
American Mineralogist, Volume 88, pages 464–468, 2003

0003-004X/03/0203–464$05.00      464

INTRODUCTION

Clinopyroxene containing up to 1.7 wt% of K2O is a char-
acteristic feature of certain inclusions in diamonds. Such K-
rich clinopyroxene (hereafter Kcpx) inclusions (e.g., Bishop et
al. 1978; Harlow and Veblen 1991) have also been encoun-
tered in some eclogitic and peridotitic xenoliths (Reid et al.
1976; Jaques et al. 1990). Until now, the maximum concentra-
tion of K2O, 2.34 wt%, was reported for clinopyroxene
megacrysts from a K-rich hawaiite from Australia (Ghorbani
and Middlemost 2000). However, experimental studies of model
and natural systems at P > 5 GPa (Perchuk et al. 2002) have
shown that 2.34 wt% is not a limit for the K2O content in
clinopyroxene. Chudinovskikh et al. (2001), Safonov et al.
(2001, 2002), and Bindi et al. (2002), reported 5.50–5.75 wt%
K2O in clinopyroxene in the run products in both carbonate-
silicate and alumino-silicate systems at 7 GPa.

Sobolev and Shatsky (1990) first described clinopyroxene
containing up to 1.5 wt% K2O as inclusions in garnets from
fine-grained diamondiferous garnet-clinopyroxene rocks of the
Kokchetav UHP Complex, Northern Kazakhstan. Similar
clinopyroxene relics in garnet, containing up to 1.2 wt% K2O,
were studied in detail by Perchuk et al. (1995, 1996, 2002) and
Perchuk and Yapaskurt (1998) in coarse-grained Grt-Cpx alu-
minosilicate rocks of the Kumdy-Kol microdiamond mine of
the same complex. Thus far, the Kokchetav UHP rocks repre-
sent the only occurrence of K-bearing clinopyroxene (Kcpx)
in a crustal environment. Kcpx of the Kokchetav Grt-Cpx car-
bonate-bearing and carbonate-free rocks differs in composi-
tion from Kcpx of kimberlites and lamproites. First of all, Kcpx
from the Kokchetav rocks show wide variations of Mg no.
[100·Mg/(Mg + Fe)atomic] from about 40 in Fe-rich Grt-Cpx rocks
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ABSTRACT

We report data on the composition and crystal structure of the most K-rich (3.61 wt% K2O)
natural clinopyroxene yet discovered. The studied crystal was found as a tiny inclusion in garnet
from a garnet-clinopyroxene rock of the Kumdy-Kol microdiamond mine, Kokchetav complex,
Northern Kazakhstan. Microprobe analysis yields the formula (Ca0.61Fe0.13Mg0.04Mn0.01K0.17Na0.05)
(Al0.61Mg0.39)(Si1.61Al0.39)O6.00. Lattice parameters are: a = 9.773(1), b = 8.926(1), c = 5.269(1) Å, b =
105.75(1)∞. The structure was refined up to Rall = 2.42% using 982 independent reflections. Substitu-
tion of K for Ca causes significant modification of the average structure. No evidence for an addi-
tional M2’ position was found. Crystal-chemical characteristics are compared with published data
on both natural and synthetic K-bearing clinopyroxenes.

(e.g., Perchuk et al. 1996) to above 90 in Mg-rich Grt-Cpx rocks
and dolomite marbles, whereas Mg no. of Kcpx from
kimberlites and lamproites never falls below 70. In addition,
clinopyroxenes of the mantle-derived rocks usually contain high
concentrations of Na and Cr (e.g., Jaques et al. 1990; Harlow
and Veblen 1991). The peculiar feature of Kcpx from Grt-Cpx
rocks of the Kokchetav Complex is the very low concentration
of Na (<1 wt% of Na2O) and the absence of Cr. Moreover, K
commonly dominates over Na in these Kcpx (Perchuk et al.
1996).

Here we report compositional and structural data on a unique
Al-rich ultrapotassic (3.61 wt% K2O) clinopyroxene, recently
discovered in the Kokchetav rocks. The major purpose of the
present study is to provide crystal-chemical characteristics of
this clinopyroxene crystal, and to compare these data with those
of Mg-rich Kcpx from kimberlites (Harlow 1996) and synthetic
Kcpx (Bindi et al. 2002).

GEOLOGICAL SETTING AND PETROGRAPHY OF THE
STUDIED ROCK SAMPLE

The Kumdy-Kol mine is situated in the Western part of the
Kokchetav Complex (Lavrova et al. 1999). The geological po-
sition of Grt-Cpx rocks within the complex is thoroughly de-
scribed in numerous books and papers (e.g., Dobrozhineckaya
et al. 1994; Perchuk et al. 1995; Dobretsov et al. 1995; Shatsky
et al. 1999; Lavrova et al. 1999). These rocks form interlayers,
boudins, and lenses in garnet-biotite diamondiferous gneisses
and schists metamorphosed under amphibolite-facies condi-
tions. A metamorphic age of the host gneisses and schists is
524–535 Ma (Shatsky et al. 1999).

A representative sample of Fe-rich, diamond-free garnet-
clinopyroxene rock of the Kumdy-Kol mine (Kum-39) was
chosen for a detailed study of the Kcpx inclusions in garnets.
The sample is a coarse-grained rock mainly composed of
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clinopyroxene and garnet (see also Perchuk et al. 1996). Titanite,
apatite, quartz, and calcite are common accessory minerals,
whereas chlorite, epidote, and albite are present only as sec-
ondary minerals. Clinopyroxene in the matrix of the rock forms
prismatic grains. Cores of large clinopyroxene crystals contain
needle-like inclusions (lamellae) of K-feldspar, whereas such
lamellae are absent on the rims of the grains. Garnet forms
separate euhedral grains 5–6 mm in size. K-feldspar forms rims
or intergrowths with Cpx and Grt (~10–200 mm wide) along
garnet and clinopyroxene grain boundaries. Garnet contains
rounded euhedral inclusions of clinopyroxene (up to 50 mm in
size), polycrystalline inclusions of calcite, and Al-rich titanite.
Some Cpx inclusions are clear, but others are crowded with K-
feldspar lamellae.

The characteristic compositional feature of garnets in the
studied sample is the high concentration of grossular (50–58
mol%), andradite (20–30 mol%), and almandine (15–20 mol%)
components, and the low content of pyrope and spessartine (<5
mol%). Garnets also contain around 1 wt% TiO2. Garnet grains
show flat profiles of all components in cores (200–300 mm);
slight increase of Ca, Fe3+ and decrease of Mg at narrow rims
(~50 mm) are observed. Mg no. of typical clinopyroxene inclu-
sions in garnet varies within the range 0.38–0.41. These
clinopyroxenes are characterized by low a Na2O content (<0.3
wt%) and a low concentration of Al in the tetrahedral site (low
CaTs content). The K2O content in the clinopyroxene inclu-
sions reaches 1.2 wt%. The Mg no. of matrix clinopyroxene
ranges from 0.41 down to 0.35, whereas the K2O content is
below 0.2 wt%. Zoning of clinopyroxene from inclusions and
matrix with respect to Mg no. and K content are identical to
that described by Perchuk et al. (1996, 2002) and Perchuk and
Yapaskurt (1998) for similar Grt-Cpx rock (Kum-2) from the
Kumdy-Kol mine. Titanite inclusions in garnet contain up to 8
wt% of Al2O3.

The single crystal of the unusual clinopyroxene (labeled
KOK-1) used in this study was recovered as an inclusion in a
garnet grain among other clinopyroxene inclusions. No visible
differences were observed between this crystal and other ex-
tracted clinopyroxenes. Because the crystal was extracted prior
to the microprobe analysis, composition of contacting garnet
was not studied.

EXPERIMENTAL METHODS

The crystal (30 ¥ 40 ¥ 55 mm), rounded and completely
transparent and gemmy, without visible inclusions, was used
for the X-ray diffraction study and electron microprobe
analysis. The Kcpx crystal used for the structural study is
preserved at the Dipartimento di Scienze della Terra,
Università di Firenze.

A total of 25 high-q reflections were centered and subse-
quently indexed yielding a = 9.773(1) Å, b = 8.926(1) Å, c =
5.269(1) Å, b = 105.75(1)∞, V = 442.38 (2) Å3. Intensity data
were collected on an automated diffractometer (Bruker P4)
using MoKa radiation monochromatized by a flat graphite crys-
tal. Intensities were treated for Lorentz-polarization effects and
subsequently corrected for absorption following the semi-em-
pirical method of North et al. (1968). Experimental details are
given in Table 1.

STRUCTURE REFINEMENT

The structure of KOK-1 was refined by means of the pro-
gram SHELXL 93 (Sheldrick 1993). The equivalent monoclinic
pairs hkl and hk

–
l were merged (Rmerge = 3.15%) according to the

symmetry of the C2/c space group. The refinement was carried
out starting from the atomic coordinates of diopside (Clark et
al. 1969). Following the results obtained by Harlow (1996) and
Bindi et al. (2002), K was assumed to substitute for Ca in M2.
Because Ca and K (M2 site), and Mg and Al (M1 site), have
similar atomic numbers we decided to refine an unconstrained
site occupancy using Ca in M2 and Al in M1; by means of
some anisotropic full-matrix least-squares cycles, the refine-
ment quickly converged to R = 2.26% for 869 observed reflec-
tions [according to the criterion Fo > 4s(Fo)]. The scattering
curves for neutral Ca, Al, Si, and O were taken from Interna-
tional Tables for X-ray Crystallography (Ibers and Hamilton
1974). The site-occupancy refinement for the M2 and M1 sites
led to a mean electron number of 19.9 and 12.7, respectively.
The inspection of the difference Fourier map revealed maxi-
mum positive and negative peaks of 0.55 and 0.49 e/Å3, re-
spectively. Fractional atomic coordinates and
anisotropic-displacement parameters are shown in Table 2.
Table 31 lists the observed and calculated structure factors.

CHEMICAL COMPOSITION

The same crystal used for the structure refinement was
analysed by means of a Jeol JXA-8600 electron microprobe.
Major and minor elements were determined at 15 kV acceler-
ating voltage and 10 nA beam current, with variable counting
times: 10 s were used for Na; 15 s for other major elements;
and 40 s for the minor elements Fe, K, Mn, Ti, and Cr. The
matrix correction was performed with the Bence and Albee
(1968) program as modified by Albee and Ray (1970). Repli-
cate analyses of augite USNM 122142 were used to check ac-

TABLE 1. Crystal data and experimental details

KOK-1
Space group C2/c
Cell parameters a = 9.773(1) (Å)

b = 8.926(1) (Å)
c = 5.269(1) (Å)
b = 105.75(1)∞
V = 442.38(2) (Å3)

Crystal size (mm) 30 ¥ 40 ¥ 55
Wavelength MoKa  (26 mA ¥ 50 kV)
theta-range (∞) 1–35
Scan mode w
Scan width (∞) 2.50
Scan speed (∞/min) 1.65
Independent refl. 982
Refl. with Fo > 4s(Fo) 869
Rmerge (%) 3.15
Robs (%) 2.26
Rall (%) 2.42
Note: Robs was calculated by SHELXL-93 with the instruction omit active.

1For a copy of Table 3, document item AM-03-025, contact the
Business Office of the Mineralogical Society of America (see
inside front cover of recent issue) for price information. De-
posit items may also be available on the American Mineralo-
gist web site at http://www.minsocam.org.
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curacy and precision. The estimated analytical precision is:
±0.02 for CaO, FeO, and MgO; ±0.03 for SiO2 and TiO2; ±0.05
for Cr2O3; ± 0.06 for K2O and Na2O; ± 0.07 for MnO; and ± 0.1
for Al2O3. The standards employed were: olivine (Mg), diop-
side (Ca), albite (Al, Si, Na), bustamite (Mn), ilmenite (Fe,
Ti), sanidine (K), and chromite (Cr). The KOK-1 crystal was
found to be homogeneous within the analytical error. The
average chemical composition (eight analyses on different
spots) is reported in Table 4 along with those of other se-
lected Kcpx (Harlow 1996; Bindi et al. 2002). On the basis
of six oxygen atoms, the formula of KOK-1 is
(Ca0.61Fe0.13Mg0.04Mn0.01K0.17Na0.05)(Al0.61Mg0.39)(Si1.61Al0.39)O6.00.
The mean electron numbers calculated for the site population
obtained on the basis of the chemical data (19.9 for the M2 site
and 12.6 for the M1 site) are in excellent agreement with those
from the site occupancy refinement (19.9 and 12.7 respectively).

CRYSTAL CHEMICAL REMARKS

On the whole, the crystal structure of KOK-1 refined in this
study is topologically identical to that of the other C2/c
clinopyroxenes (Cameron and Papike 1981, and references
therein). Table 5 reports selected bond distances and angles for
KOK-1 compared with those of other selected clinopyroxenes
(Cameron et al. 1973; Harlow 1996; Bindi et al. 2002). As al-
ready pointed out by Harlow (1996) and Bindi et al. (2002), K
was found to enter the M2 site.

The M2 site in KOK-1 is dominated by Ca (0.61 atoms per
formula unit = afu), K (0.17 afu), and Fe2+ (0.13 afu), with
minor amounts of Na, Mg, and Mn (SNa,Mg,Mn = 0.09 afu). The
value of the <M2-O> distance (2.502 Å) is intermediate be-
tween that of a natural K-rich diopside (2.504 Å; Harlow 1996)
and that of pure diopside (2.498 Å; Cameron et al. 1973). De-
spite the higher content of K2O for KOK-1 (3.61 wt%) with
respect to that of K2 (1.57 wt%; Bindi et al. 2002), we ob-
served the same value of the <M2-O> distance (2.502 Å). This
similarity is probably due to the combined effect of the lower
CaM2 and higher (Mg + Fe)M2 content in the present sample. As
already outlined by Bindi et al. (2002) for the synthetic K-rich
crystals, the increase of the M2-O distances in KOK-1 is not
isotropic. The longest distances, in particular M2-O3C1, show
the greatest increase whereas the M2-O1 distance shortens only
slightly.

The most prominent feature accompanying the entry of K
in M2 is the induced geometrical modification of the adjacent
M1 site. The large K cation induces a strong increase of the
M1-polyhedral volume (11.97 Å3) and of the <M1-O> distance
(2.085 Å). This value is notably larger than 1.989 Å, calcu-
lated on the basis of the site occupancy. This feature is evident
from Figure 1, where the observed <M1-O> distances are plot-
ted against the calculated <M1-O> distances for several C2/c

clinopyroxenes. The calculated <M1-O> distances were com-
puted using <Mg-O> = 2.081 Å, Bruno et al. 1982; <Al-O> =
1.930 Å, <Ti-O> = 1.960 Å, Dal Negro et al. 1982; <Cr-O> =
2.020 Å, Ungaretti et al. 1981; <Fe2+-O> = 2.130 Å, <Fe3+-O>
= 2.025 Å, Cameron et al. 1973). The values for KOK-1 (this
study), and K1 and K2 (Bindi et al. 2002) clearly fall off the
main trend. It can be noted, however, that the value for K1 (K
= 0.23 afu) deviates less from the trend than that of KOK-1 (K
= 0.17 afu). This feature can be due to the different Al content
in the tetrahedral site (0.03 and 0.39 afu for K1 and KOK-1,
respectively). A higher proportion of AlT leading a chain of
larger tetrahedra, indeed, might favour an enlargement of the
M1 site as well.

Significant variations are observed for the T site, as well.
The crystal KOK-1 exhibits a <T-O> distance (1.640 Å) nota-
bly lower than that expected for Al-rich tetrahedra (1.665 Å,

TABLE 4. Electron microprobe analyses (means and range in wt%
oxides) and atomic ratios (on the basis of six oxygen
atoms) for KOK-1 and comparisons with other Kcpx from
literature

KOK-1 range  K1  K2  K18a
SiO2 43.92 43.12–44.09 54.55 53.71  54.3
TiO2 0.03 0.00–0.07 – – 0.01
Al2O3 23.15 22.97–23.37 7.08 4.95 0.68
Cr2O3 0.02 0.00–0.05 – – 2.44
Fe2O3  – – – – 0.17
FeO 4.12 3.95–4.28 – – 1.76
MnO 0.29 0.19–0.38 – – 0.08
MgO 7.84 7.11–8.06 13.93 16.51  17.5
CaO 15.66 15.01–15.97 19.46 23.21  20.3
Na2O 0.66 0.54–0.74 – – 0.33
K2O 3.61 3.55–3.68 5.00 1.57 1.57
Total 99.30 100.02 99.95  99.1

T site
Si 1.607 1.968 1.935 1.992
Al 0.393 0.032 0.065 0.008

M1 site
Mg 0.392 0.731 0.855 0.880
Fe2+   – – – 0.024
Al 0.606 0.269 0.145 0.021
Fe3+   – – – 0.005
Cr 0.001 – – 0.070
Ti 0.001 – – 0.000

M2 site
Ca 0.614 0.752 0.896 0.798
Fe2+ 0.126 – – 0.036
Mg 0.036 0.018 0.032 0.070
Mn 0.009 – – 0.000
K 0.168 0.230 0.072 0.073
Na 0.047 – – 0.023

e–
M1 12.6  12.3  12.1  13.3

e–
M2 19.9  19.6  19.7  19.4

charge 12.001 12.007 12.008 11.992
Note: K1 and K2 from Bindi et al. (2002); K18a from Harlow (1996).

TABLE 2. Fractional atomic coordinates and anisotropic displacement parameters Uij (Å2) for KOK-1

x/a y/b z/c U11 U22 U33 U12 U13 U23 Ueq

M2 0 0.30131(4) 0.25000 0.0124(2) 0.0105(2) 0.0064(1)  0 –0.0035(1)  0 0.0110(1)
M1 0 0.90339(6) 0.25000 0.0095(3) 0.0091(3) 0.0067(3)  0  0.0016(2)  0 0.0086(2)
T 0.28752(3) 0.09211(3) 0.23187(6) 0.0073(1) 0.0083(2) 0.0051(1) –0.0020(1)  0.0022(1)  0.0006(1) 0.0068(1)
O1 0.1148(1) 0.0867(1) 0.1462(2) 0.0074(3) 0.0117(4) 0.0119(4)  0.0006(2)  0.0031(3)  0.0007(3) 0.0103(2)
O2 0.3614(1) 0.2496(1) 0.3201(2) 0.0137(4) 0.0117(4) 0.0119(4) –0.0074(3)  0.0066(3)  0.0004(3) 0.0118(2)
O3 0.3490(1) 0.0191(1) 0.9871(2) 0.0115(4) 0.0145(4) 0.0091(3) –0.0062(3)  0.0025(3) –0.0061(3) 0.0118(2)
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considering a tetrahedral occupancy of Si1.61Al0.39). The low
value of the mean tetrahedral distance for KOK-1 is due to the
shortening of T-O3A1 caused by a lengthening of the M2-O3C1
bond length. An increase of the M2-O3 distances indeed, cor-
responds to a decrease of the only other bond distance involv-
ing O3 (i.e., T-O3), in order to maintain its charge balance.

Harlow (1996) proposed that large K cation could be incor-
porated into the M2 site of the pyroxene structure provided
some smaller cations (e.g., Mg) were present so as to reduce
the average cation size. This hypothesis was contradicted by
the structural study on synthetic Kcpx carried out by Bindi et
al. (2002): only a minor amount of MgM2 was found in the K1
and K2 crystals. The low Mg content also accounted for the
absence of the M2' site in the structures of these crystals. In the
sample studied here, although some cations smaller than Ca
(e.g., Mg and Fe2+) are present, no evidence for the additional
M2' position (Rossi et al. 1987) was found. A careful analysis
of the shape of the electron density at M2, as well as of the
anisotropic displacement parameters of M2, did not reveal sub-
stantial differences between K1 and KOK-1.

ORIGIN OF THE ULTRA-POTASSIC CPX INCLUSIONS IN
GARNET

Unfortunately, we do not have data on the composition of
garnet in contact with the unique clinopyroxene. However, the
striking difference in composition between this clinopyroxene
inclusion and the other clinopyroxenes from the rock implies
that this Kcpx probably is not in thermodynamic equilibrium
with other minerals in the rock. Only qualitative speculation
on the P, T, and bulk composition of its formation is possible.

The Mg no. of the Kcpx (77) is significantly higher than the
Mg no. of other clinopyroxenes of the rock, and other Kcpx
inclusions in garnet (38–41) as well. However, the Mg no. is
close to that of the Kcpx (85–95) from some Mg-rich Grt-Cpx
and dolomitic carbonate-silicate rocks of the Kumdy-Kol lo-
cality (e.g., Sobolev and Shatsky 1990; Lavrova et al. 1999).
The presence of Mg-rich Kcpx in a relatively Fe-rich rock im-
plies a genetic similarity among these groups of rocks. A high
CaTs content of the Kcpx implies its crystallization at high tem-
perature in the absence of garnet because the equilibrium 2Grs
+ Prp = 3CaTs + 3Di is displaced significantly to the right with
increasing temperature. In addition, the extremely high K content
of Kcpx is evidence for its crystallization in equilibrium with the
essentially K-rich melt or fluid at high pressure (>5 GPa).

Potassic Kcpx with K2O > 3.0 wt% was synthesized in some
ultra-potassic systems (e.g., Harlow 1997, 1999; Chudinovskikh
et al. 2001; Safonov et al. 2002) over the temperature range of
1200–1600 ∞C and pressure range of 7–11 GPa. The high con-
tent of K2O in the coexisting melts (11–14 wt% in aluminosili-
cate melt and 14–33 wt% in carbonate melt/fluid) is the major
characteristic of the systems involving Kcpx (e.g., Harlow 1997;
Safonov et al. 2002). Another characteristic feature of the melts
coexisting with the synthetic Kcpx is relatively high SiO2 con-
tent (activity), which provokes the formation of the Ca-Eskola
component instead of the Ca-Tschermak end-member (e.g.,
Harlow 1999; Chudinovskikh et al. 2001; Safonov et al. 2002).
Taking into account these observations, a possible reason for
the formation of CaTs-rich Kcpx in the Kokchetav rocks is the

TABLE 5.  A comparison of selected bond distances (Å) and inter-
atomic angles (∞)

KOK-1 K1 K2 K18a Di100

M2 site
M2-O2 2.347(1) 2.338(1) 2.318(1) 2.338(2) 2.353(3)
M2-O1 2.358(1) 2.342(1) 2.344(1) 2.375(3) 2.360(1)
M2-O3C1 2.601(1) 2.789(1) 2.612(1) 2.574(2) 2.561(2)
M2-O3C2 2.704(1) 2.796(1) 2.734(1) 2.729(2) 2.718(2)
Mean 2.502 2.566 2.502 2.504 2.498
Vp 25.86 28.09 25.85 25.89 25.76

M1 site
M1-O2 2.032(1) 2.045(1) 2.047(1) 2.047(2)  2.050(1)
M1-O1A1 2.137(1) 2.139(1) 2.117(1) 2.126(1) 2.115(1)
M1-O1A2 2.086(1) 2.106(1) 2.084(1) 2.057(1) 2.065(2)
Mean 2.085 2.097 2.082 2.077  2.077
Vp 11.97 12.17 11.94 11.84 11.85
s2 (oct) 22.89 22.41 18.74 18.77 17.37
l (oct) 1.0072 1.0069 1.0057 1.0058 1.0053

T site
T-O2 1.591(1) 1.595(1) 1.586(1) 1.594(2) 1.585(1)
T-O1 1.625(1) 1.642(1) 1.616(1) 1.610(2) 1.602(2)
T-O3A1 1.648(1) 1.603(1) 1.635(1) 1.665(2) 1.665(2)
T-O3A2 1.694(1) 1.638(1) 1.681(1) 1.683(2) 1.687(2)
T-Onbr 1.608 1.619 1.601 1.602 1.594
T-Obr 1.671 1.621 1.658 1.674 1.676
mean 1.640 1.620 1.629 1.638 1.635
Vp 2.246 2.156 2.205 2.238 2.221
s2 (tet) 20.62 31.93 20.10 25.39 28.56
l (tet) 1.0053 1.0079 1.0051 1.0059 1.0067

e–
M1 12.7 12.0 12.2 13.2 12.0

e–
M2 19.9 19.8 19.7 19.5* 20.0

O3-O3-O3 165.25(1) 158.68(1) 165.51(1) 165.9(1) 166.4(1)
Si-O3-Si 136.62(1) 146.50(1) 139.28(1) 136.4(1) 135.93(9)
Notes:  KOK-1 this study; K1 and K2 from Bindi et al. (2002); K18a from
Harlow (1996); Di100 from Cameron et al. (1973). The mean quadratic
elongation (l) and the angle variance (s2) were computed according to
Robinson et al. (1971).
* e–

M2 + M2’.

FIGURE 1. Values of the observed <M1-O> distances plotted against
the calculated <M1-O> distances for several C2/c clinopyroxenes. Solid
upward-triangle refers to the natural clinopyroxene crystal of this study
(KOK-1); solid downward-triangles refer to synthetic ultrapotassic
clinopyroxenes K1 and K2 (Bindi et al. 2002); filled diamond refers to
natural K-rich diopside K18a (Harlow 1996). Open symbols are as follows:
squares refer to natural clinopyroxenes from Monte Vulture Volcano (Bindi
et al. 1999), circles refer to natural clinopyroxenes from ultrapotassic rocks
from Central Italy (Cellai et al. 1994); stars (1–6) refer to pure end-members
reported by Cameron et al. (1973): 1 = spodumene, 2 = jadeite, 3 = acmite,
4 = ureyite, 5 = diopside, 6 = hedenbergite.
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low SiO2 content (activity) and, probably, the high Al2O3 con-
tent in the coexisting melt/fluid.

Discussion on the origin of this K-rich melt/fluid in the
Kokchetav Complex is beyond the present study. However,
occurrence of such Kcpx agrees with the hypothesis that Kcpx
of both the Grt-Cpx and carbonate-silicate rocks from the
Kokchetav Complex was crystallized at liquidus of single deep-
seated K-rich carbonate-silicate magma (Perchuk and Yapaskurt
1998; Perchuk et al. 2002). From this point of view, we can
conclude that the unique Al-rich Kcpx is a relic of the earliest
high-temperature (probably liquidus) crystallization of a K- and
Al-rich silica undersaturated melt at pressures above 5 GPa.
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