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Abstract

Kokchetav ‘lamproite’ occurs in the east end of Kokchetav massif and consists of phenocryst (mainly
clinopyroxene) and matrix (mainly feldspar). The compositions of clinopyroxene, magnetite and biotite phenocryst
were determined using wavelength dispersive spectrometry on a JEOL Super-probe 8900 electron microprobe for the
purpose of revealing the process of magma evolution. Analyses revealed a core^rim variation, which is consistent with
three stages of magmatic evolution: Mg-rich clinopyroxene cores (diopside) and biotite cores (phlogopite) crystallized
in a deep magma chamber (stage I); Fe-rich clinopyroxene rim (salite) and biotite rim crystallized at low pressure in a
shallow magma chamber (stage II); Magnetite phenocryst core also crystallized in a shallow magma chamber, and co-
exists with Fe-rich clinopyroxene rim and biotite rim. The magnetite rims probably formed during magma eruption at
the same time when groundmass crystallized (stage III). The calculated temperatures for ilmenite^magnetite pair range
from 679 to 887‡C, log fO2 values range from 311.1 to 314.9 log units. These values represent the latest conditions of
magma as ilmenite exsolution in magnetite probably occurred during magma eruption from the shallow chamber to
surface. < 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lamproites are ultrapotassic igneous rocks and
are known on all continents. Despite their small
volumes and petrologic peculiarities, lamproites
can potentially provide much intrinsic informa-
tion on the nature and evolution of their mantle
source regions. In addition study of their genesis
provides some interesting tectonic insights into

the nature of postrift and postcollisional mantle
lithospheric magmatism (Mitchell and Bergman,
1991). Lamproitic rocks therefore were intensively
studied all over the world. Recently, a new lam-
proite locality was found in the Kokchetav massif,
north Kazakhstan.

Kokchetav massif consists of diamond-bearing
ultrahigh pressure (UHP) and high pressure (HP)
units, and extends about 80 km along NW^SE
with a width of around 17 km (Dobretsov et al.,
1995). The Kokchetav UHP and HP metamorphic
belts are composed of Precambrian protoliths that
are overlain by the Cambro-Ordovician volcanic
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and sedimentary strata of mainly island arc ori-
gin, Devonian volcanic molasses, and Carbonifer-
ous and Triassic shallow water and lacustrine de-
posits (Kaneko et al., 2000). Silurian to Early
Devonian syn-tectonic granites and Late Devo-
nian to Carboniferous postcollisional granitoids
intruded into the metamorphic belts (Dobretsov
et al., 1995). Metamorphism of the diamond-bear-
ing parageneses, schists and associated tectonic
rocks took place in the Middle Cambrian, as in-
dicated by Sm^Nd and U^Pb ages between 520
and 540 Ma (Jagoutz et al., 1990; Claoue-Long et
al., 1991; Shatsky et al., 1999). These authors
suggest that the collision of micro-continents dur-
ing the Lower Paleozoic resulted in the sinking of
thinned crust to a depth of about 150 km.

Although the UHP metamorphism and tectonic
evolution of Kokchetav massif have been exten-
sively studied, the postcollisional processes of this
massif and the characteristics of its lithospheric
mantle are poorly understood. Kokchetav ‘lamp-
roite’ occurs in Kokchetav massif as a postcolli-
sional magmatic phase (Kaneko et al., 2000) and
provides a chance to study the nature of its man-

tle source after UHP metamorphism. This manu-
script reports the compositions of major mineral
phases of Kokchetav ‘lamproite’ for the purpose
of revealing the processes of magma evolution.

2. Geological setting and petrography

Kokchetav ‘lamproites’ occur in the Boroboye
uplift area as tu¡ breccia, at the east end of Kok-
chetav massif, on the north banks of Maloe Che-
bachye Lake and Bolishoe Chebachye Lake
(Fig. 1). In the north, country rocks are UHP
rocks including diamond-bearing acidic gneiss
and ecologite-bearing pelitic schist. The country
rocks in southern parts are pelitic psammitic
schist and gneiss, which were intruded by Devo-
nian granitoids. The contact boundaries between
the ‘lamproites’ and the country rocks are faults.
Lamproites extend more than 13 km in NE-E
direction, and are covered by lake-deposits and
water (Fig. 1). The outcrop area is about 10 km2.

The Kokchetav ‘lamproite’ is rather fresh with
a low degree of alteration, which mainly occurs in

Fig. 1. Geological map of the Kokchetav ‘lamproite’ (modi¢ed from Kaneko et al., 2000).
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the groundmass and the rims of the phenocrysts.
The rock is porphyritic, with 30^50 vol.% pheno-
crysts, mostly clinopyroxene. Clinopyroxene typi-
cally forms colorless micro-phenocryst (mainly
0.1^0.6 mm and rarely up to 1.5 mm in length),
some of them are simply twinned. The clinopy-
roxene in many instances is partially dissolved
and has, evidently, undergone resorption in rims
(Fig. 2a). Clinopyroxene is zoned with diopside
core and salite rim. Ti^magnetite occurs in the
clinopyroxene rim (Fig. 2b). This is quite di¡erent
from most lamproites, as pyroxenes in lamproite
are typically not zoned. Rare exceptions to this
rule occur in rocks from the Leucite Hills, which

are zoned to Fe-rich rims and exhibit acmitic
mantles (Mitchell, 1995). In rare case, biotite oc-
curs as a phenocryst phase co-existing with clino-
pyroxene and magnetite. Actinolite replaces clino-
pyroxene and biotite rims in some cases (Fig. 2c).
The rhyotaxitic texture is developed in some cases
for matrix (Fig. 2d). The groundmass consists
mainly of feldspar with trace amounts of apatite
and magnetite. Feldspar is replaced by epidote
and fabric actinolite partially. Magnetite occurs
both as phenocryst and matrix, and magnetite
grain can be as large as clinopyroxene phenocryst
(Fig. 2d). Magnetite phenocryst has a complex
structure. Its core contains abundant blebby il-

Fig. 2. (a) Clinopyroxene (Cpx) phenocryst with magnetite (Mt). The clinopyroxene shows broken and resorbed outlines. Cross-
polarized light. (b) Back-scattered electron image of a zoned clinopyroxene with diopside core and salite rim. There are abundant
magnetite inclusions (light) in clinopyroxene rim; (c) one biotite (Bi) and several clinopyroxene phenocrysts (+magnetite) are re-
placed by actinolite along their rims. All clinopyroxene crystals show irregular shapes (resorbed and broken). Single polarized
light. (d) Clinopyroxene and magnetite phenocryst in the matrix with rhyotaxitic texture. Single polarized light.
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menite inclusions but its rim is inclusion-free
(Fig. 3a). Magnetite phenocryst generally is
marked by a thin (about 1 Wm in width, discon-
tinuous) sphene band. The sphene band connects

to ilmenite inclusions in magnetite core along
cracks cutting through the magnetite rim
(Fig. 3a). The tiny ilmenite inclusions (between
0.1U0.1 and 0.1U3 Wm in size) in the magnetite
core should be the products of exsolution as they
arranged exactly in two orientations as shown in
Fig. 3b. Some cracks are parallel to the orienta-
tion of the exsolved ilmenite as shown in Fig.
3a,b. Others, however, have di¡erent orientation,
which cut across the orientation of the exsolution
(see Fig. 3a). Most cracks are ¢lled with sphene
(Fig. 3a), but others are empty, showing the
shapes similar to ilmenite inclusions (Fig. 3b).
These empty cracks probably were ¢lled by ilmen-
ite inclusions initially, and ilmenite inclusions
were replaced by sphene, and sphene was removed
afterwards by hydrothermal £uid.

3. Analysis methods

Whole rocks of the representative samples were
ground in an agate mill, after careful washing in
distilled water. Major elements were measured by
XRF spectrometer on glass disks made by fusion
of whole rock with lithium metaborate in Waseda
University. Precision is 0.5% for element oxides.
Analytical data are given in Table 1.

Mineral analyses were carried out by wave-
length dispersive X-ray spectrometry on a JEOL
Super-probe 8900 electron microprobe at Waseda
University. The special ¢lament (LaB6) was used
to maintain constant conditions over a long time.
The operation conditions were set to 15 kV and
20 nA using a beam defocused to 10 Wm (for some
very small mineral phases, a beam defocused to
1 Wm was used) with counting time of 10 s for
every element. Synthetic pure oxides were used as
standards. Pyroxene nomenclature and site assign-
ments follow IMA guidelines (Morimoto, 1989).
X-ray mapping was performed to reveal the com-
positional texture of the Ti^magnetite phenocryst
and groundmass using the Super-probe 8900. The
operation conditions were set to 15 kV and 20 nA
using a beam focused close to 1 Wm in order to get
a clear image. Dwell time for each point is 20^
30 ms. Number of pixels in each image is set to
500^600 with pixel size of 0.01^0.1 Wm.

Fig. 3. (a) The X-ray image (Ti) of a magnetite phenocryst.
Noting abundant ilmenite inclusions in magnetite core and
inclusion-free rim. The cracks are ¢lled with sphene veins
cutting through magnetite and marking magnetite outlines.
The scale bar is 20W m. (b) The X-ray image (Fe) of the lo-
cal area of magnetite core, where ilmenite (Ilm) arranges in
two directions, which is parallel with some empty (emp). The
scale bar is 5 Wm.
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4. Results

4.1. Whole-rock geochemistry

The chemical compositions of the representa-
tive samples of Kokchetav ‘lamproite’ are simply

classi¢ed as trachybasalt (potassic trachybasalt)
and basaltic trachyandesite (shoshonite) (Fig. 4a)
according to the TAS diagram by Le Maitre et al.
(1990). All samples belong to the shoshonitic
group characterized with especially high K2O con-
tents in the diagram of K2O versus SiO2 (Fig. 4b),

Table 1
The representative compositions of Kokchetav ‘lamproite’

Oxides, wt% J527 J530 J525 J522 J533 J534 J537 R120

SiO2 49.82 50.72 51.45 47.53 51.25 51.08 50.46 54.36
TiO2 0.76 0.84 0.86 0.76 0.84 0.78 0.69 0.76
Al2O3 11.15 10.57 13.70 10.59 12.11 11.11 9.50 12.50
FeO 12.40 11.38 10.65 11.37 10.43 10.34 10.00 9.04
MnO 0.19 0.17 0.17 0.20 0.17 0.16 0.16 0.13
MgO 9.70 8.34 5.96 8.82 8.07 8.77 7.40 5.85
CaO 10.10 12.25 9.04 15.07 10.85 10.70 15.75 8.84
Na2O 0.36 2.37 1.95 0.70 1.66 0.44 0.84 1.60
K2O 5.47 3.16 6.09 4.83 4.74 6.03 5.10 6.42
P2O5 0.48 0.58 0.55 0.50 0.48 0.51 0.49 0.50
Total 100.43 100.38 100.42 100.37 100.60 99.92 100.39 100.00

Fig. 4. Total alkali-silica (a) and K2O (b) versus SiO2 diagrams after Le Maitre et al. (1989); SiO2 versus TiO2 (c) and (Na+K)/
Al (d) plots showing the di¡erence between the studied rocks and lamproites, but it is similar to the RPL. Lamproite area is
based on Bergman (1987), RPL area is modi¢ed from Mitchell and Bergman, 1991 (¢g. 6.32, p. 213).

VOLGEO 2444 9-7-02

Y. Zhu et al. / Journal of Volcanology and Geothermal Research 116 (2002) 35^61 39



T
ab

le
2

T
he

re
pr

es
en

ta
ti

ve
co

m
po

si
ti

on
s

of
cl

in
op

yr
ox

en
e

co
re

s

VOLGEO 2444 9-7-02

Y. Zhu et al. / Journal of Volcanology and Geothermal Research 116 (2002) 35^6140



T
ab

le
2

(C
on
ti
nu
ed

).
T

he
re

pr
es

en
ta

ti
ve

co
m

po
si

ti
on

s
of

cl
in

op
yr

ox
en

e
co

re
s

VOLGEO 2444 9-7-02

Y. Zhu et al. / Journal of Volcanology and Geothermal Research 116 (2002) 35^61 41



T
ab

le
2

(C
on
ti
nu
ed

).
T

he
re

pr
es

en
ta

ti
ve

co
m

po
si

ti
on

s
of

cl
in

op
yr

ox
en

e
co

re
s

M
g

=
10

0
M

g/
(M

g+
F

e)
.

VOLGEO 2444 9-7-02

Y. Zhu et al. / Journal of Volcanology and Geothermal Research 116 (2002) 35^6142



and completely correspond to Roman Province
lava (RPL) in both diagrams.

Very high FeO (9^12.4%) and CaO contents
(8.8^15.1%) of the studied rocks made it di⁄cult
to classify these rocks. Although high CaO con-
tent could be due to the clinopyroxene accumu-
lation as these rocks contain abundant clinopy-
roxene phenocrysts, but lower MgO contents
(5.9^9.7%) do not support this explanation.
Comparing with typical lamprites (Bergman,

1987; Mitchell and Bergman, 1991), Kokchetav
‘lamproites’ are poor in TiO2 (0.69^0.86 wt%,
Table 1), which is totally consistent with the
RPL in the SiO2^TiO2 plot (Fig. 4c). This is fur-
ther proved in (Na+K)/Al^SiO2 plot although
one sample locates outside of the RPL ¢eld
(Fig. 4d).

It is clear that the Kokchetav ‘lamproite’ is not
lamproite, but a kind of shoshonitic rock, which
highly resembles the RPL in bulk composition.

Fig. 5. (a) The Wo^En^Fs diagrams showing the compositions of clinopyroxene phenocryst in Kokchetav ‘lamproite’. The com-
positional spaces of the representative lamproite clinopyroxene (by Mitchell and Bergman, 1991) are compiled for comparison;
b^e) Plots of Si versus AlVI (b), Ti (c) and Cr (d) show the variances of clinopyroxene compositions; (e) plot of AlVI/AlIV ratios
versus Mg-numbers.
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Table 3 (Continued).
The chemical compositions of clinopyroxene crystal II from its rim to core to rim

Mg = 100 Mg/(Mg+Fe).
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4.2. Mineral compositions

4.2.1. Clinopyroxene phenocryst
Clinopyroxene is the most important mineral

phase and occurs only as phenocryst in Kokche-
tav ‘lamproite’. The representative clinopyroxene
compositions are presented in Tables 2 and 3.
Table 3 presents compositions of two representa-
tive clinopyroxene crystals. All clinopyroxene

analyses display large compositional di¡erences
between cores and rims (Fig. 5). Most clinopy-
roxene cores are diopside and rims are salite
(Fig. 5a), and both rims and cores fall into the
area de¢ned as lamproite clinopyroxene by Mitch-
ell and Bergman (1991). However, Ti contents are
much lower and Al contents are much higher than
clinopyroxene in typical lamproites. Si contents
roughly correlate with AlVI and Ti (Fig. 5b,c, re-

Fig. 6. The compositional pro¢les for two representative clinopyroxene phenocrysts, (a^d) for crystal I and (e^h) for crystal II
(data from Table 3).

VOLGEO 2444 9-7-02

Y. Zhu et al. / Journal of Volcanology and Geothermal Research 116 (2002) 35^6146



Table 4
The representative compositions of magnetite cores with abundant ilmenite inclusions

Oxides, wt% 366 367 369 370 373 374 375 380 381 382 383 384 385 386 387 390 396

SiO2 0.36 0.22 0.11 1.09 0.79 0.85 0.77 0.13 0.13 0.14 0.15 0.68 0.18 0.73 0.61 0.89 0.81
Al2O3 3.29 2.86 5.07 3.17 1.98 1.98 1.82 3.58 5.15 3.71 5.67 3.99 1.31 1.33 1.23 0.55 0.56
TiO2 6.22 5.86 5.51 5.50 4.30 3.46 2.94 5.89 7.21 5.24 6.99 4.94 4.78 3.75 4.27 3.75 3.35
FeOa

cal 22.89 25.88 17.12 7.51 23.06 15.42 9.13 3.29 15.29 30.23 40.36 18.10 14.94 10.16 8.67 16.80 20.00
Fe2Oa

3cal 66.30 64.40 71.52 81.64 69.07 77.32 84.46 86.47 71.37 59.85 45.50 71.58 77.69 83.14 84.34 77.45 74.71
MnO 0.32 0.28 0.09 0.20 0.10 0.16 0.14 0.09 0.26 0.14 0.28 0.05 0.04 0.14 0.40 0.11 0.10
Cr2O3 0.12 0.09 0.08 0.15 0.13 0.16 0.10 0.08 0.04 0.08 0 0.08 0.01 0.03 0.04 0.08 0.027
MgO 0.14 0.06 0.04 0.22 0.13 0.19 0.19 0.04 0.06 0.05 0.59 0.06 0.02 0.22 0.12 0.04 0.04
CaO 0 0 0 0.240 0.14 0.15 0.13 0 0 0 0 0 0.35 0.27 0.07 0.13 0.24
V2O3 0.32 0.35 0.41 0.27 0.32 0.31 0.32 0.43 0.47 0.51 0.45 0.46 0.28 0.23 0.25 0.16 0.18
P2O5 0.04 0 0.05 0.02 0 0 0.01 0 0.03 0.04 0 0.05 0.40 0 0 0 0
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
FeOTotal 82.54 83.82 81.48 80.98 85.20 84.99 85.12 81.10 79.51 84.09 81.31 82.51 84.84 84.97 84.56 86.52 87.22

Cation (O= 4)
Si 0.013 0.008 0.004 0.038 0.029 0.030 0.027 0.004 0.005 0.005 0.006 0.024 0.007 0.026 0.022 0.032 0.030
Al 0.140 0.123 0.211 0.129 0.085 0.084 0.076 0.144 0.212 0.161 0.248 0.167 0.055 0.056 0.051 0.024 0.024
Ti 0.169 0.161 0.146 0.143 0.118 0.093 0.078 0.152 0.189 0.145 0.195 0.132 0.129 0.100 0.113 0.102 0.092
Fe2þ 0.689 0.789 0.505 0.217 0.702 0.461 0.269 0.094 0.446 0.930 1.252 0.537 0.447 0.301 0.256 0.508 0.611
Fe3þ 1.796 1.768 1.896 2.121 1.892 2.081 2.243 2.230 1.872 1.656 1.270 1.909 2.091 2.216 2.240 2.109 2.055
Mn 0.010 0.009 0.003 0.006 0.003 0.005 0.004 0.003 0.008 0.004 0.009 0.002 0.001 0.004 0.012 0.003 0.003
Cr 0.003 0.003 0.002 0.004 0.004 0.004 0.003 0.002 0.001 0.002 0 0.002 0 0.001 0.001 0.002 0.001
Mg 0.007 0.004 0.002 0.011 0.007 0.010 0.010 0.002 0.003 0.003 0.033 0.003 0.001 0.012 0.006 0.002 0.002
Ca 0 0 0 0.009 0.005 0.006 0.005 0 0 0 0 0 0.013 0.010 0.003 0.005 0.009
V 0.008 0.009 0.009 0.006 0.008 0.007 0.008 0.010 0.011 0.012 0.011 0.011 0.007 0.005 0.006 0.004 0.004
P 0.001 0 0.002 0 0 0 0 0 0.001 0.001 0 0.002 0.012 0 0 0 0

Usp, mol% 7.99 7.83 6.48 5.96 5.61 4.12 3.25 6.00 8.32 7.38 11.39 5.96 5.66 4.21 4.71 4.56 4.24
Sp, mol% 6.79 6.11 9.44 5.55 4.22 3.89 3.27 5.80 9.35 8.30 14.47 7.65 2.44 2.37 2.18 1.16 1.14

FeOTotal is directly obtained by microprobe analysis; Usp = ulvo«spinel (Fe2þ
2 TiO4); Sp = spinel ((Mg,Fe2þ,Mn,Ca)(Al,Cr)2O4).

a Calculated by assuming the absent amounts of content (the di¡erence between the analysis total and 100) are due to the Fe3þ in magnetite.
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Table 5
The representative composition of magnetite rims

Oxides,
wt%

397 398 399 419 404 405 360 362 379 388 389 391 392 393 394 395 401

SiO2 1.33 0.81 1.07 0.11 1.00 1.09 1.21 0.98 1.04 1.10 0.89 0.81 0.82 1.01 1.06 1.04 0.95
Al2O3 1.08 1.18 1.21 0.58 0.66 0.62 0.52 1.07 0.99 1.15 1.13 0.80 0.67 0.63 0.68 0.84 0.80
TiO2 2.05 2.13 1.65 3.08 1.89 1.98 0.82 1.89 2.40 1.87 2.24 1.68 2.94 1.17 1.14 1.19 1.38
FeOa

cal 29.29 28.75 19.49 20.98 14.15 11.51 25.30 21.03 12.18 12.70 24.34 25.35 15.26 21.44 26.85 27.84 29.65
Fe2Oa

3cal 65.49 66.60 76.07 69.17 81.84 84.32 71.73 74.24 82.67 82.70 70.83 70.84 79.86 75.34 69.81 68.80 66.81
MnO 0.02 0.11 0.05 0.05 0 0.01 0.06 0.13 0.06 0.04 0.02 0.07 0.05 0.08 0.09 0 0.03
Cr2O3 0.01 0.02 0 0.04 0.04 0.04 0 0.13 0.14 0.02 0.04 0.04 0.07 0.02 0 0.02 0.04
MgO 0.14 0.08 0.08 0.06 0.03 0.07 0.05 0.16 0.12 0.12 0.14 0.11 0.07 0.06 0.07 0.07 0.09
CaO 0.41 0.14 0.18 2.84 0.21 0.24 0.11 0.17 0.16 0.07 0.12 0.07 0.12 0.09 0.14 0.15 0.15
V2O3 0.17 0.15 0.16 0.44 0.16 0.13 0.21 0.20 0.23 0.20 0.25 0.22 0.16 0.16 0.10 0.05 0.13
P2O5 0 0.04 0.05 2.66 0.03 0 0 0.005 0.02 0.03 0 0.01 0 0.01 0.07 0 0
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
FeOTotal 88.23 88.68 87.94 83.21 87.79 87.37 89.84 87.83 86.57 87.12 88.08 89.09 87.11 89.23 89.67 89.74 89.77

Cation (O= 4)
Si 0.050 0.030 0.039 0.004 0.036 0.039 0.045 0.036 0.037 0.040 0.033 0.030 0.029 0.037 0.040 0.039 0.036
Al 0.047 0.052 0.052 0.025 0.028 0.026 0.023 0.046 0.042 0.049 0.049 0.035 0.028 0.028 0.030 0.037 0.035
Ti 0.058 0.060 0.045 0.084 0.051 0.054 0.023 0.052 0.065 0.050 0.062 0.047 0.080 0.033 0.032 0.034 0.039
Fe2þ 0.916 0.900 0.595 0.632 0.427 0.345 0.789 0.645 0.364 0.380 0.752 0.789 0.461 0.662 0.840 0.873 0.934
Fe3þ 1.842 1.877 2.089 1.875 2.222 2.273 2.013 2.048 2.223 2.228 1.969 1.985 2.170 2.092 1.965 1.941 1.895
Mn 0.001 0.003 0.002 0.002 0 0 0.002 0.004 0.002 0.001 0.001 0.002 0.001 0.002 0.003 0 0.001
Cr 0 0.001 0 0.001 0.001 0.001 0 0.004 0.004 0.001 0.001 0.001 0.002 0.001 0 0.001 0.001
Mg 0.008 0.004 0.005 0.003 0.002 0.004 0.003 0.009 0.007 0.006 0.008 0.006 0.004 0.003 0.004 0.004 0.005
Ca 0.016 0.006 0.007 0.110 0.008 0.009 0.004 0.007 0.006 0.003 0.005 0.003 0.005 0.003 0.005 0.006 0.006
V 0.004 0.004 0.004 0.011 0.004 0.003 0.005 0.005 0.005 0.005 0.006 0.006 0.004 0.004 0.002 0.001 0.003
P 0 0.001 0.002 0.081 0.001 0 0 0 0.001 0.001 0 0 0 0 0.002 0 0

Ulv, mol% 2.95 3.02 2.06 4.21 2.23 2.27 1.12 2.43 2.77 2.17 2.99 2.28 3.50 1.51 1.58 1.67 1.98
Sp, mol% 2.45 2.63 2.37 1.30 1.26 1.15 1.10 2.33 1.95 2.12 2.42 1.76 1.34 1.31 1.47 1.88 1.85

FeOTotal is directly obtained by microprobe analysis ; Usp = ulvo«spinel (Fe2þ
2 TiO4); Sp = spinel ((Mg,Fe2þ,Mn,Ca)(Al,Cr)2O4).

a Calculated by assuming the absent amounts of content (the di¡erence between the analysis total and 100) are due to the Fe3þ in magnetite.
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spectively). Clinopyroxene rims generally are en-
riched in AlVI and Ti but depleted in Si relative to
their cores. Si contents are higher than 1.90 a.f.u.
(atomic formula unit) for clinopyroxene cores,
and generally lower than 1.90 a.f.u. for clinopy-
roxene rims. Cr contents are highly variable espe-
cially for clinopyroxene cores. Cr contents are
higher in cores than in rims. However, there is
no correlation between Cr and Si contents (Fig.
5d). Clinopyroxene cores are characterized with
high Mg-numbers and high AlVI/AlIV ratios rela-
tive to rims (Fig. 5e). AlVI/AlIV ratios for cores
range from 0.216 to 2.389 (average = 0.592). These
ratios vary between 0.343 and 0.775 in rims (aver-
age = 0.476). High AlVI/AlIV ratio is considered to
be a characteristic of HP clinopyroxene (Thomp-
son, 1974; Wass, 1979). High AlVI/AlIV ratios in
clinopyroxene cores therefore suggest that the
Kokchetav clinopyroxene cores crystallized at
HP relative to rims.

The discontinuities in chemical composition
were evident in clinopyroxene crystals as shown
in Fig. 6. These two clinopyroxene crystals have
similar zoning patterns with lower AlVI and Ti
contents but higher Mg-numbers and Cr contents
in cores than rims. All these observations imply
di¡erent crystallization conditions for clinopyro-
xene cores and rims.

The complex clinopyroxene structure gives
some information to evaluate relative pressure
and temperature of clinopyroxene crystallization
from Kokchetav ‘lamproite’ magma. In Ramsay’s
classi¢cation diagram Ramsay (1992), Kokchetav
clinopyroxene fall into ‘on-craton’ garnet^perido-
tite space and eclogite^pyroxenite^phenocryst
space (Fig. 7a). All clinopyroxene rims fall in
the lower-pressure eclogite^pyroxenite^phenocryst
space, whereas about half clinopyroxene cores fall
into the ‘on-craton’ garnet^peridotite space. This
di¡erence implies that clinopyroxene cores crys-
tallized at higher pressure (in mantle) than the
rims (in crust). Cr content in clinopyroxene is in-
sensitive to temperature but sensitive to pressure.
As Na content is relatively low in clinopyroxene
cores, the exchanged Cr component in clinopy-
roxene must be tschermakitic (e.g. CaCrAlSiO6),
in which the excess charge of Cr is balanced by Al
substituting for Si in tetrahedral site. Brey et al.

(1986) showed a lower e¡ect of temperature on Cr
exchange than is the case for exchange of other
tschermakitic components in clinopyroxene. Cli-
nopyroxene with high Cr content generally crys-
tallize at HP. Cr content is balanced by AlVI in
clinopyroxene structure, and 100Cr/(Cr+AlVI) ra-
tio (Cr-number) correlates with pressure (Nimis
and Taylor, 2000). Cr-number therefore is used
to estimate the relative pressure at which clinopy-
roxene crystallized. Clinopyroxene cores are char-
acterized with high Mg-numbers (s 80) and
largely variable Cr-numbers (65^3), whereas clino-
pyroxene rims di¡er from their cores apparently
with low Mg-numbers and Cr-numbers (Fig. 7b).
These di¡erences suggest clinopyroxene cores
crystallized at high but largely variable pressures,

Fig. 7. (a) The Cr2O3 versus Al2O3 plot for Kokchetav clino-
pyroxene, discrimination lines are based on Ramsay (1992).
(b) Mg-number versus Cr-number plot for clinopyroxene
phenocrysts.
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Table 6
The representative compositions of ilmenite inclusions in magnetite cores and sphene in magnetite cracks
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and clinopyroxene rims formed at lower pres-
sures.

4.2.2. Ti^magnetite compositions and
T-fO2 conditions

Representative magnetite analyses present in
Table 4 (cores) and Table 5 (rims). As ilmenite
inclusions are very small in size, relatively few
analyses were obtained by electronic probe. Rep-
resentative ilmenite and sphene compositions are
listed in Table 6. In order to calculate Fe2O3 con-
tents in magnetite, we assumed that the di¡erence
between the analysis total and 100% is only due to
the occurrence of Fe3þ.

Magnetite cores di¡er from their rims mainly in
TiO2 content. TiO2 contents in magnetite cores
are higher than in their rims (Fig. 8). The ulvo«-
spinel component varies between 3.25 and 11.39
mol% (average 6.09%) in magnetite core (Table 4),
whereas between 1.51 and 4.21% (average 2.40%)
in the magnetite rim (Table 5). Magnetite cores
are characterized by high and largely variable
TiO2, Al2O3, V2O5 (Fig. 8a,b), but low total

FeO contents (Fig. 8c). The calculated Fe2O3 con-
tents are not signi¢cantly di¡erent from the cores
to rims (Fig. 8d). Magnetite SiO2 contents are low
and cores and rims are similar (0.11^1.09 wt% for
cores, 0.11^1.33 wt% for rims, see Tables 4 and
5). Magnetite cores contain 0.56^5.67% Al2O3

with an average of 2.78%. Spinel component in
magnetite core varies between 1.16 and 14.47%
with an average of 5.54% (Table 4). Al2O3 con-
tents in magnetite rims range from 0.52 to 1.21%
with an average of 0.86%, and spinel component
ranges from 1.10 to 2.63% with an average of
1.81% (Table 5). The relatively high ulvo«spinel
and spinel components in magnetite core prob-
ably indicate high-temperature environment (see
Deer et al., 1992).

The oxygen fugacity has a direct in£uence on
the degree of solid solution between magnetite
and ulvo«spinel or between ilmenite and hematite.
In Kokchetav ‘lamproite’, Ti^magnetite cores
contain abundant exsolved ilmenite inclusions
and equilibrium temperature and oxygen fugac-
ities can be calculated. Two di¡erent magnetite^

Fig. 8. Plots of several major elements showing magnetite compositions.
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ilmenite thermometry/oxygen barometers (Spencer
and Lindsley, 1981; Ghiorso and Sack, 1991)
were used to estimate the temperature and oxygen
fugacity of Kokchetav ‘lamproite’ magma. Each
produced di¡erent temperature and oxygen fugac-
ity (Fig. 9). The calculated temperature by
Spencer and Lindsley (1981) is highly variable
(between 300 and 1143‡C), and the log fO2 varies
between 39.6 and 319.2 at temperatures of 700^
1100‡C. The method of Ghiorso and Sack (1991)
gives relatively reasonable temperature (679^
887‡C) and less variable log fO2 values (between
311.1 and 314.9). All these values were derived
for magnetite cores with abundant ilmenite inclu-
sions. Because the ilmenite-bearing magnetite
cores are inhomogeneous in composition (Fig. 8),
the equilibration between the magnetite and il-
menite is perhaps incomplete. This is probably
the cause for the scattering of the temperature
in Fig. 9.

As there is no ilmenite exsolution in magnetite
rims, and no ilmenite is found near magnetite
rims, temperature and oxygen fugacity cannot
be calculated for magnetite rims by either of these
methods. The large di¡erences in both composi-
tion and structure between the rims and cores
suggest that the temperature for magnetite rims
should be di¡erent from the cores; magnetite
rims probably formed at relatively lower temper-
ature. However, as ilmenite lamellae were prob-
ably formed by high-temperature oxidation,
where original Ti^magnetite was oxidized and re-

Fig. 9. Temperature^fO2 plot showing the calculated temper-
ature and oxygen fugacity of ilmenite-bearing magnetite
based on the methods of Spencer and Lindsley (1981) and
Ghiorso and Sack (1991), respectively. Curves de¢ne solid
oxygen bu¡ers corresponding to hematite^magnetite (HM;
Myers and Eugster, 1983), quartz^fayalite^magnetite (QFM;
Berman, 1988), and magnetite^wu«stite (MW; Myers and
Eugster, 1983).

Fig. 10. Diagrams showing composition variations of biotite.
(a) Biotite cores locate close to phlogopite end-member rela-
tive to biotite rims. Shaded area is the natural biotite compo-
sition space by Deer et al. (1992). (b) Mg-number versus
Al2O3 plot, in which biotite cores di¡er from biotite rims by
higher Mg-numbers. (c) Total FeO versus Al2O3 plot, where
biotite rims di¡er from cores by higher FeO contents, shaded
area is the RPL based on Mitchell and Bergman (1991).
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Table 8
K-feldspar in groundmass of Kokchetav ‘lamproite’ (formula is calculated based on O= 8)

Oxides,
wt%

85 86 89 162 177 12 14 67 68 69 70 74 75 125 149 150 154 159

SiO2 63.67 63.99 64.34 64.60 64.74 64.62 63.68 65.83 65.55 65.21 64.79 65.86 65.58 65.87 63.94 64.70 64.19 64.46
TiO2 0 0.03 0.10 0.07 0 0.02 0 0 0 0.02 0 0 0.01 0 0.15 0.10 0.01 0.54
Al2O3 18.12 18.38 18.06 18.55 17.86 18.04 19.34 18.03 18.10 18.19 18.03 17.74 17.62 18.02 18.19 18.38 18.38 18.34
MgO 0.01 0.11 0 0.07 0.04 0 0 0 0 0 0 0 0 0 0 0 0.01 0
FeO 0.27 0.42 0.26 0.38 0.47 0.13 0.05 0.10 0.13 0.11 0.19 0.35 0.22 0.17 0.27 0.16 0.12 0.22
CaO 0.03 0.21 0.13 0.13 0.92 0.02 0.42 0 0.01 0 0.01 0.11 0.08 0.04 0.13 0.13 0.21 0.59
Na2O 0.65 0.25 0.27 0.26 0.21 0.19 0.90 0.23 0.30 0.22 0.23 0.19 0.26 0.20 0.24 0.25 0.28 0.36
K2O 15.97 15.67 15.91 16.00 15.84 16.00 14.56 16.27 16.44 16.80 16.28 16.14 16.44 16.36 16.18 16.41 16.33 16.00
Total 98.72 99.06 99.07 100.06 100.08 99.02 98.95 100.46 100.53 100.55 99.53 100.39 100.21 100.66 99.10 100.13 99.53 100.51

Cation (O= 8)
Si 2.988 2.985 3.001 2.986 2.998 3.011 2.959 3.023 3.014 3.004 3.010 3.029 3.027 3.022 2.988 2.991 2.987 2.972
Ti 0 0.001 0.004 0.003 0 0.001 0 0 0 0.001 0 0 0 0 0.005 0.004 0.001 0.019
Al 1.002 1.011 0.993 1.010 0.974 0.991 1.059 0.976 0.981 0.988 0.987 0.961 0.958 0.974 1.002 1.002 1.008 0.996
Mg 0.001 0.007 0 0.005 0.003 0 0 0 0 0 0 0 0 0 0 0 0.001 0
Fe 0.011 0.016 0.010 0.015 0.018 0.005 0.002 0.004 0.005 0.004 0.007 0.014 0.008 0.007 0.011 0.006 0.005 0.009
Ca 0.002 0.010 0.007 0.006 0.045 0.001 0.021 0 0.001 0 0 0.006 0.004 0.002 0.007 0.006 0.011 0.029
Na 0.060 0.023 0.024 0.023 0.018 0.017 0.081 0.021 0.027 0.020 0.021 0.017 0.023 0.018 0.021 0.023 0.026 0.032
K 0.956 0.933 0.946 0.943 0.936 0.951 0.863 0.953 0.964 0.987 0.965 0.947 0.968 0.958 0.965 0.968 0.970 0.941

Mol%
Ab 5.85 2.34 2.480 2.37 1.84 1.79 8.40 2.10 2.70 1.94 2.09 1.72 2.317 1.81 2.15 2.27 2.55 3.19
An 0.14 1.08 0.67 0.64 4.55 0.08 2.16 0 0.06 0.00 0.04 0.57 0.38 0.21 0.67 0.63 1.05 2.89
Or 94.04 96.58 96.85 96.99 93.61 98.13 89.43 97.90 97.24 98.05 97.87 97.71 97.31 97.98 97.18 97.10 96.41 93.92
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Table 9
Albite in groundmass of Kokchetav ‘lamproite’ (formula is calculated based on O= 8)

Oxides, wt% 83 87 88 90 179 835 836 13 118 119 120 121 122 123 124

SiO2 67.55 67.44 67.15 66.96 68.98 65.54 67.42 67.86 68.88 68.69 69.49 69.03 69.42 69.20 68.74
TiO2 0.01 0 0 0 0.01 0.02 0 0 0 0.01 0 0 0 0.01 0.02
Al2O3 19.09 18.17 18.98 18.54 19.26 19.19 19.17 19.91 19.22 20.08 19.13 19.54 19.29 19.60 19.89
MgO 0.04 0.18 0.26 0.18 0.01 0.27 0.28 0 0.01 0 0 0 0 0 0
FeO 0.32 1.26 0.94 1.36 0.29 2.31 0.85 0.05 0.06 0 0 0.07 0 0.08 0.02
CaO 0.10 0.92 0.92 1.20 0.13 0.13 0.05 0.75 0.08 0.31 0.06 0.29 0.15 0.15 0.49
Na2O 9.56 10.90 10.25 10.03 11.46 10.98 10.82 10.60 11.66 11.26 11.70 11.82 11.78 11.65 11.37
K2O 3.02 0.24 0.89 1.19 0.11 0.58 0.73 0.59 0.07 0.20 0.06 0.14 0.10 0.10 0.21
Total 99.69 99.11 99.39 99.46 100.25 99.02 99.32 99.76 99.98 100.55 100.44 100.89 100.74 100.79 100.74

Cation (O= 8)
Si 2.994 2.997 2.976 2.978 3.006 2.937 2.982 2.976 3.007 2.982 3.017 2.993 3.009 2.998 2.983
Ti 0.001 0 0 0 0 0.001 0 0 0 0 0 0 0 0 0.001
Al 0.997 0.951 0.991 0.972 0.989 1.014 0.999 1.029 0.989 1.028 0.979 0.998 0.985 1.001 1.017
Mg 0.002 0.012 0.017 0.012 0.001 0.018 0.018 0 0.001 0 0 0 0 0 0
Fe 0.012 0.047 0.035 0.051 0.011 0.087 0.032 0.002 0.002 0 0 0.003 0 0.003 0.001
Ca 0.005 0.044 0.044 0.057 0.006 0.006 0.002 0.035 0.004 0.014 0.003 0.014 0.007 0.007 0.023
Na 0.822 0.939 0.880 0.865 0.968 0.954 0.928 0.901 0.987 0.948 0.985 0.994 0.990 0.979 0.957
K 0.171 0.013 0.050 0.068 0.006 0.033 0.041 0.033 0.004 0.011 0.003 0.008 0.005 0.006 0.012

Mol%
Ab 82.40 94.27 90.35 87.39 98.74 96.08 95.52 92.95 99.21 97.40 99.38 97.92 98.78 98.71 96.53
An 0.50 4.38 4.49 5.77 0.61 0.60 0.23 3.63 0.38 1.46 0.29 1.33 0.69 0.72 2.30
Or 17.11 1.35 5.16 6.84 0.64 3.32 4.25 3.42 0.41 1.14 0.33 0.76 0.53 0.57 1.16
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solved into secondary magnetite and ilmenite, the
calculated temperatures for the ilmenite-bearing
magnetite cores represent the condition for the
high-temperature oxidation, which should happen
at the same time when the ilmenite-free magnetite
rim crystallized from magma. Therefore, above
calculated temperatures should represent the crys-
tallization temperature for the ilmenite-free mag-
netite rims. This implies that the ilmenite-bearing
magnetite cores crystallized at even higher tem-
peratures.

4.2.3. Biotite^phlogopite phenocryst
Biotite is a minor mineral phase in Kokchetav

‘lamproite’ (6 1 vol.%), and occurs only as

phenocryst (Fig. 2c). The representative biotite
compositions are listed in Table 7 and shown in
Fig. 10. Biotite is zoned with higher Mg contents
in cores (phlogopite) than in rims (Fig. 10a). Mg-
numbers are higher than 60 (four of them 6 70)
for cores and lower than 60 for rims (Fig. 10b;
Table 7). Phenocryst biotite throughout the
studied rocks is essentially of similar composition,
and the cores are Mg-rich relative to their rims.
This observation suggests that the cores formed in
Mg-rich magma, whereas rims crystallized in a
di¡erentiated magma. All the cores and most
rims and characterized with high FeO and Al2O3

contents, which make the studied biotites similar
to the phlogopite from the RPL (Fig. 10c).

Fig. 11. The FeO versus SiO2 plot and An^Ab^Or diagram showing the compositions of feldspar in the groundmass. Curves de-
¢ne the equilibrium temperature of the feldspars according to Kro«ll et al. (1993).
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4.2.4. Feldspar in matrix
The groundmass of Kokchetav ‘lamproite’ orig-

inally consists of micro-feldspar (V10 Wm; albite
and K-feldspar). The representative compositions
of K-feldspar and albite are listed in Tables 8 and
9, respectively, and shown in Fig. 11. The An
component ranges from 0 to 4.55 mol% in K-feld-
spar (Table 8), and from 0.23 to 5.77 mol% in
albite (Table 9). FeO contents are signi¢cant in
feldspar, especially in albite (0^2.31 wt%) relative
to K-feldspar (0.05^0.80 wt%). High FeO content
is considered to be a characteristic of feldspar
crystallized from lamproitic magma (Mitchell
and Bergman, 1991; Kuehner and Joswiak,
1996). The hydrothermal alteration mainly occurs
in matrix; epidote and actinolite have replaced
feldspar partially. Due to the hydrothermal pro-
cess, feldspar can re-equilibrate at low tempera-
ture. Sanidine can decompose into two un-mix
phases: albite and microcline (see temperature^
composition diagram for Na^K-feldspar join at
low pressure by Smith and Brown, 1988, p. 9).
This probably suggests that original sanidine has
been changed into albite and microcline at low
pressure and temperature.

5. Discussion

The most peculiar character for the studied
rocks is the signi¢cant di¡erence of chemical com-
position between cores and rims of all phenocrysts
(clinopyroxene, biotite^phlogopite and magne-
tite). The cores (Cr-rich diopside, phlogopite)
seem to represent characters of lamproite, but

the rims (Ti-rich salite, Fe-rich biotite) are highly
di¡erent from lamproite. Another peculiar char-
acter of the studied rocks is the very high CaO
and FeO contents in comparison with other po-
tassic rocks, and abundant diopside phenocrysts
occurring in this rocks cannot provide an expla-
nation for the high CaO content due to low MgO
contents in bulk composition. The distinct di¡er-
ence between core and rim, in addition to medium
content of Al2O3 in bulk composition, suggests
‘mixing’ between two types of magma before
eruption, however, FeO and CaO contents deny
this hypothesis. Accordingly, the origin of the
rock may be another interesting problem to be
solved. We concentrate to the problems of magma
di¡erentiation and crystallization conditions here,
and discuss the implications for the postcollisional
magma evolution under the Kokchetav UHP ter-
rain.

5.1. Magma di¡erentiation and crystallization
conditions

Cr is compatible and tends to partition into the
early-crystallized mineral phases. The clinopyro-
xene core obviously served as the early-crystal-
lized phase in lamproite magma, containing rela-
tively more Cr2O3 than the rims. However, if
magma evolved in a closed system, Cr content
must decrease in residual magma due to clinopyr-
oxene crystallization. Then, the late stage clino-
pyroxene should contain less Cr, even if crystal-
lization continued at the same P^T conditions.
Clinopyroxene crystals have similar zoning pat-
terns with high Mg-numbers and Cr contents

Table 10
Summary of the evolution of the Kokchetav ‘lamproite’

Stage I Stage II Stage III

6Crystallized phasess
Clinopyroxene core
(Cr-rich diopside)

Clinopyroxene rim
(Ti-rich salite)

No clinopyroxene (broken and resorbed)

Biotite core (phlogopite) Biotite rim No biotite
No magnetite Magnetite core Magnetite rim with exsolution of the core forming ilmenite

inclusion
No feldspar No feldspar Sanidine (groundmass)
6Locations
Deep chamber (mantle) Shallow chamber (crust) During and after eruption

VOLGEO 2444 9-7-02

Y. Zhu et al. / Journal of Volcanology and Geothermal Research 116 (2002) 35^6158



(but lower AlVI and Ti contents) in cores relative
to rims. The apparent discontinuities in chemical
composition of clinopyroxene phenocryst (Figs.
4^6) clearly demonstrate two stages of clinopyr-
oxene crystallization. As mentioned before (4.2.
Mineral compositions), one at HP corresponds
to the cores, another at low pressure correspond-
ing to the rims. However, magma di¡erentiation
can play an important role during each of these
stages, and therefore produce highly variable Mg-
numbers and Cr-numbers (Fig. 6).

Ti^magnetite crystallization probably happened

at the time when magma was transferred from HP
to lower pressure chamber, as there are abundant
Ti^magnetite inclusions in clinopyroxene rims
(Fig. 2b) and clinopyroxene cores are inclusion-
free. This observation implies that the fO2 values
of magma greatly change from which clinopyro-
xene cores crystallized to which clinopyroxene
rims and magnetite crystallized. The fO2 values
probably increased as magnetite crystallized in
the shallow magma chamber at low pressure.
The abundant ilmenite inclusions in magnetite
core (see Fig. 3) suggest that Ti content in magma
was high relative to the magma from which the
magnetite rim crystallized. Such high-Ti magma
probably corresponds to the magma from which
clinopyroxene rims crystallized, as clinopyroxene
rims are signi¢cantly enriched in Ti relative to
their cores (see Figs. 5 and 6). Ti^magnetite cores
and clinopyroxene rims probably crystallize in the
same magma at the same time, because magnetite
inclusions are abundant only in the clinopyroxene
rim (see Fig. 2b). This process should happen in a
shallow magma chamber. If the ilmenite^magne-
tite pairs are in equilibrium, the temperature is
calculated to be from 679 to 887‡C (see Fig. 9),
and the log fO2 is calculated to be from 311.1 to
314.9 log units based on the theromobarometric
method of Ghiorso and Sack (1991). The magne-
tite rims probably formed during magma eruption
at the same time when groundmass crystallized, as
magnetite occurring in the matrix has the same
composition as the magnetite phenocryst rim,
which is ilmenite inclusion-free and contains low-
er TiO2 than magnetite phenocryst cores. Ilmenite
exsolution in magnetite probably occurred during
magma eruption from shallow magma chamber to
surface. In this case, the obtained temperature
and fO2 values represent the condition during
the eruption.

5.2. Implications for magma evolution

At least three stages can be identi¢ed in Kok-
chetav magma evolution (Table 10; Fig. 12).
Stage I is represented by clinopyroxene cores
formed in a deep magma chamber, probably at
mantle condition. At this stage, the magma
should be Mg- and Cr-rich as shown by diopside

Fig. 12. Sketch showing three stages of magma evolution
with two magma chambers (see text for detail).
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compositions (see Fig. 5). Mg-rich biotite cores
(phlogopite) probably also crystallized at this
stage.

Stage II is represented by clinopyroxene salite
rims, which crystallized in a shallow magma
chamber. Most clinopyroxene rims contain little
Cr. The absence of clinopyroxene in groundmass
and the observation that most clinopyroxene phe-
nocrysts were broken and embayed by matrix (see
Fig. 2) suggest clinopyroxene phenocryst stopped
growing before magma eruption. The large di¡er-
ence between clinopyroxene cores and rims shown
in Figs. 5 and 6 indicates that the environment of
crystal growth greatly changed from deep magma
chamber to shallow chamber. Fe-rich biotite rims
and Ti^magnetite cores probably co-exist with cli-
nopyroxene salite rims and formed in the shallow
chamber at this stage.

Stage III of magma evolution is represented by
matrix crystallization during and after magma
eruption. The inclusion-free rims of magnetite
phenocryst probably also crystallized at this stage.
Only feldspar (probably sanidine) with small
amounts of apatite and magnetite crystallized
from the quenched magma at this stage. As K
and Na contents in clinopyroxene are very low,
and there is only very small amount of biotite
(6 1 vol.%) in Kokchetav ‘lamproite’, the major
alkali phase is feldspar. Therefore, alkali elements
mainly concentrated in matrix only at the latest
stage of magma evolution.

6. Conclusions

The mineral characteristics in Kokchetav
‘lamproite’ suggest at least three phases of crys-
tallization. Clinopyroxene cores (diopside) and
Mg-rich biotite cores (phlogopite) crystallized at
HP in a deep magma chamber. The magma and
diopside were transferred to a shallow chamber
where salite overgrew on diopside and Ti^magne-
tite crystallized, and the Fe-rich biotite rim over-
grew on its Mg-rich phases. The magnetite rims
probably formed during magma eruption at the
same time when groundmass crystallized. The cal-
culated temperatures for ilmenite^magnetite pair
range from 679 to 887‡C, log fO2 values range

from 311.1 to 314.9 log units. Ilmenite exsolu-
tion in magnetite occurred during magma erup-
tion from shallow magma chamber to surface.
Magma di¡erentiation in the shallow magma
chamber is completely developed before eruption,
and produced alkali-rich residual magma.
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