T" = 830°C, the carbonic fluid produced during the

reaction

would get into the PT stability field of the diamond. The growth of diamond

at the fluid decomposition in the PT field of metastable graphite can be enhanced
by microparticles of native Ni and Mn formed by the thermal decomposition of

gaseous

metals carbonyls. The corresponding abundant micro-inclusions of Ni and Mn

were found in Kamchatka diamonds. KEYWORDS: Poro-elasticity; decarbonatisation;

diamond;
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Finding diamonds in active volcanoes in subduc-
tion zones is contrary to the generally accepted
models of their formation, which require equilib-
rium PT conditions in the mantle edge [Erlich and

MAGMA

. Akl M”% Hausel, . Recently in Russia a new exam-
. o . ple of such discoveries on the 2012-2013 eruption
. . of Tolbachik volcano (Kamchatka) was published
[Silaev et al., 2015]. These diamonds were discov-

Ipenneanle rﬁanﬂe ered together with pyroclastics, but not inside it,

and their natural origin has not yet been recognized

nstitute of the Earth Physics RAS, Moscow, Russia by the global diamond community. A similar sit-
’Institute of Experimental Mineralogy RAS, uation arises with the Luobusa (leet) diamonds

Chernogolovka, Russia found in the podiform chromites 20 years ago [How-

ell et al., . These diamonds are also very simi-
Copyright 2019 by the Geophysical Center RAS. lar to synthetic high-pressure high-temperature di-
http://rjes.wdcb.ru/doi/2019ES000677-res. html amonds (HPHT), grown from a carbon solution in
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an iron-nickel melt. Howell et al. [2015] reported
on the results of a comparative study of these di-
amonds. The authors showed that both synthetic
and natural Luobusa diamonds have the same cube
and octahedral habitus and numerous metallic in-
clusions. However, Luobusa diamonds contain pre-
dominantly Ni-Mn-Co alloy, while synthetic HTHP
diamonds Fe-Ni alloys. The non-aggregative state
of nitrogen defects and signs of plastic deformation
in natural diamonds indicate a short residence time
in the mantle [Howell et al.,[2015]. Enriched REE
and WC-containing inclusions, present in natural
diamonds, as opposed to synthetic ones. In the
Avachinsky volcano (Kamchatka) carbonado-like
diamonds cemented predominantly with porous sil-
ica are described in avachites (basalts with olivine-
plagioclase phenocrysts assemblage) [Kaminsky et
al., . These diamonds with respect to the high
content of Ni and Mn are similar to those of Tol-
bachik volcano and Luobusa ophiolites. Kaminsky
et al. [2016] proposed a mechanism of diamond
formation with the chemical deposition from the
vapor phase (CVD) for volcanic diamonds. How-
ever, relatively large diamonds from Avacha bear
the features of strong deformations, such as dislo-
cation kink-bands and twinning [Kaminsky et al.,
, as in minerals formed upon impacts. These
observations indicate significant deviator stresses
at the time of diamond formation [Kaminsky et
al., that contradict to CVD origin at low
pressure (several bars or less). Regardless of the
actual mechanism for the formation of Kamchatka
diamonds, it is clear that the carbonic fluid phase
was involved.

1.2. Decarbonatisation Reactions in the
Mantle

Decarbontatisation reactions in the upper man-
tle are the most probable source of carbonic fluid.
Carbonates react with silicates (silica) and gener-
ate COy and other components (hydrocarbons) in
secondary reactions with water and mantle iron-
containing minerals buffering fOs. Several basic
reactions determine the carbonate-silicate interac-
tion. In general (neglecting contribution of al-
kalis) the carbonate is represented by dolomite
(Ca,Mg,Fe)COs3. It decomposes on aragonite and
magnesite at high pressure:

(Ca, Mg, Fe)CO3 = CaCO3 + (Mg, Fe)CO3 (1)
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Carbonated iron free lherzolite upon heating re-
leases CO4 by the following reaction [Gudfinnsson

and Presnall, [2005]:

Opx + Dol = Ol + CPx + CO2 (2)
The line of the equilibrium of reaction has a
gentle slope in the PT space — the equilibrium pres-
sure is in the range 1.5-2.5 GPa at 1000 < T <
1400°C. Iron-free dolomite reacts with silica (in the
form of stable polymorph coesite) at higher param-

eters [Luth, [1995]:

Dol + SiOg = Di 4 COq (3)
Pressure of equilibrium is in the range 3-5 GPa at
1000 < T" < 1400°C.

The presence of iron in the dolomite significantly
changes the parameters of the decarbontatisation
reaction [Martin and Hammouda, |2011].

Dol — Sid + Cs = Cpx + COq (4)
The equilibrium line of the reaction in the PT space
is rather steep — at 850 < T' < 1200°C pressure in-
creases from 1.5 to 6.5 GPa, i.e., it is essentially a
reaction mediated by the temperature. These pa-
rameters are determined for intrinsic fO5 buffered
by the presence of FeCOg3 (and partially carbon).
In more reduced conditions, the equilibrium shifts
toward lower temperatures.

Decomposition of the pure siderite was studied
experimentally in the pressure range of interest
from atmospheric to 20 GPa [Kang et al., 2015].
The equilibrium boundary of reaction

FeCO3 = Fe304 + C + CO,

is close to the equilibrium in reaction and in-
tersects with graphite — diamond transition line at
5 GPa, 1280°C close to the mantle adiabate and
melting point of siderite. At P = 2 GPa decompo-
sition curve of FeCOg3 and the stability boundary
of the ferrous dolomite and silica approaches each
other at T' = 840° C. The PT conditions of MnCO3
decomposition are experimentally constrained at
atmospheric and rather high (above 15 GPa) pres-
sures [Boulard et al., . With linear extrapo-
lation from 15 to 2 GPa, the equilibrium tempera-
ture is 920°C, which is higher than for the ferrous
dolomite [Martin and Hammouda, . Poten-
tially, MnCOj or a solid solution of MnCO3—FeCOg
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can be a good candidate for the production of dia-
monds in the mantle wedge. The rapid decomposi-
tion of such carbonates in the undrained conditions
can in itself increase the pressure to the PT field of
diamond stability. However, before the experimen-
tal study of the thermal stability of MnCO3-FeCO3
solid solutions at the upper mantle pressures is pre-
mature to speculate on this mechanism.

1.3. Volume Effect of Reaction and
Generation of Excess Pressure

Significant mechanical effects, caused by the re-
actions with large positive volume effects in the
crust such as serpentinization and carbonation are
well studied [Fletcher and Merino, Kelemen
and Hirth, [2012]. For metamorphic reactions crys-
tallization pressure is estimated as P* = AG, /AV;
and may exceed 1 GPa [Kelemen and Hirth, [2012].
The level of overpressure is constrained by the
shear strength of confining material. The over-
pressure of 2.4 GPa is recorded in coesite inclusions
(D = 15 mkm) in zircon mono-crystals from the ex-
humed eclogites partially transformed into quartz
with large volume increase [Korsakov et al., .
The pressure in inclusions was fixed near the equi-
librium level at low temperature (P = 2.2 GPa,
T = 500°C, [Swamy et al., [1994]). The transition
of coesite to quartz is incomplete, and high over-
pressure and high local shear stresses were main-
tained for millions of years due to the high strength
of zircon (bulk modulus Kircon = 230 GPa). In the
upper mantle at a large confining pressure, shear
strength can increase in the fluid free rocks to a
level of several hundred MPa, which allows increas-
ing of the overpressure in the reactive volume to a
several GPa. Below, we estimate the possible range
of pressure increase in a fast (undrained system
so that fluid loss and viscous relaxation is negligi-
ble) decarbonatisation of a mixture of iron-bearing
dolomite and silica when heated by basaltic magma
on 150-200°C. Calculations in the poroelastic ap-
proximation demonstrate that the PT conditions
of diamond stability can be temporarily achieved
in the fluid.
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2. The Reaction Between Silica and
Carbonate in the Confined Conditions as
a Mechanism of the Diamond Formation

2.1. Geologic Setting

In the possible starting point of the

carbonate-silica mixture in the PT conditions space
is located at P = 2 GPa and T = 830°C near
the intersection of the continental geotherm and
the equilibrium line of reaction (4]). Dashed lines
bracket PT conditions of the craton lithosphere,
where typical diamonds are formed. For exam-
ple, the hatched rectangle represents the condi-
tions of the crystallization of eclogite diamonds
from Yakutya [Smith et al., and S. Africa
[Nestola et al., 2018]. The CO; release will in-
crease the fluid pressure limited by the equilibrium
parameters of the PT reaction and
can reach the diamond stability field. Among the
variants considered above, this situation is possible
only for dolomite containing siderite.

The subducting plate beneath the Tolbachik vol-
cano erupting diamonds is located at a depth of
190-200 km (lithostatic pressure of about 6 GPa)
le.g., Seliverstov, . The pyroxenite source of
basaltic magma at a depth of about 100 km or at
a lithostatic pressure of about 3 GPa was proposed
on the basis of geophysical and general geochem-
ical data [Nikulin et al., [2012]. This assumption
was confirmed by our estimate of the pressure in
the source of the Tolbachik lava with the formation
pressure of chrome-diopside 2.7-3.2 GPa [Simakin
et al., .

The presence of carbonates, silicious ooze and
coal in the mantle wedge beneath Eastern Kam-
chatka can be anticipated in connection with the
recent accretion of the Kronotsky paleoarc (see ref-
erences in [Simakin et al.,[2014]). Large masses of
these sedimentary rocks may be cleaved from the
accreted island and dragged beneath Kamchatka
to form a sedimentary plume several million years
ago [Simakin et al., [2014]. These rocks could be
emplaced in the mantle above the level of basaltic
magma generation at a depth of 60-70 km (see
Figure 2). The conditions of magma generation
in Avacha are less clear, distance to the slab is
only 120 km there. The temperature in the man-
tle wedge on Kamchatka was predicted to be much
higher than 830°C at P = 2 GPa (depth 67 km)
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Figure 1. Equilibrium diagram of the decarbonatisation reactions in the upper mantle.
Decarbonatisation of sideritic dolomites is plotted in accordance with experimental data
by Martin and Hammouda [2011], dolomite plus silica reaction parameters are from [Luth,
1995], siderite stability from [Kang et al.,[2015] and extrapolated MnCOg stability from
Boulard et al., [2016]. Cross-hatched rectangle outlines PT conditions of the eclogitic
diamonds [Smith et al., [2015]. Important geotherms for cratons, continent and mantle

adiabate are shown. Filled circle corresponds to the starting point of silica-dolomite
mixture in the mantle wedge under Tolbachik volcano accepted in this paper, open circle

corresponds to parameters of the CO4 oversaturated mantle xenolith from Panonian plain
h

[Creon et al., 2

[Portnyagin and Manea, . However, the heat
flux near the North Pacific coast of Kamchatka
is low in the range 42-47 mW /m? [Davies, ,
which corresponds to a low geotherm. This is prob-
ably the effect of a thickening of the crust in the
accretion zone, and therefore our assumed starting
point (2 GPa, 830°C) seems reasonable. Similar
PT conditions are expected in the oceanic plate
(with the age of 100-120 million years [Davies,
2013]) near Kamchatka. It is predicted that the

(numbers are heat flux on the surface [Davies, [2013]).

temperature at a depth of 60 km is about 700°C
[McKenzie et al., [2005)].

The intersection of the stable silica-carbonate
mixture by hot magma may cause decarbonati-
sation and sudden increase of the fluid pressure
to stability parameters of diamond (see [Figure 1.
When heated, part of the carbonate decomposes
and an additional volume ¢ of COs is formed. To
evaluate the mechanical response to this reaction
with increasing of the system volume, the deforma-
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Figure 2. Schematic view of the subduction zone under Kamchatka. On the surface
position of Tolbachik volcano is labeled. Under Central Kamchatka depression (CKD)
Crust—-Mantle transition by the seismic data is unclear [Levin et al., . It can be
interpreted as a manifestation of the densification processes (granulite and probably
eclogitic stages of metamorphism) of the thickened crust in the zone of Kronotsky paleo-
arc accretion (similar to the interpretation for Izu-Bonin arc crust in [Tatsumi et al.,

2008] ).

zones (light purple) are shown.

tion of solid phases and porous rocks will be taken
into account within the framework of the theory of

poroelasticity [e.g., Cheng, [2016].

2.2. Poroelastic Model of Reactive
Inclusion

Let us assume that the spherical domain of the
silica-carbonate aggregate is bounded by a mantle
rock with zero porosity. Spherical shell geometry is
usual at the consideration of the coupling mechan-
ics and phase transition [e.g., Fletcher and Merino,
2001]. The radius of the inclusion is Ry and the
porosity is €g, confining pressure equals Py. Poroe-
lastic approximation is valid in a short time limit,
since mantle rocks have a relatively low viscosity, so
deviatoric stresses will be relaxed with decreasing
overpressure. For spherical domain we can write
constitutive equations as:

ou

Ou na, )

u
O’RR(T’) + a5ijB(T) = )\(E + 2;) + 2

for the radial component of stress.

ou U u
0‘¢¢(7“) + Ot(sijPl(T') = )\(E + 2;) + 2[&;

Position of the subduction fluid flux melting and of the partially carbonatized

for the tangential component of stress.

Pa=M(¢ - al +22))

for the fluid pressure.

After inserting into and @

du

O’RR(T)—FO(MC = ()\+Ma2(87'

u
+2;) +2,u§ (8)

ou U
Op0(1) + oM = (A + Maz(a + 2;) +2u—
For the shell we can write:

0 0
orr(r) = )\Q(j + 2u) + uzfu

or r or (10)

(11)

It can be shown (see in the textbooks) that in
the case of mechanical equilibrium, the spherically
symmetric displacements in the sphere and the
shell can be expressed as:

ou u u
0’¢¢(T) = /\Q(E + 2;) + 2#2;

u; = a;r + by /17, i=1,2
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for the internal domain and shell respectively.
At the uniform fluid addition {(r) = {y constant

by = 0 and volumetric strain within inclusion is
constant
ou U
W= g T2 1 (12)

Three unknown constants (a1, aa, by) require the
definition of three boundary conditions. These con-
ditions are 1) equality of radial displacements on
the boundary:

r=Ro: ui(Ro) = uz(Ro) (13)
2) equality of the radial components of stresses at

the boundary:

srr1(Ro) = sgrr2(Ro) (14)

and 3) vanishing of the radial component of the
stress in the shell at infinity:

srr2(00) =0 (15)

Solution of the problem (eqn. @} with bound-
ary conditions (eqn. (13)—(15])) for displacements
is:

_ alM
T 3N+ Ma?) +2(u + 2us)

ay

aCMR%

by = :
27 3N+ Ma?) + 2(pu + 22)

ay = 0 (16)

Finally, substituting the expressions for the dis-

placements into and , we obtain for-

mulas for the excess fluid pressure in the inclusion
(APj), the maximum tangential stress in the shell
on the boundary with the inclusion (7y,x) and the
mean stress in the mixture (AP;):

APy = [CM((Q + 2)/3 — (4 — 2)/3} /

(24 )3 ma= )3+

M(1+ VQ)O[Z/BKQ};

Tmax = aM (1 — 21/2)/
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(24 /3= mlt— )3+

Ma2(1 + ) /31@} : (18)

AP, = 20 MaKs(1 — 2us) /

[(K + Ma?)(1+ 2us) + 2Ko(1 — 2@} o (19)

where K and K5 are the bulk moduli of the inclu-
sion and the shell, respectively and s is Poisson’s
ratio of the shell. It should be noted that the max-
imum shear stress in the shell and the overpressure
do not depend on the inclusion mixture Poison’s
ratio v, which is explained by the hydrostatic in-
clusion state.

The Biot’s module M can be defined experimen-

tally, with some micromechanical model or approx-
imately taken as [Biot and Willis, 1957 Cheng,

2010]

K
= 20
€K/Kf +oa—c¢ ( )
Biot’s constant « for isolated pores is:
1—
N 3e(1—v) (21)

- 2—dv+e(l+v)

Equations f completely define the solu-
tion as a function of the parameters (e,() char-

acterizing the progress of the reaction in a closed
System.

2.3. Material Parameters

We use San Carlos olivine parameters for approx-
imating surrounding rock properties. Its bulk mod-
ulus at ambient conditions 130 GPa, Poisson’s ratio
0.25,at P =2 GPaand T = 830°C K = 125.6 GPa
[Liu et al., rising to K = 135.3 at P = 5 GPa
and T' = 1100°C. Physical properties of the reac-
tive mixture at the upper mantle PT conditions
can be estimated only approximately since min-
eral composition and texture have not known and
changes in the course of the decarbonatisation re-
action. Low-Quartz has the contrasted with other
minerals properties: bulk modulus increases from
K =517 GPa at P = 2 GPa and T = 830°C to
K =708 at P =5 GPa and T = 1100°C [Swamy
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et al., . Poisson’s ratio at the ambient condi-
tions is only 0.1. Coesite has the following parame-
ters: K =99.4 GPa at P =2 GPa and T' = 830°C
and K = 121.62 at P =5 GPa and T = 1100°C
[Swamy et al., . Coesite Poisson’s ratio at
the ambient conditions is 0.196 [Pabst and Gre-
gorova, . Polycrystalline dolomite proper-
ties are incomplete, temperature dependence of the
bulk modulus is unknown. Bulk modulus at am-
bient conditions K = 93.7 GPa, K'P = 4.71 or at
pressure P = 2 GPa [Bakri and Zaoui, and
T = 830°C K is expected to be about 100 GPa.
Dolomite Poisson’s ratio at the ambient conditions
is 0.268. Diopside at P = 2 GPa and T = 830°
C has bulk modulus equal to K = 116.3 GPa
[Li and Neuwwville, and at P = 5 GPa and
T =1100°C K = 127.8 GPa. Poisson’s ratio at the
ambient conditions is 0.242. Thus assuming initial
dolomite — low-quartz mixture (75/25 by weight)
we get average bulk modulus equal to 87.9. After
quartz-coesite transition average K of this mixture
will be around 100 GPa. Surrounding rocks are
expected to be stiffer with bulk modulus around
130 GPa. Porous rock property is complex function
of the properties of its constituents, rock texture
and porosity. For the initial guess in our hypothe-
sis we tentatively fix bulk properties at the values
close to the presented above.

3. Results of Calculations
3.1. A Fluid Inclusion Limit

First we consider the analytical solution of the
simplified problem. It is assumed that the fluid
formed at the decarbonatisation reaction fills the
spherical inclusion in an infinite elastic medium.
Solving the equations f with the boundary
conditions Spr = —AP at r = Ry and Sgrr = 0
r = 00, we can express the relative increase in the
inclusion volume due to the excess pressure above
the confining pressure Py (to within linear terms in
P - FR)

AV (1L+v)(P-Py)
Vo 2K (1-v)
Suppose that before the start of the reaction there

was a fluid with a corresponding porosity g, then
the total volume of CO9 at pressure P is equal to

(22)
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Va = (0.733Xq/Vo + eopa(Fo, To))/pa(P, T). The
porosity or the total relative initial void volume at
the initial pressure P is equal to V;)%T = 0.401X¢g/Vo+
o (here Vj is the volume of the unit mass of the
mixture, Xqg is the mass fraction of the reacted
silica).

We assume that when the dolomite reacts, the
pressure follows an equilibrium path P = Peq(T).
This dependence was taken from [Martin and Ham-
mouda, and it is linearly extrapolated to pres-
sures lower than that of coesite stability (see
ure 1)). Since the volumes of fluid and void are

equal
Vﬁ<P7T)_V;700T - (1+V)(P_P0) (23)
Vo, 28, (1 — 2v)

This equation was solved numerically for pressure
at v = 0.26, K; = 96 GPa, Py = 2 GPa and the so-
lution is displayed in [Figure 3] It can be noted that
an increase in the initial porosity results in a de-
crease in the fluid pressure. However, in the entire
range of used initial porosity values and the cor-
responding different mass ratios of the initial fluid
and the released COq, a PT stability field of the di-
amond is achieved. In this simplified micromechan-
ical model, the average stress in the rock containing
the inclusion does not change, and the maximum
shear stress is too high 1.5 Py, higher than shear
strength of any rock.

3.2. Spherical Inclusion Solution

To obtain a more realistic representation of the
stressed state of the reacting mixture and host
rocks, a complete pore-elastic solution (equations
f is used. The theory of poroselasticity has
been developed for engineering applications and
usually does not operate with such great variations
in fluid pressure as in our case (approximately from
2 to 5 GPa). Under the simulated conditions, the
compressibility of the fluid (calculated by [Duan
and Zhang, 2006]) varies linearly from the pres-
sure in the range 7.9 < Kq(Peq(T)) < 21.4 (GPa).
In the calculation of ( we use the density of the
fluid at the initial pressure Py = 2 GPa. The
fluid compressibility was iteratively calculated at
the midpoint to the pressure corresponding to the
current stage of the reaction, expressed in the mass

fraction of the reacted silica (see [Figure 4f). With
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Figure 3. Fluid pressure as a function of the
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weight fraction of the reacted silica (in the

initial mixture dolomite plus silica) is calculated with simplified micromechanical model.
We assume that decarbonatisation reaction follows equilibrium trajectory P = Peq(T).

Initial porosity (g¢) filled with COz fluid at

Py = 2 GPa is indicated in legend. Thick

dashed line depicts diamond stability boundary.

this choice, the estimated fluid pressure appears to
be close to the micromechanical estimate (see
e 4h).

First, we calculate Py, the average stress in the
reacting matrix, the maximum shear stress in the
host rocks before the pressure in the matrix reaches
the a-quartz-coesite transition level of 2.4 GPa. At
this condition ¢ = 0.356 X and € = €yeqet + €0 =
1.126 X + €0, where X is weight fraction of the
reacted silica. At zero initial porosity (g9 = 0),
the heating to 7' < T (6.5 GPa) transforms the
mixture into a metastable state, since formally at
any degree of reaction the pressure will rise above
the equilibrium value, i.e. the reaction can not
begin. Practically with a low porosity, the de-
gree of decarbonatisation will be small due to a
rapid increase in pressure along the equilibrium
line. The release of the fluid is accompanied by
an increase in the maximum deviatoric stress in

8 of

the enclosing rocks to 0.6 GPa (at given values of
the parameters). With a small initial porosity of
not more than 3 vol%, the diamond stability con-
ditions will be reached before the coesite transi-
tion. Further heating leads to the transition of a-
quartz to coesite at an average stress in the matrix
of about 2.4 GPa. A decrease in volume during
the formation of coesite causes additional porosity,
depending on the amount of unreacted a-quartz
(Xog —X@), up to linear terms in Xog and Xq to-
tal porosity is € = 1.126 X +e0+0.125(Xo9—X@)-
In [Figure 4h, the calculated fluid pressure is dis-
played as a function of the total porosity with an
initial silica content of Xog = 0.2. Coesite transi-
tion leads to a decrease in the fluid pressure and
a shift of the curves Pq(e,ep) to the larger porosi-
ties. In the equilibrium parametrization
P(T.y) is used, but in fact, under the conditions
of the coesite transition, decarbonatisation equi-

13
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Figure 4. Results of calculations of different mechanical parameters at the decarbon-
atisation progress, each curve is calculated at the different initial porosities labeled on
the plots a), b) Py, fluid pressure as a function of the reaction porosity c), d) Ps, solid
pressure (mean stress) within reacted inclusion e), f) 7, deviatoric stress at the bound-
ary of the inclusion in the host rocks. Iscontinuities on the plots are connected with
a-quartz—coesite transition. Left column displays results calculated with the first poroe-
lastic model for Biot’s coefficient «r (the lowest values), right column is obtained for more
well connected pore space with larger values of « as a function of porosity.

9of 13



ES5006

librium can not be hold. The drop in pressure at
a constant T will shift the mixture into a nonequi-
librium field. Probably, the coesite transition will
lead to an acceleration of the decarbonatisation re-
action, which can cause high shear stresses in the
host rocks above the shear strength. This can lead
to explosive destruction of these rocks and a rapid
invasion of the fluid with diamonds into magma.
With such an “explosion” deformations of large di-
amonds with the formation of kink-bands [Kamin-
sky et al., are expected. The exsolution of sil-
ica from carbonic fluid, subsequently transformed
into quartz, which binds Avacha diamonds [Kamin-
sky et al., , can also be explained by an abrupt
pressure drop of several GPa at the failure of host
mantle rocks.

It should be emphasized here that the elastic
problem does not have its own spatial scale, and
therefore the results obtained are equally valid for
a large quartz-carbonate domain, for small inclu-
sions and even for several grains. It can be ex-
pected that the system has a small size, since only
then is rapid heating possible on contact with the
magma. At sufficiently large spatial and temporal
scales, the viscous relaxation of elastic stresses and
the drop in excess fluid pressure become important.
An additional argument in favor of the small size
of the system in the Kamchatka case is the fact
that the findings of diamonds are rather sporadic
and in general the geochemical signatures of the
interaction of carbonates and basaltic magmas or
melting of the carbonatized mantle are weak. Min-
eralogical evidences of the proposed mechanism of
diamonds formation are considered next.

4. Geochemical Evidences of the High
Pressure Conditions at Kamchatka
Diamonds Growth

4.1. High Ni and Mn Content in Diamonds
as an Indicator of the Carbonyls
Involvement

Tolbachin diamonds have anomalously high con-
tent, Co (enrichment factor 5-50), Fe (1-2 orders),
Ni (1-4 orders) and Mn (3-5 orders of magni-
tude), as compared to kimberlite diamonds [Silaev
et al., . Absolute concentrations of Ni and Mn
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in Tolbachik diamonds are 86.3 £ 68.6 ppm and
1129.5 + 1070.4 ppm, respectively. In diamonds
from Avacha, numerous nanosized (about 50 nm)
inclusions of Mn-Si (with traces of Ni and Fe) and
Ni-Mn (with traces of Fe and Si) alloys were ob-
served. At the average interparticle distance ca.
2 pm (estimated for rich Ni rich inclusions with
a width of 50 nm in the images from [Kaminsky
et al., [2016]) corresponds to a nickel content of
about 60 ppm, which is analogous to the content of
diamonds in Tolbachik. Diamond-bearing basalts
from Tolbachik volcano have high concentrations of
Pt (up to 3 ppm) and Co (up to 108 ppm) [Gordeev
et al., . Avacha diamonds are also character-
ized by the presence of tungsten carbide (WC) with
inclusions of native Mn-Fe-Ni-Co alloys [Kamin-
sky et al., . Altogether, these mineralogical
data may indicate the formation of diamonds from
a fluid enriched with different carbonyls or other
organometallic compounds. Indeed, the siderophile
transition elements (Mn, Fe, Ni, Co, PGE) and W
are known to form carbonyls.

We have obtained preliminary experimental data
on the solubility of Mn and Pt in a reduced car-
bonic fluid consisting of CO and COs at P =
0.2 GPa and T = 800 — 1000°C and found that
these solubilities are at least 250 and 15 ppm re-
spectively [Simakin et al., [2016]. It is estimated
that the solubility of nickel in the form of Ni(CO),
in the reduced carbonic fluid rises from 0.2 to
100 ppm with an increase in pressure from 0.2
to 1 GPa at T = 900°C. Our experimental data
and thermodynamic calculations indicate the sta-
bilization of carbonyls with increasing pressure and
their thermal decomposition. For example, for
nickel carbonyl, we calculated that at P = 1 GPa
and T' = 1000°C, heating on 150°C releases about
60 ppm Ni (based on the weight of the initial fluid
solution). Thermodynamic calculations for Ni have
not been verified experimentally, solubility can be
underestimated since solubility forms differing from
Ni(CO)4 are possible. In any case, at the low pres-
sure anticipated for CVD diamond growth [Kamin-
sky et al., , the solubility of Ni and Mn in the
reduced carbon fluid would be small, and the simul-
taneous crystallization of carbon and metals corre-
sponding to the observed metal concentrations in
diamonds would be hardly possible. The low stabil-
ity of Fe(CO)s shown with thermodynamic calcu-
lations [Simakin et al., , is another argument
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in favor of the carbonyls involvement in the forma-
tion of Kamchatka diamonds. Synthetic HTHP di-
amonds, grown from the Fe-Ni alloy, have a higher
iron content than natural minerals containing more
Ni, Mn, Co with stable carbonyls. Enriched REE
inclusions [Howell et al., may indicate re-
duced carbonic fluid, since REE are also well con-
centrated and transferred by this fluid [Simakin et
al., 2018]. Existing experimental data do not al-
low unambiguous determination of PT conditions
of formation of Kamchatka diamonds based on Ni
and Mn concentrations, however, it seems that the
pressure was at the level of several GPa.

4.2. High Disequilibrium CO Content?

It should also be emphasized here that carbon
precipitates at the disproportionation of CO:

2CO0 =C+ COq (24)
CO in the fluid is a product of the oxidation of
wustite and MnO initially produced during MnCOg
and FeCOg decomposition

3FeO + COq = Fe304 + CO (25)

2MnO + CO3 = Mny03 + CO (26)

It should be noted that in the reactions ,
and , carbon isotopes are fractionated with en-
richment of CO and, finally, C (diamond) with
light 2C isotope and carbon dioxide with 3C.
The efficiency of the fractionation of carbon iso-
topes in a pair of CO3-CO is higher than in a pair
of CO,-CHy [Chacko et al., . As a result,
at a high temperature of 800-900°C, an equilib-
rium isotopic shift between COs and diamond is
expected to be about —(10 — 17)%,. This effect
can be enhanced by kinetic factors. Thus, light
carbon (63C = —25.2 +1.3%,,) of Kamchatka dia-
monds [Silaev et al., can be associated with
this mechanism.

Carbonyls can be formed from oxides at the oxy-
gen fugacity above the correspondent metal-oxide
equilibrium level.

MnO +6 CO = Mn(CO)5 + COq (27)

There are no thermodynamic data on Mn carbonyl,
AG of the reaction can become negative due to
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high stability of carbonyls and high (several GPa)
pressure, since the number of gaseous molecules de-
creases by four during the reaction.

We observed formation of graphite and Mn trans-
fer in fluid as carbonyls in experiments at P =
0.2 GPa [Simakin et al., 2016]. Martin and Ham-
mouda also observed graphite formed due
to the disproportionation of CO at the decom-
position of FeCOs (presented as a solid solution
with dolomite) in the PT field of diamond stabil-
ity. Equilibrium concentration of CO at high pres-
sure constrained by CCO buffer reactions is low.
However, the high concentration of CO initially
produced can be maintained for a period of time
before disproportionation. Started after some de-
lay time disproportionation reaction will cause dis-
sociation of carbonyls with native metals forma-
tion. The presence of Ni particles with a similar
to that of diamond (symmetry group Fm3m with
a = 3.524A and fcc type symmetry group Fd3m
with @ = 3.567A, respectively) can promote the
crystallization of precipitated carbon in the form
of diamond in this case.

5. Conclusions

Unusual diamonds found in volcanic rocks of
Kamchatka, were formed, certainly, from the fluid.
We suggest that the formation of diamond occurs
not at low pressure by the CVD mechanism, but
rather at PT conditions of their stability. The
presence of abundant inclusions of native Ni and
Mn can be explained by the thermal decomposi-
tion of the corresponding gaseous carbonyls present
in reduced carbonic fluid at high pressure. Theo-
retically, we demonstrated that fluid pressure at
the reaction of silica and siderite dolomite caused
by magma heating can temporarily increase by 2-
2.5 GPa, thus achieving PT stability field of dia-
mond. At the mechanical failure of the pressurized
rocks the fluid phase with diamonds is injected into
the magma which transfers them to the surface.
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