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Abstract Calcsilicate and garnet-pyroxene rocks with
dolomite and Mg-calcite matrices occur with UHPM dia-
mondiferous biotite gneisses and schists of the Kokchetav
Massif. The calcsilicates are characterized by high dia-
mond grade, K-bearing diopside, and very high Mg-garnets
(Mg# > 77) with variable Ca contents (Ca# = 42.5-80). A
rare calcsilicate sample with alternating layers of different
bulk compositions was selected for oxygen isotope and
electron probe microanalysis of garnets and pyroxenes. A
grain of fresh garnet with a brownish-yellow luminescent
inner domain (Mg# 94) and a non-luminescent outer part
(Mg# 88) was selected for in situ analysis of 6'%0 by ion
microprobe (10 pm spot). The profile demonstrates a d'*0
gradient of 1.5%0/200 pm, from 11.3 (rim) to 12.8%o (core)
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VSMOW. Additional 2 mg samples of hand-picked garnet
and clinopyroxene fragments from different parts of the
same sample (selected by color and chemical differences)
were analyzed for '0 by laser fluorination, yielding even
larger differences in 6'0: 6.3-10.6%0 in garnets and
6.1-8.1 in clinopyroxenes. The zonation in 6'®0 among
grains of the same mineral in different lithologies may in
part reflect initial heterogeneities of the finely layered
sedimentary precursors. The 6'®0 values for the garnets are
among the highest observed for UHP-origin (both for
crustal or mantle rocks), confirming a sedimentary origin
for these carbonate-bearing rocks, and ruling out a primi-
tive mantle-derived protolith. Oxygen diffusion in garnet at
peak metamorphism temperature (1,000°C) was arrested by
rapid cooling.

Keywords Kokchetav Massif - Garnet - Pyroxene -
Oxygen isotopes - Ultrahigh pressure - Ion microprobe

Introduction

The presence of coesite and diamond, associated with
Mg-rich garnets and K-bearing clinopyroxenes, makes
some crust-derived ultrahigh pressure metamorphic
(UHPM) rocks resemble those of mantle origin. Likewise,
inclusions of garnet and pyroxene in kimberlitic diamonds
of magmatic origin can be very similar to those associated
with UHPM diamonds (e.g., Chopin and Sobolev 1995).
Indeed, the first evidence of coesite eclogites in the upper
mantle came from the discovery of coesite, garnet, and
clinopyroxene inclusions in Siberian diamonds from placer
deposits, which are interpreted to be derived from kim-
berlitic sources (Sobolev et al. 1976). Low carbon isotope
ratios in these and other diamonds (Sobolev et al. 1979)
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were explained by their close relationship to the subducted
oceanic crust (Sobolev and Sobolev 1980). In order to
distinguish between crustal or mantle origin of garnet-
pyroxene rocks and some peridotites, a study of the min-
eralogical and geochemical features is required. It is
important to note that garnets in high temperature equi-
librium with primitive mantle material have a narrow range
in 6'%0 (5.3 + 0.6%o, 2SD, Valley et al. 1998; Valley
2003). Likewise, Mattey et al. (1994) reported values of
5.2%o for olivines and garnets from selected peridotites and
estimated 0'%0 = 5.5 & 0.8%o (2SD) for the whole-rock
value of average mantle peridotites. Similar values are
reported by Schulze et al. (2001) for garnet megacrysts
from kimberlites worldwide (average 580 = 5.24%o,
n = 121). The fractionation of oxygen isotope ratios is very
small at magmatic temperatures and values of 5'*0 sig-
nificantly outside this narrow 1.2%o0 “mantle range”
(5.3 &£ 0.6) only form at lower temperatures in the crust
where fractionations are large. The converse does not hold,
however, and values within the mantle range are common
in both the crust and mantle. Thus, oxygen isotope ratios of
garnet and other minerals, if they are outside the mantle
range, are signatures for a crustal input and can help resolve
controversy on the origin of diamondiferous calcsilicates
and gneisses (i.e., “crustal sedimentary” versus ‘“magmatic
mantle-derived” protolith) as proposed by Marakushev
et al. (1998) and Massonne (2003).

Diamondiferous metamorphic rocks from the Kokchetav
Massif (Kazaksthan) are mostly represented by biotite
gneisses (85 vol.%) with subordinate dolomite marbles
(calcsilicate) and garnet-pyroxene rocks with (or without)
carbonates (15 vol.%). The latter rocks have attracted much
attention because of their unusual high diamond grade (up
to 3,000 carats per metric ton) and variations in garnet and
clinopyroxene compositions, even within a single hand
specimen (Shatsky et al. 2006a, b; Sobolev et al. 2001,
2007; Schertl et al. 2004). Some rare calcsilicate rock
samples are layered and include different lithologies.
Dolomite-rich and calcite-rich layers, with minor amounts
of garnet and clinopyroxene, may alternate with layers
mainly composed of garnet and clinopyroxene (see Schertl
et al. 2004, their Fig. 2). Consequently, as a function of the
different whole-rock chemistries of the distinct layers, the
chemical compositions of minerals also vary widely. These
variations are dominantly reflected by Mg# [100 Mg/
(Mg + Fe)] of coexisting garnets and clinopyroxenes and
in Ca# [100Ca/(Mg + Ca + Fe + Mn)] of garnets
(40-80 mol. % grossular). The highest Mg#s (up to 94) of
garnets are detected in very rare Mg—Ca garnet relics
within dolomite-rich layers. Those garnets generally were
found to contain bright-luminescent randomly distributed
irregular spots of 50-500 um in size as well as vein-like
structures lacking luminescence (Schertl et al. 2004). The
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proportions of luminescent areas vary between about 5 and
70% of a grain’s cross-section. However, more than 80% of
garnet grains from dolomite-rich layers completely lack
luminescence. The bright luminescent portions possibly
represent an earlier garnet generation, which is character-
ized by the lowest amounts of iron ever detected (from 1 to
2 wt% FeO) in natural garnets of intermediate pyrope-
grossular solid solution (Sobolev et al. 2001, 2007). Such
garnets are not stable at pressures below 32 kbar (Boyd
1970), which is also confirmed by diamond presence in
xenoliths containing MgCa-garnet from kimberlites (Pon-
omarenko et al. 1976) as well as by the presence of dia-
mond in the sample of this study. Coesite (Katayama et al.
2002) and magnesite inclusions are found in zircons
(Shatsky et al. 1995) from calcsilicates of the Kokchetav
Massif, and forsteritic olivine and Ti-clinohumite are found
in dolomitic matrix (Schertl et al. 2004; Sobolev et al.
2007).

Oxygen isotope ratios are a valuable tool to constrain
the geological environment and to decipher the fluid evo-
lution of UHP metamorphism (Rumble 1998; Valley 1986;
Valley et al. 1998, 2005; Valley and Cole 2001; Ohta et al.
2003; Jahn et al. 2003).The aim of the present study is to
focus on different generations of garnet uniquely rich in
Mg and Ca (which can be clearly distinguished by detailed
CL-studies) and to compare them with other garnets of
extreme compositional variations observed in different
lithologies of the same hand sample and even within a
single thin section. We report detailed chemical analysis
and in situ oxygen isotope ratios from zoned garnet and
coexisting pyroxene in the calcsilicate sample, K-98-8,
which exhibits alternating layers with variable amounts of
carbonate minerals, garnet, and clinopyroxene.

Geological background

The Kokchetav Massif is located within the Caledonides of
the Central Asian fold belt and is represented by dislocated
fragments of the pre-Late Riphean Kazakhstan—North
Tianshan microcontinent (Zonenshain et al. 1990). The
protolith of UHP-metamorphic rocks is a sedimentary rock
sequence including carbonate rocks, sandstones, and
shales. The structure of the Kokchetav complex is inter-
preted as a mega-mélange zone that consists of several
tectonic units which are separated by tectonic thrusts or
faults (Dobretsov et al. 1995).

The UHP-metamorphic rocks from the Kokchetav
Massif have attracted a lot of attention during the last two
decades since they were the first to be discovered to contain
metamorphic microdiamonds included within primary
minerals like garnet, clinopyroxene, kyanite, and zircon
(Sobolev and Shatsky 1990; Sobolev et al. 1994; Shatsky
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et al. 1995). Diamond findings were followed by the dis-
covery of numerous coesite inclusions in zircons (Sobolev
et al. 1991, 1994) and garnets (Korsakov et al. 1998;
Shatsky et al. 1998). Diamondiferous rocks in the Kumdy—
Kol terrane occur as steeply dipping, thin slices (few
hundred meters) within granite gneiss (e.g., Sobolev et al.
2003; Dobretsov and Shatsky 2004).

Geothermobarometry based on mineral compositions
(Sobolev and Shatsky 1990; Zhang et al. 1997; Shatsky and
Sobolev 2003) indicates that peak metamorphic conditions
were P > 40 kbar and T ~ 1,000°C (Dobretsov and
Shatsky 2004).

Sample description

The sample of this study (K-98-8) was collected from
waste dumps of the underground gallery at the Kumdy Kol
domain, which is described in detail by Zhang et al. (1997),
Sobolev et al. (2001, 2003), Shatsky et al. (1999, 20064, b),
Sitnikova and Shatsky (2009), and Ogasawara (2005).
Metamorphic diamond occurs as an inclusion within
pyroxene of this sample. The HP-rock to UHP-rock
sequence of this locality is of Cambrian metamorphic age
(Claoué-Long et al. 1991; Hermann et al. 2006; Ragozin
et al. 2009), and is genetically related to Precambrian
granite-gneisses and sediments of the Kokchetav micro-
continent (Dobretsov et al. 2006). The studied sample
shows a clear alternation of dolomite-rich and garnet-
clinopyroxene-rich (in Mg-calcite matrix) layers. Dark
layers are characterized by dolomite matrix, while light
gray layers have Mg-calcite matrix. Both layers including
their contact zone are shown in Figs. 1 and 2. Dolomite
matrix layers also contain Ti-clinochumite and forsteritic
olivine (Schertl et al. 2004; Sobolev et al. 2001), which
belong to layer “c” of Fig. 1, but which are out of the field
of view of that part of thin section. Several garnets in these
layers were studied using cathodoluminescence (CL)
microscopy. By CL, internal structures of luminescent
minerals can be made visible within seconds (e.g., Schertl
et al. 2004, 2005; Harlow and Sorensen 2005). In contrast
to earlier described samples of these rocks (Zhang et al.
1997; Shatsky et al. 1995; Ohta et al. 2003; Ogasawara
2005), the hand specimen, K-98-8, contains the two dif-
ferent lithologies and thus represents a “micro outcrop”. In
this particular sample, no coesite was found; coesite is a
very rare even in other calcsilicate hand samples of the
same lithology (Katayama et al. 2002).The selected sample
is similar to that studied by Schertl et al. (2004) and
Sobolev et al. (2007).

Figure 1 shows a photomicrograph of the 2.2 cm studied
portion of sample K-98-8, containing the widest range in
garnet and pyroxene chemical compositions (Table 1). The
contact zone between Mg-calcite matrix and dolomite

matrix is about 1 mm wide. We concentrated on three key
areas of this sample, which are shown in Fig. 1: (a) Mg-
calcite matrix, (b) contact zone, (c) dolomite matrix.

Sample preparation

In order to select garnets and pyroxenes with the maximum
range of compositions and to study the contact relations of
the different lithologies, a preliminary examination of
several thin sections of sample K-98-8 was accomplished.
The sample was cut perpendicular to its banding and, as
described by Schertl et al. (2004), two contrasting lithol-
ogies could be distinguished by cathodoluminescence
(CL). The Mg-calcite matrix is characterized by orange
luminescence, while the dolomite matrix shows red lumi-
nescence. Both layers contain considerable amounts of
garnet and pyroxene. The contact zone is shown in thin
section in Figs. 1 and 2b. As a first step, a series of Mg-
enriched garnets were identified in several thin sections,
which display irregular luminescent domains in their cores
(generally smaller than 100 pm, Schertl et al. 2004;
Sobolev et al. 2001, 2007) were studied by CL microscopy
and electron microprobe (EMP). We found one elongated
garnet grain (about 0.5 x 2 mm) with a homogeneous
luminescent core (Sobolev et al. 2001). Its position in
another thin section which is cut parallel to the studied thin
section (Fig. 1) is in dolomite matrix, about 1 cm below
the boundary with Mg-calcite matrix. Since not all of the
garnets show such luminescent domains, we made laser
fluorination oxygen isotope (and EMP) studies on mm-
scale chips of several garnets and pyroxenes, and compare
these results with data derived from other layers of the
same hand sample. The garnet grains from different parts
of the sample differ in color; thus we were able to distin-
guish them visually.

Because of the very complex character of the contact
zone of the studied sample and the closeness of the dif-
ferent layers to each other, it was not possible to focus on
single “layers”, using the laser fluorination technique,
which requires samples one million times larger in mass
(mg vs. ng) than the pits analyzed in situ by ion micro-
probe. Thus, a part of the sample representing the contact
area with both types of carbonate matrices was crushed,
and fragments of garnet and pyroxene grains (<0.2 mm)
were handpicked. The separates were selected according to
color. Whereas pyroxene fragments were partitioned into
pale green and more intensely colored fractions, the garnet
fragments were subdivided due to their orange (lowest
Mg#), reddish, and yellowish (highest Mg#) colors. The
pale green pyroxenes and the yellowish garnets belong to
the layer with dolomite matrix, the more Fe-rich layer with
Mg-calcite matrix hosts the intense-green pyroxenes, red-
dish orange and orange garnets. Only the yellowish garnets
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Fig. 1 Photomicrograph of a part of a thin section of a calcsilicate
rock (sample K-98-8; crossed polars). The boxed areas a, b, ¢ refer to
Fig. 2. The field of view is 2.2 cm in vertical long dimension. The

that are poor in iron sometimes show luminescent portions.
To avoid missing certain garnet and pyroxene composi-
tions from different layers identified in thin section, we
handpicked grain fragments from six separates. Gemmy
garnet and pyroxene fragments, which did not contain any
visible mineral or fluid inclusions were selected using a
binocular microscope. In order to be sure that each mineral
separate contained only garnets or pyroxenes of the same
color, all the grains were cleaned and simultaneously
checked at the same field of view under the binocular
microscope. During the final preparation of 1-2 mg sam-
ples for laser fluorination, grain fragments were additionally

@ Springer

dashed line separates a layer, which is characterized by Mg-calcite
matrix (top) from that of dolomite matrix (bottom)

cleaned and checked for purity. Fragments from each ali-
quot analyzed by laser fluorination were studied by EMP
(35 grains from each separate).

Analytical techniques

Oxygen isotope ratios (‘30/'°0) were determined with a
CAMECA IMS-1280 ion microprobe as well as by laser
fluorination at the University of Wisconsin—Madison. Laser
fluorination (/4 = 10.6 pum, BrFs) and gas-source mass—
spectrometry of 1-2 mg chips of garnet and clinopyroxene
were calibrated using UWG-2 garnet standard as described



Contrib Mineral Petrol (2011) 162:1079-1092

1083

BSgE, 'r3 ;_r X2

A ~

Fig. 2 Photomicrographs from Fig. 1. a garnet-pyroxene-rich zone
with Mg-calcite matrix; plain polarized light; width of field of
view = 1.1 cm. b enlarged cathodoluminescence (CL) image of a
contact zone between the layer predominantly consisting of dolomite
matrix (bottom,; dark red) with Ti-clinohumite, forsterite, low-iron
garnets, and pyroxenes and the one which mainly consists of Mg-
calcite matrix (top, orange) along with iron-rich garnets and
pyroxenes (width of field of view = 4.5 mm), and ¢ Fe-poor garnets
and pyroxenes embedded in dolomite matrix; plain polarized light;
width of field of view = 1.1 cm. Numbers refer to EMP analyses
presented in Table 1 (1-13)

by Valley et al. (1995) and are reported in standard per mil
format relative to VSMOW (Table 2) along with EMP data
for grain fragments from separates.

One elongated, CL-zoned garnet grain (Sobolev et al.
2001) was selected for analysis by ion microprobe. The
thin section containing the garnet was ground into a 25-mm

diametered disk with the target garnet within 2 mm of the
center position. The garnet standard UWG-2 was mounted
into the surface of the thin section within 2 mm of the
sample garnet and polished to be coplanar with the sample
garnet. Ion microprobe analyses were made with a 10 kV
133Cs™ primary beam and O~ secondary beam following
procedures described by Kita et al. (2009) and Valley and
Kita (2009). The '°O and '®0 peaks were analyzed
simultaneously using dual Faraday cup detectors. A mass
resolution of ~2,500 removed hydride interferences on
'®0. The count rate for '°O was typically 3.29 x 10° cps
yielding 1.02 x 10° cps/nA. Sample analyses were brack-
eted by at least 8 analyses of the UWG-2 garnet standard,
which yielded spot to spot precision of +0.2-0.3%o (2SD).

The cation solid solutions of garnet and other minerals
introduce systematic differences in bias of the measured
oxygen isotope ratios by ion microprobe, sometimes
referred to as the matrix effect (e.g., Vielzeuf et al. 2005;
Valley and Kita 2009). In order to correct for this com-
positional bias, we apply a correction scheme based on the
correlation of matrix induced bias and grossular content in
Al-rich garnets in a set of secondary garnet standards (Page
et al. 2010). We analyzed three secondary garnet standards
(Table S1, S2) that compositionally bracket the zoned
garnet in Ca-Mg-Fe space. Two standards (near end-
member pyrope PypDM and grossular GrsSE) that bracket
the sample in Ca and Mg were analyzed during the same
session as the zoned garnet (Table S1), a third standard
with intermediate Ca, Mg, and Fe was analyzed against
UWG-2 in a separate session (Table S2). A calibration
curve (Fig. S1) was established using the method of Page
et al. (2010). The cation composition of the sample garnet
was measured adjacent to each ion microprobe analysis pit
by EMP (Table 3), and matrix bias was calculated for each
analysis. For these sample compositions, the matrix bias
varies between 1.8 and 2.6%. relative to the UWG-2
standard with larger corrections correlating with increasing
Ca concentration. Sample data were corrected in a two-part
procedure. First, data were corrected for instrumental bias
using the UWG-2 master standard and reported as 6'%0*
(Table S1). Then the matrix bias calculated for each
analysis relative to UWG-2 was applied yielding a final
corrected value reported in %o relative to VSMOW. The
uncertainty derived from the spot-to-spot reproducibility
(£0.2-0.3%0) combined with the estimate of the error in
the correction scheme (+0.4%o) yields an estimated com-
bined error of £0.5%o.

EMP measurements were made using a JEOL 8100 at
the Institute of Geology and Mineralogy (Novosibirsk)
with an accelerating voltage of 20 kV and current intensity
of 30 nA. Simple oxides MgO, Al,O3, SiO,, Fe,03, NiO,
rutile (TiO,), pure diopside, Mn-garnet, albite, and
K-feldspar were used as standards. The spot size was about

@ Springer



1084

Contrib Mineral Petrol (2011) 162:1079-1092

Table 1 Chemical compositions (EMP analyses) of selected garnets and pyroxenes from different layers of sample K 98-8

Grain# SiO, TiO, Al,O3 FeO MnO MgO CaO Na,O K,0 Total Catt Mg#
1 39.9 041 21.5 13.5 0.78 6.06 18.3 n.d. n.d. 100.45 48.3 44.5
2¢ 39.2 0.34 21.6 15.6 0.85 6.15 16.3 n.d. n.d. 100.04 43.2 41.2
2r 39.5 0.36 214 14.1 0.79 5.64 184 n.d. n.d. 100.19 48.6 41.7
4c 39.3 0.36 21.5 15.2 0.84 6.37 16.5 n.d. n.d. 100.07 43.6 42.8
4r 39.6 0.31 21.9 12.7 0.79 6.13 18.6 n.d. n.d. 100.03 49.5 46.3
S¢ 39.1 0.41 21.5 13.6 0.78 6.25 18.0 n.d. n.d. 99.66 474 45.0
Sr 39.1 0.33 21.6 12.2 0.77 5.84 19.7 n.d. n.d. 99.55 51.9 46.0
6¢ 394 0.38 21.5 14.2 0.79 5.76 18.2 n.d. n.d. 100.28 48.0 41.9
6r 39.8 0.34 21.6 14.1 0.86 4.79 19.6 n.d. n.d. 101.05 51.7 37.8
Tc 40.9 0.73 21.7 5.23 0.54 9.84 20.2 n.d. n.d. 99.16 52.6 77.0
Tr 41.2 0.62 22.0 5.33 0.61 114 18.1 n.d. n.d. 99.27 47.0 79.2
11 40.8 0.92 21.5 3.77 0.51 9.67 22.0 n.d. n.d. 99.19 56.7 82.1
12¢ 41.2 0.15 222 2.38 0.76 9.27 23.4 n.d. n.d. 99.30 60.4 87.4
12r 414 0.83 21.9 3.54 0.54 11.7 19.7 n.d. n.d. 99.54 50.2 85.5
13 41.0 0.75 21.6 3.24 0.56 10.4 214 n.d. n.d. 98.94 55.1 85.1
3c 53.5 0.06 2.65 5.04 0.10 14.2 22.6 1.20 0.15 99.49 48.8 83.7
3r 53.2 0.06 2.95 441 0.11 14.5 22.9 1.10 0.13 99.43 49.2 85.4
8¢ 553 0.04 0.86 1.42 0.05 17.5 24.5 0.39 0.06 100.18 49.0 95.7
8r 54.7 0.08 1.94 1.91 0.08 16.7 24.1 0.52 0.02 100.06 494 94.0
9¢ 55.5 0.03 0.74 0.91 0.04 17.8 25.0 0.25 0.05 100.30 494 97.2
9r 55.2 0.06 1.04 1.22 0.06 18.4 235 0.21 0.19 99.81 46.9 96.4
10 55.5 0.02 0.37 0.66 0.03 18.6 25.1 0.05 0.11 100.41 48.7 98.1
dol (incl) n.d. n.d. n.d. 1.61 0.15 20.6 31.2 n.d. n.d. 53.56

dol n.d. n.d. n.d. 1.92 0.17 19.6 30.7 n.d. n.d. 52.39

cal n.d. n.d. n.d. 1.43 0.05 4.12 53.0 n.d. n.d. 58.60

For the following Tables, Cr,0O; and Na,O in garnets are <0.03 wt%; ¢ core of the grain, r rim of the grain, n.d. not determined
Ca# — [100Ca/(Ca + Mg + Fe + Mn)]; Mg# — [100 Mg/(Mg + Fe)]. Grains 1, 10, 11, and 13 are homogeneous in composition
dol (incl) dolomite inclusion in clinopyroxene, dol dolomite from the matrix, cal Mg-calcite from the matrix

Table 2 Chemical compositions (EMP analyses) and 5'®0-values of fragments of typical garnet and pyroxene grains from separates (1-6) used
for laser fluorination

Separate# SiO, TiO, AlLL,O; FeO MnO MgO CaO Na,0O K,O Total Ca# Mg# Grain color 5'%0 (%0) VSMOW
1 (grt) 41.3  0.80 22.1 294 072 11.6 19.7 nd. n.d. 99.20 509 87.6 LY 10.62
2 (grt) 41.1 070 217 3.56 0.49 9.82 222 nd n.d. 99.64 569 831 Y 10.39
3 (grt) 399 037 216 741 095 440 25.1 nd. n.d. 99.75 66.5 514 R 8.11
4 (grt) 40.2 036 215 12.1 0.77 6.16 19.0 n.d. nd. 100.07 50.5 477 RO 7.00
5 (grt) 394 039 213 153  0.76 591 164 nd. n.d. 99.51 442 40.7 RO-O 6.33
6 (grt) 399 035 215 13.7 0.84 5.81 17.8 n.d. n.d. 99.92 478 430 O 6.29
2a (cpx) 549 0.05 0.65 092 002 179 245 0.15 0.17 99.23 488 972 PG 8.07
3a (cpx) 544 0.08 2.21 2.67 0.10 159 234 028 025 99.25 49.1 914 PG-G 8.00
4a (cpx) 54.1  0.05 2.04 328 0.10 154 235 069 006 9926 494 893 G 6.72
5a (cpx) 54.1 0.06 3.57 462 009 136 219 148 028 99.71 493 84.0 G-IG 6.32
6a (cpx) 539 0.07 2.83 426 008 145 224 113 017 9937 487 859 IG 6.11

Grain fragments color in separates

LY is light yellow, Y is yellow, R is red, RO is red—orange, O is orange, PG is pale green, G is green, and /G is intensive green, n.d. not

determined
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Table 3 Chemical composition (EMP analyses) adjacent to SIMS pits and corresponding & '*Oysmow-data of zoned garnet K98-8; c: lumi-
nescent part and r: non-luminescent part of the garnet grain

Spot SiO, TiO, ALO; FeO MnO MgO Ca0 Total Ca# Mg# 5'30 (%0) VSMOW
9r 415 0.68 223 3.12 0.67 12,5 18.6 99.38 477 87.7 11.3
10 ¢ 417 0.17 227 1.19 1.13 10.0 226 99.52 59.0 93.7 12.3
2r 41.4 0.92 22.1 2.94 0.64 11.9 19.7 99.71 50.5 87.8 11.3
Br 41.1 0.87 21.8 3.04 0.69 115 20.0 99.16 51.3 87.1 11.8
14 ¢ 41.7 0.14 225 131 1.18 10.1 22.7 99.56 58.7 93.2 122
15¢ 415 0.28 225 1.34 1.14 10.0 225 99.40 58.7 93.0 122
16t 41.6 0.87 22.1 3.11 0.68 11.8 19.5 99.57 50.1 87.1 11.6
2t 415 0.66 224 3.20 0.71 13.0 17.9 99.47 45.9 87.9 115
2r 41.8 0.53 225 3.29 0.78 13.8 17.1 99.75 43.3 88.2 1.5
3¢ 41.6 0.17 22.7 1.23 1.16 10.0 227 99.59 58.9 93.5 12.7
24 ¢ 41.6 0.15 225 1.22 1.18 9.91 226 99.25 59.1 93.5 12.6
25 ¢ 414 0.09 22.7 1.24 1.19 9.94 22.8 99.34 59.1 93.5 12.8
26 ¢ 414 0.09 22.6 121 1.18 9.89 22.8 99.28 59.4 93.6 124
27 ¢ 41.7 0.10 22.6 121 1.20 9.99 23.1 99.88 59.4 93.6 12,6
28 ¢ 415 0.26 224 1.36 1.23 9.51 22.9 99.16 60.0 92.6 12,5
29 41.6 0.64 224 3.23 0.82 13.0 17.8 99.55 45.7 87.7 11.6
30r 414 0.83 22.1 3.03 0.68 12.0 19.3 99.37 49.7 87.5 114
31r 41.8 0.34 229 2.98 0.79 12.5 18.6 99.96 47.8 88.2 115
32 4.1 0.37 23.2 3.37 0.84 13.8 16.6 100.16 425 87.9 11.9
3¢ 41.6 0.18 225 1.44 1.05 10.2 225 99.54 58.3 92.7 12,5

2 um. The relative standard deviation of measurements
was less than 1% (Korolyuk et al. 2008).

CL-measurements were performed using a “hot cath-
ode” scanning electron microscope of the type HCL-LM at
Ruhr—University Bochum. Operating conditions were
14 keV beam energy and ~9 pA/mm? current beam den-
sity. For more details, see Neuser (1995) and Schertl et al.
(2004, 2005).

Results
Mineral chemistry

The EMP data were measured on both sides of the contact
zone dividing two layers, which are dominated by dolomite
or Mg-calcite matrices, respectively. The contact zone is
indicated by a dashed line in Fig. 1. In Fig. 2b, the contact
is also exposed; the dolomite matrix zone is dominated by
red luminescence color (bottom), the Mg-calcite matrix
zone (top) shows orange CL. The contrasting garnets and
pyroxenes that were previously identified by CL micros-
copy studies are chemically characterized using EMP (see
Table 1).

Garnets from Mg-calcite matrix (area “a” in Figs. 1 and
2a) are colored which is visible in thin section. Garnets (#1,
2, 4-6, Fig. 2) are analyzed by EMP (see Table 1). The

most pronounced zonation is found for grain 4 with higher
FeO content in the core (15.2 wt%) compared to the rim
(12.7 wt%). Other grains 2, 5, 6 demonstrate weaker
zonation and grain 1 is unzoned which probably is a result
of the different levels that grains were cut during thin
section preparation. The total range in Mg#'s for these
garnet grains is between 37.8 and 46.3 while Ca#'s show
only moderate differences from 43.2 to 51.9. The low
amounts of TiO, (0.31-0.41 wt%) and MnO (0.77-0.85
wt%) are typical for garnets from Mg-calcite matrix.
Garnets from dolomite matrix are considerably more
magnesian with Mg#'s from 77.0 to 87.4. The analyses of
grains 7, 11, 12, and 13 (see Fig. 2) are presented in
Table 1. Their Ca#'s are between 47.0 and 60.4 which are
higher compared to garnet compositions from Mg-calcite
matrix.

Pyroxene #3 from Mg-calcite matrix is enriched in FeO
and zoned with Mg# 83.7 in core and 85.4 in the rim (see
Table 1). It contains a diamond inclusion. Pyroxenes from
dolomite matrix contain considerably lower FeO with
Mg#'s between 94.0 and 98.1 (grains 810, see Fig. 2 and
Table 1). Pyroxenes from both matrixes contain relatively
low, but detectable K,O (0.02-0.19 wt%).

Following the procedure described in “sample prepara-
tion”, several garnet and pyroxene separates were hand-
picked according to color differences and selected grains of
each separate were analyzed by EMP (see Table 2). The
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grains selected from separates are characterized by the
same ranges of Mg# seen in each matrix (43.0-51.4 and
84.0-91.4 for garnet and pyroxene, respectively from Mg-
calcite matrix, and 83.1-87.6 and 97.2, respectively from
dolomite matrix).

As mentioned above (see sample preparation), special
efforts were made to select a garnet grain with homoge-
neous luminescent zone for SIMS study. After examination
of a number of grains, the elongated grain was selected
(Fig. 3a). The homogeneity of the grain both was checked
by EMP across several analytical profiles and a total of 100
spots (Sobolev et al. 2001, their Fig. 3b). The position of
this analyzed garnet grain is close to grains 12 and 13
(Fig. 2c and Table 1) although it occurs in a different thin
section.

The wide range of garnet compositions obtained by
EMP is nicely expressed by FeO contents varying between
2.38 and 15.6 wt% (Mg# between 87.4 and 41.2). The
respective amounts of FeO in different pyroxene grains are
between 0.66 and 5.04 wt%. (Mg# between 83.7 and 98.1;
Table 1), the single grains only show a very faint zonation.
Small amounts of K,O are detected in different pyroxene
grains in thin section (0.02-0.19 wt%) and in separates
(0.02-0.28 wt%), which is presented in Tables 1 and 2 (see
also grain 3 in Fig. 2, containing diamond inclusions). The
compositions of Mg-calcite and dolomite are also pre-
sented in Table 1. The yellow luminescent mineral in
Fig. 2b is calcite that was introduced along fissures and
thus represents a late, secondary carbonate generation.
These fissures generally are concentrated directly at the
Mg-calcite-matrix/dolomite-matrix boundary. Olivine in
dolomite matrix is Mg# 96-97, without CaO and NiO
(below detection limit), and with high amounts of MnO
(about 0.30 wt%) (Schertl et al. 2004; Sobolev et al. 2001).
The mentioned minerals belong to the same layer as in
Fig. 2c, but are out of a field of view.

Fig. 3 CL microphotograph
(left) showing the luminescent
inner part and non-luminescent
rim of the studied garnet with
numbered spots analyzed by ion
microprobe (Dol = dolomite,
Cpx = clinopyroxene,

Grt = garnet). Chemical profile
of garnet (right); values are in
atoms per double formula unit;
see Sobolev et al. (2001). Note
the absence of any secondary
minerals and cracks in this part
of thin section

@ Springer

6'®0 ion microprobe data

The garnet grain selected for ion microprobe study is
elongated and the luminescent inner part does not dem-
onstrate regular growth zonation although it is reminiscent
of rim/core-relations described in other studies (Kohn et al.
1993; Clechenko and Valley 2003; Perchuk et al. 2005;
Vielzeuf et al. 2005; Page et al. 2010). Figure 3a displays a
CL-microphotograph of the luminescent inner and non-
luminescent outer parts of the crystal. Figure 3b shows the
chemical profile (A-B) of Ca, Mg, Fe, Mn, and Ti per
double formula unit (garnet composition is calculated on
the basis of 24 oxygens). The ion microprobe spots
(numbered white dots) are aligned along the profile A-B.
In addition, new EMP analyses have been performed as
close as possible to the ion microprobe spots, which was
necessary for the correction of the ion microprobe analyses
(Table 3). Three additional ion microprobe spots were
analyzed outside profile A—B. In total, twenty spot analyses
were made, half of which are on the luminescent part of the
garnet grain (“c” in Table 3), the other half are on the part
lacking luminescence (“r” in Table 3).

Figure 4 shows the values of the 5'®0(garnet) that were
obtained by ion microprobe along profile A-B. The data,
including corrected analyses on samples and standards are
presented in Table 3 documenting that the luminescent
inner part is characterized by distinctively higher §'%0
values between 12.2 and 12.8%0 compared to its non-
luminescent rim (11.3—-11.9%o).

8'80 laser fluorination data

Figure 4 demonstrates a sharp zonation of oxygen isotope
ratios within a single grain and thus a wide range of
0'®0-compositions can exist at hand sample scale. In order
to put the in situ data in larger context, we sought the
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Fig. 4 Profile of 4'30 in garnet shown in Fig. 3 measured in situ at
WiscSIMS using a 10 pm spot. Error bars (2SD) and distances (x-
axis) are indicated

widest possible range of chemical and isotopic composi-
tions by hand-picking six different garnet fractions and five
different clinopyroxene fractions (<200 pm) from the
crushed rock sample. These mineral separates were then
analyzed in bulk (~2 mg/analysis) for §'®0 by laser
fluorination (Table 2 and Fig. 5) and selected grains from
each separate were studied by EMP (see also Table 2).

Ca

Mg Fe

85 50

Fig. 5 Composition of Mg—Ca(Fe) garnets from sample K-98-8.
Symbols for garnet grain analyzed in situ atWiscSIMS are: (1) for
luminescent inner part; (2) for non luminescent rim; (3) garnet
compositions from mineral separates used for laser fluorination
analyses. Symbol 4 (filled triangle) refers to core analyses of garnet
grains from thin section (Fig. 2) numbered 1, 2, 4-7, 11, 12, 13 in
Fig. 2. Symbol 5 refers to the respective rims of the same garnets
(cores and rims of the same grains are connected with tie lines).
Shaded area represents the compositional range of garnets from the
series of calcsilicate and garnet-pyroxene rocks from Kokchetav
Massif (Sobolev et al. 2007). Dashed line corresponds to garnet
compositions with Mg# 85, which indicates the limits in Mg# for the
overwhelming majority of garnets from UHP mantle and crustal rocks
(Sobolev et al. 2001)

The oxygen isotope analyses of six garnet fractions
chosen for laser fluorination are in the range of
0'%0 = 10.6-6.3%0. These values are lower than the
unusually zoned grain selected for in situ analysis. This
difference is real; it correlates with the different chemical
compositions. Most likely, the differences in 6'%0 reflect
preservation of primary, or nearly primary, compositions in
the garnet core and the layered character of the sample. The
chemistries of garnets and clinopyroxenes also vary
widely. Comparing the results of the EMP analyses of
garnets from different layers of the studied sample, two
separate clusters of Mg# (Grt) can be observed (Fig. 5).
While the low Mg-garnets (Mg# 37.8-46.3) belong to the
Mg-calcite layer, the high Mg-garnets (Mg# 77.0-87.4)
belong to the dolomite layer. The compositions of the
luminescent inner part of the garnet grain analyzed by
SIMS and also those of the non-luminescent rim (symbols
1 and 2 of Figs. 5, 6) are characterized by highest Mg-
numbers (see Table 1 for analyses). However, several EMP
analyses of the zoned garnet used for SIMS (analyses 7 c, t;
11, 12, c, 1, see Table 1) are very close in Mg# to those of
garnet fragments from the separates analyzed by laser
fluorination, and thus occupy a similar position in Fig. 5
(e.g. symbol 3). Similarly, as seen from Fig. 5, the marked
points of garnet grains 2, 4, 6 (see Fig. 2; Table 1) overlap
with those of samples 4, 5, 6 used for laser fluorination
study (see Table 2).

Table 2 shows the 0'®0 values measured by laser fluo-
rination for garnet and pyroxene separates that were hand-
picked by color. Although the different lithologies are only
a few mm thick (see Fig. 1), we tried to achieve pure
separates of six different portions of the studied sample
(Table 2). In separates 1 and 2 (Table 2), garnet fragments
with high 5'80 values (ca 10.5%0) were found, whereas
similar high 6'®0 pyroxene fragments were not found.
Values of 6'%0 for fragments in garnet separate no. 3
(8.1%o; Table 2) are within the range of those of pyroxenes
available from separates 2 and 3. Note that separates
numbered 2 and 2a, 3 and 3a, etc., are pairs (see Table 2)
that came from sub-samples with the same number. In
separates 4, 5, and 6, both garnet and pyroxene show nearly
identical 0'®0 values. These garnets and coexisting
pyroxenes are approximately in isotopic equilibrium. It
should be noted, however, that these analyses average
compositions at the mm-scale and that it is not possible to
avoid small amounts of mixing of lithologies.

Figure 6ashows 6'%0 values versus Mg#s of garnets. This
presentation of data was selected because Mg# often corre-
lates with 8'%0 values for garnets from crustal versus mantle
genesis (e.g., Schulze et al. 2003; Spetsius et al. 2008;
Vielzeuf et al. 2005). Mg# and Ca# for many garnets (xeno-
liths, diamond inclusions and UHP-metamorphic rocks)
completely overlap in Mg-Fe-Ca diagrams. Figure 6b
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Fig. 6 Relations between Mg# and 6'%0 of some UHP garnets of
mantle and crustal origin. a Ion microprobe data (1, 2) and laser
fluorination data (3) of garnets from sample K-98-8 (this study). Laser
fluorination data of garnet xenocrysts (4) from Venezuela kimberlites

shows an enlarged portion of Fig. 6a with garnets of the
highest Mg# and 0'®0 values measured by ion microprobe
along the profile of Figs. 3 and 4.

Discussion

Sample K-98-8 represents the full range of lithology and
compositions in a single thin section (Fig. 1) of these most
unusual rocks known from this locality. It contains a
calcsilicate rock with dolomite matrix, in contact with a
garnet-pyroxene rock with a Mg-calcite matrix. Both rock
types contain associated garnets and pyroxenes of wide
compositional ranges and are characterized by a high dia-
mond grade with diamonds occurring as inclusions in
garnets, pyroxenes, (see Fig. 2 grain no. 3) and zircons. It
should be noted that in other descriptions of these two
lithologies in UHPM rocks, they are separate blocks (e.g.,
Shatsky et al. 1995; Zhang et al. 1997; Ogasawara 2005).
The oxygen isotope data demonstrate a large 6%o range in
080 for garnets from 12.8 down to 6.3%o, preserved within
a single hand sample of layered calcsilicate rock marked by
dolomite and Mg-calcite matrices with variable amounts of
garnets and pyroxenes.

Pyroxene-spinel symplectites with scarce sapphirine and
corundum developed around pyrope-grossular garnet ana-
lyzed by EMP in sample K-98-8 (Sobolev et al. 2001) and
similar rocks (Schertl et al. 2004) indicate granulite facies
conditions (experimentally confirmed by Massonne, 1995)
during an initial stage of exhumation. Hydrous retrograde
minerals (e.g., zoisite, phlogopite, low-Si phengite), both in
symplectites and in the rock matrix, were not observed in
sample K-98-8. Examining a wide series of diamond-
bearing carbonate rocks from Kokchetav Massif by
studying O, C and Sr isotope geochemistry, Ohta et al.
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(Schulze et al. 2003) and laser fluorination data (5) of garnets from
diamondiferous eclogites of the Nyurbinskaya pipe, Yakutia (Spetsius
et al. 2008). b = enlarged portion of (a); error (2SD) is 0.4%o

(2003) showed alteration due to percolation of fluids
through fractures and along grain boundaries at the time of
retrograde metamorphism during exhumation. They noted
the wide distribution of hydrous minerals replacing high-
grade silicate assemblages and particularly drew attention
on low 6'80 and 6'>C values for these rocks (9 and —9%o,
respectively) as well as on high *’St/**Sr = 0.8050. Their
study concluded that coexisting dolomite and Mg-calcite
during UHP metamorphism rarely preserve equilibrium
compositions, and only in samples isolated from infiltrating
fluids by distance from fractures. However, Ohta et al.
(2003) randomly selected dolomite marbles containing
silicate minerals and only the typical geochemical features
of these rocks were discussed. Sample K-98-8 differs from
dolomite marbles examined by Ohta et al. (2003) and
represents an unusually well-preserved precursor that was
relatively protected from infiltrating retrograde fluids.

The role of fluids

The lack of hydrous minerals in the studied sample (except
of some minor Ti-clinohumite) and the presence of “dry”
symplectitic rims around garnets with luminescent cores as
well as around similar garnets of other samples (Schertl
et al. 2004; Sobolev et al. 2001) suggests that fluids were
limited or absent at the peak (UHP to granulite facies)
temperatures of these rocks. Fluids causing alteration must
thus have been late stage. Earlier IR spectroscopic study of
garnets from a calcsilicate rock of the Kokchetav Massif
suggested the presence of defect OH groups corresponding
to those in synthetic OH bearing pyropes (Langer et al.
1993). The variability of IR spectra of garnets with low
H,O contents suggests that the hydrogarnet substitution is
not the only means of incorporating OH groups (Beran and
Libowitzky 2006). All analyzed garnets and pyroxenes in
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this study were checked for purity and homogeneity to
avoid any mineral or fluid inclusions. Hwang et al. (2005)
and Dobrzhinetskaya et al. (2005) used TEM and AEM
techniques to identify a highly potassic COH fluid with
dissolved phosphate, chloride, and sulfate/sulfide forming
nanometer-size inclusions in microdiamonds of calcsilicate
and garnet-pyroxene rocks from Kokchetav Massif.

De Corte et al. (1998) demonstrated the presence of
water and carbonate inclusions in microdiamonds from
garnet-pyroxene rocks of the Kokchetav Massif; their
observations appear to be similar to those derived from
cloudy Yakutian kimberlitic diamonds (e.g., Klein—Ben
David et al. 2009). The discovery of nanometer-size to
micrometer-size inclusions of dolomite sometimes associ-
ated with phlogopite in metamorphic (Dobrzhinetskaya
et al. 2006) and kimberlitic diamonds (Logvinova et al.
2008; Sobolev et al. 2009), and the direct experimental
evidence obtained for diamond crystallization from a sili-
cate-carbonate melt/fluid (Pal’yanov et al. 1997, 2001,
2002) argue for the presence of a carbonate melt in equi-
librium with a K-rich fluid for diamond formation, both in
crustal metamorphic rocks and in mantle environment
(Shatsky et al. 2005; Pal’yanov et al. 2007). Experiments
by Luth (1997) demonstrate that the formation of phlogo-
pite associated with garnet and clinopyroxene is confined
to PT-conditions within the diamond stability field. Thus,
fluid (melt) inclusions in Kokchetav microdiamonds may
have been trapped during (or close to) peak metamorphic
conditions at mantle depths similar to those that occur in
kimberlitic diamonds.

Constraints from oxygen diffusion

The zoned garnet in this study contains an apparently
symmetric gradient of 1.5%0/200 pm in 6'%0 as con-
strained by ion microprobe analysis (Figs. 4, 7). If the
zonation in this garnet formed prior to or during the peak of
metamorphism, then any initial gradient would be relaxed
by diffusion of oxygen isotopes both within the garnet and
between the garnet and its dolomite matrix (see, Page et al.
2010). In order to evaluate this constraint, we constructed a
simple, one-dimensional, isothermal diffusion model
assuming that the isotopic zonation was formed as a step
between a core with 6'%0 = 12.8%o (the highest measured
value located centrally in the core region) and a rim of
11.3%0 (the average value of analyses in the non-lumi-
nescent rim region). It is then possible to calculate the set
of curves that would result from diffusion between the core
and rim of the garnet using equation 3.45 of Crank (1975).
Figure 7 shows a detail of the oxygen isotope traverse
across the narrow rim and into the core of the garnet from
Fig. 4. Superimposed on the data are the predicted diffu-
sion profiles calculated for a temperature of 1,000°C
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Fig. 7 Enlargement of in situ ion microprobe analyses of §'*0
(garnet) made at WiscSIMS from Fig. 4. The curves were calculated
assuming diffusive relaxation of a 1.5%o step in §'*0 using a 1-D
model at 1,000°C for the times shown. A gradient of this magnitude
would not be preserved for 1 million years and most likely formed
due to late fluid infiltration at the end, or after, the peak of
metamorphism (see text)

(Dobretsov and Shatsky 2004), using the experimentally
determined diffusion constant of Coghlan (1990). If the
zoning in 6'®0 in this garnet had formed before or during
the peak of metamorphism, the profile as measured could
not have survived for 1 My, even in the absence of
exchange during cooling. In fact, these results indicate that
heating was for a time period 1 to 2 orders of magnitude
shorter in duration and that uplift was very rapid. Given the
depths to which these rocks were buried, these constraints
suggest that the zonation in this garnet formed in response
to late fluids after the peak of metamorphism, consistent
with textural observations made using CL. Although this
diffusion model is simplified, in this case, the assumptions
made are all conservative: diffusion from the second and
third dimension, a non-step starting condition, a prolonged
period of cooling after the peak of metamorphism, and
diffusion into the garnet from the dolomite matrix con-
taining 1.6 wt% FeO would all serve to increase the
amount of diffusive relaxation observed for a given period
of time.

Conclusions

The high §'®0 values (up to 12.8%o) in the luminescent
inner portion of the zoned garnet in sample K-98-8 are
significantly higher than would be in equilibrium with
mantle-derived magmas and indicate formation in, or
exchange with, a crustal reservoir. Trace element data for
diamondiferous calcsilicate rocks from the Kumdy Kol
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deposit and the results of carbon and nitrogen isotope
studies and nitrogen abundance of Kokchetav microdia-
monds further support a metasedimentary origin.

The different 6'®0 values of garnets and pyroxenes in
the different lithologies may reflect initial heterogeneity of
the sedimentary precursors. It is of particular importance,
however, that the variations in 5'%0 located within a single
zoned garnet crystal (Figs. 3, 4) require fluid-mediated
oxygen isotope exchange. Although some of the lumines-
cent garnet patches show an irregular distribution, the
luminescent core of Fig. 3 may represent a relic of the
prograde stage and could not be interpreted to have formed
by late-stage influx of fluids. The low 6'®O alteration of the
garnet in this study may have formed close to the peak of
metamorphism but, if so, metamorphism and uplift must
have been rapid as the diffusion rate of oxygen in garnet at
1,000°C is too fast to preserve the measured 6'*O-gradient
of 1.5%0/200 pm for long period of time.
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