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Abstract A recently discovered dolomite carbonatite
at Pogranichnoe, North Transbaikalia, Russia, dated at
624 + 3 Ma, contains xenoliths of calcite-bearing
dolomite carbonatite with graphite spherulites. Apatite
and aegirine are the other rock-forming minerals.
Chemically the carbonatites are ferrocarbonatite and
ferruginous calciocarbonatite. The graphite forms
<1 mm up to 1.5 mm diameter spherulites, with Ra-
man spectra similar to published spectra of micro-
crystalline, amorphous carbon and disordered graphite,
with G and D bands at 1,580-1,600 cm™! and at around
1,350 cm™'. Alteration has formed Fe-bearing calcite to
Ca-bearing siderite compositions not previously re-
ported in nature around the graphite along cracks and
fractures. Mineral and stable isotope geothermometers
and melt inclusion measurements for the carbonatite
all give temperatures of 700°-900°. It is concluded that
the graphite precipitated from the ferrocarbonatite
magma. There are three candidates to control the
precipitation of graphite (a) a redox reaction with Fe'!
in the magma, (b) potential presence of organics in the
magma (c) seeding of, or dissolution in, the magma of
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graphite/diamond from the mantle, and further work is
required to identify the most important mechanism(s).
Graphite in carbonatite is rare, with no substantial
published accounts since the 1960s but graphite at
other localities seems also to have precipitated from
carbonatite magma. The precipitation of reduced car-
bon from carbonatite provides further evidence that
diamond formation in carbonate melts at high mantle
pressures is feasible.

Keywords Dolomite carbonatite - Graphite -
Transbaikalia

Introduction

A new area of carbonatites has been discovered re-
cently in North Transbaikalia, Russia (Ripp et al.
2003, 2005). It consists of two carbonatite occurrences
called Pogranichnoe and Veseloe in the area of the
Uakit and Kelyana river basins and the western bor-
der of the Parama depression (Fig. 1). The Transba-
ikalia carbonatites have some distinct and unusual
features such as the absence of comagmatic alkaline
silicate rocks, the presence of graphite spherulites (at
Pogranichnoe), high Cr-xenoliths (at Veseloe), an
order crystallization from dolomite to -calcite-rich
carbonatite (the classic sequence is calcite carbona-
tite, through dolomite carbonatite to ankeritic or
sideritic carbonatites) and 6> C values higher than
many other carbonatites worldwide. They have been
proposed as candidates for direct mantle-derived
carbonatite magmas (Ripp et al. 2003, 2004, 2006).
This paper concentrates on Pogranichnoe in order to
report rare graphite-bearing carbonatites.
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Fig. 1 Schematic geological map of the East Muya area
(modified after Dobretsov and Bulgatov 1991). I Pre-Cambrian
crystalline basement (North-Muya block); 2 ultrabasic rocks; 3
metavolcanic rocks; 4 gabbros; 5 granites; 6 Cambrian sedimen-
tary deposits; 7 Late Riphean limestones; &8 faults; 9 Pogranich-
noe (1) and Veseloe (2) carbonatites

Geological description of the Pogranichnoe area

Pogranichnoe is situated in the south of the North-
Muya block in Precambrian crystalline basement
(Fig. 1; Dobretsov and Bulgatov 1991). Late Riphean
gabbros and granites intrude crystalline biotite and
amphibole-biotite slates, gneisses, granite-gneisses and
marble and all rocks have undergone progressive
metamorphism to amphibolite and epidote-amphibo-
lite facies. The carbonatites are situated in a fault zone
along the western border of the Parama depression
(Fig. 2) along which the basic and sedimentary-meta-
morphic country rocks are strongly mylonitized and
the carbonatites also have intense fissuring.

Carbonatites

The carbonatite outcrop consists of a steeply dipping
body elongated East-West, 30-100 m wide and over
450 m long (Fig. 2). A date of 624+3 Ma has been
obtained by Ar/Ar dating of arfvedsonite containing
1.7 wt.% KO (Ripp et al. 2005).

There are two phases of carbonatite. The main
phase carbonatite comprises over 90% of the intrusion
and consists of massive medium-grained calcite-bear-
ing dolomite carbonatite. It contains xenoliths of an
earlier ‘first phase’ dolomite carbonatite that is rich in
magnetite and contains graphite spherulites. These
xenoliths vary from less than a centimetre to a few
metres in diameter. The boundaries between the first
and main phase carbonatites are difficult to distinguish
on fresh surfaces but are clear on weathered surfaces
where the first phase carbonatite weathers orange-
brown and the main phase carbonatite is a paler grey-
brown.

The main phase carbonatite also contains many
xenoliths of country rock (slates and gabbros from
<l cm to 1 m diameter), particularly in brecciated
areas in the contact zones. The surface of some xeno-
liths is covered with a thin shell of biotite and they are
usually fenitized. There are no xenoliths in the ‘first
phase’ carbonatites.

A few metres of fenitized country rock, containing
aegirine, arfvedsonite, albite, biotite and K feldspar
with accessory magnetite, titanite and apatite occurs
around the carbonatite intrusion.

Analytical methods

Whole rock chemistry was determined by atomic
absorption, with trace element determinations by XRF
and REE by ICP-AES with preliminary chemical
concentration. For REEs certified standard apatite ore

Fig. 2 Schematic geological

map of Pogranichnoe. /
Loose recent deposits; 2
gabbro, gabbro-dolerite; 3
crystalline slate; 4
carbonatite, 5 dykes of
alkaline syenite; 6 xenoliths of
country rocks; 7 fault
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(AR) and apatite (AK) were used as quality control
standards.

The minerals were analysed using electron probe
micro-analysis (EPMA). Most analyses were carried
out at the Geological Institute SB RAS using a MAR-3
WDS microprobe with an accelerating voltage of
20 kV, beam current of 40 nA, beam size of 3-4 pm
and a 20 s counting time and a LEO-1430 scanning
electron microscope with an IncaEnergy-300 energy-
dispersive system (SEM-EDS) operated at 20 kV and
0.5 nA. Additional imaging and analyses were carried
out at the Natural History Museum, London using a
Jeol 5900 LV SEM equipped with an Oxford INCA
EDS system and operated at 15 kV and 1 nA specimen
current measured on a Co standard, calibrated with
various natural and synthetic materials and using a
ZAF matrix correction plus a Cameca SX50 WDS
electron microprobe operated at 15 kV and 20 nA
(carbonates) and 20 kV and 20 nA (oxides, silicates,
phosphates). The beam size was varied from 1 (oxides
and small grains) to 20 um (carbonates) depending on
grain size and susceptibility to beam damage. A variety
of natural and synthetic materials were used as primary
and quality control standards. Matrix correction was by
the PAP ¢pz method. Cathodoluminescence (CL) was
carried out on the JEOL 5900 LV SEM using a Gatan
detector for monochromatic imaging.

The 6"C and §'®0 isotope values were analysed in
the isotope laboratory of the Analytical Center FESC
RAS (Vladivostok, Russia) using a Finnigan MAT 252
sensitive mass-spectrometer. The analytical errors
were not more than +0.05 for carbonates, +0.1 for
graphite and +0.59, for magnetite.

The Raman spectra of graphite spherulites were
studied by Ramanor U1000 microspectrometer at
514.5 um with an Ar*-laser and using a KBr pellet at
UIGGM SD RAS (Novosibirsk). Further microRaman
spectra, from core to rims of graphite spherulites with
40 um steps were obtained at Kingston University by a
Renishaw 5400 Series Raman Micro Spectrometer with
a CCD detector and 514.5 Ar ion laser. The system was
operated in confocal mode with the laser focused
through the objective lenses (x 20 and x 40) of an
Olympus petrological microscope.

Fluid inclusions were studied in polished plates up to
0.3 mm thick. For thermometric studies of inclusions,
we used a chamber with a ‘silit’ heater equipped with
an MBI-6 microscope, a V7-40 milivoltmeter, and Pt/
Pt-Rh thermocouple calibrated against the melting
points of six chemically pure substances and the
homogenization temperature of two fluid inclusions
synthesized at specified P and T. The calibration curve
deviated from the experimental points by no more than

4°C. The rate of sample heating varied, on average,
within 5°C/min. Chemical analysis of solid daughter
phases was carried out on an MAR-3 WDS electron
microprobe (operated at 20 kV, a beam current of
40 nA, a beam size of 3—4 um and 20 s counting time)
and scanning electron microscopy (LEO-1430) with
energy-dispersive  spectrometry  (IncaEnergy-300)
(SEM-EDS) operated at 20 kV and 0.5 nA.

Petrography and mineralogy of carbonatites
First phase graphite-bearing dolomite carbonatite

Ferroan dolomite with 5.4-9.77 wt.% FeO comprises up
to 50-70 modal% of this carbonatite, forming 1-3 mm
grains, often in intergrowths with magnetite and apatite
(Table 1, an. 5-8). Sometimes the dolomite is altered
along microcracks, rims and cleavages and contains less
SrO and more FeO (Table 1, an. 13-15). Fine disper-
sions of strontianite occur in these areas suggesting the
Sr is liberated from the dolomite but not removed.

Magnetite occurs as octahedral crystals and some-
times idiomorphic grains dispersed within the dolomite
aggregate, much of which it predates. Crystals are 3—
5 mm diameter and comprise 10-15 modal%. The
magnetite contains solid inclusions of dolomite and
apatite. Pyrite and hematite replace magnetite along
cracks and edges of the grains. The composition is pure
Fe;0,, in contrast to magnetite in many carbonatites,
which contains Ti.

Fluorapatite occurs as relatively uniformly distrib-
uted lenticular grains (up to 1.5 mm, 2% to 10 mod-
al%) which have 1.5-4.2 wt.% RE;O3, 5.16 wt.% SrO
and a trace of SO3;. The REE substitute according to
the “belovite scheme”. Solid inclusions of monazite
and strontianite occur along cleavages and on rims and
microcracks (Fig. 3d).

Aegirine occurs as small euhedral crystals. It does
not contain any inclusions of other minerals and is
replaced along cracks and at grain edges by arfvedso-
nite, biotite and magnetite. The amount of aegirine end
member is 80-100%, jadeite end member 3-16% and
diopside end member less than 5-7% (Table 2). In
contrast to aegirine from fenite, the aegirine from the
carbonatite has lower Mg and higher Na (Table 2).
Aegirine from fenite has diopside up to 30-35% and
jadeite less than 3%.

Primary melt inclusions in aegirine

Aegirine contains single primary melt inclusions
(Doroshkevich and Ripp 2004), which have homoge-
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Table 1 Chemical composition of calcite and dolomite from Pogranichnoe carbonatites

Calcite 1 Calcite 11 Dolomite first phase Dolomite main phase Altered dolomite

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Weight percent oxides
CaO 4921 5256 46.67 4401 2692 2517 2752 2700 2799 2867 29.16 2933 27.83 27.62 3093
MgO 1.15 058 132 205 1476 1403 1505 15.05 1341 12890 1422 1434 13.62 1121 9.28
MnO 1.40 1.08 113 080 2.89 225 287 278 196 2.14 1.85 183 170 2.03 1.80
FeO 2.29 156 468 823 590 977 657 695 1004 11.10 9.03 8.99 1044 1346 11.96
SrO 2.64 204 164 137 318 3,60 291 293 129 1.17 1.38 117 082 035 037
Total 56.69  57.82 5544 5646 53.65 5482 5490 5471 54.69 5597 55.64 55.66 54.41 54.67 5434
Molar %
MgCO; 240 121 276 428 30.85 2932 3145 3145 2803 2694 2972 2997 2847 2343 19.40
CaCO; 8759 9356 83.07 7834 4792 4480 4895 48.06 49.82 51.03 5190 5221 4954 49.16 55.06
MnCO;  2.27 175 183 130 468 365 465 450 318 3.47 3.00 296 275 329 292
FeCO; 3.69 251 753 1325 950 1573 1058 11.19 16.16  17.87 1454 1447 16.81 21.67 19.26
SrCO3 3.75 290 233 195 452 511 413 416 183 1.66 1.96 166 116 050 0.3
Total 99.70  101.93 97.53 99.11 9746 98.61 99.76 99.37 99.02 100.97 101.12 101.28 98.73 98.05 97.15

Fig. 3 (a) Graphite
spherulites with radial
structure and ‘‘standing
cross” figure under crossed
nicols; (b) fine-grained
calcite-siderite series
carbonates sometimes
accompany graphite and fill
fracture zones; graphite
inclusions in dolomite (¢) and
apatite (d). Dol dolomite,
FGC fine-grained carbonate,
G graphite, Ap apatite

200um !

nization temperatures above 920°C. At 920°C, the
inclusions contained up to 20 vol.% solid but they
became opaque at higher temperatures. Among the
daughter phases were pyroxene (Cr up to 1 wt.%), K
feldspar, dolomite (SrO up to 3 wt.%), carbonates of
Ca, Fe, Sr, Ba and REE, and an unidentified phase,
consisting of Si, Fe, Na, Ca, K, Ti and Al

The inclusions were heated up to 1,000°C and then
hardened and analysed. The average composition
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(from 18 analyses) is SiO,—40.48, Al,0;—5.23,
FeO—19.62, MgO—2.53, Ca0O—8.50, Na,0—4.57,
K,0—0.85, SrO—2.15, P,O5—0.66, total—84.61 wt.%,
similar to mantle-derived carbonated silicate liquids
found in melt inclusions and kimberlitic groundmass
(Nielsen et al. 1997; Kamenetsky et al. 2004; Panina
2005) but with higher FeO. This is consistent with the
iron-rich composition of the carbonatites. Recalcula-
tion of the mineral components produces predominant



343

Contrib Mineral Petrol (2007) 153:339-353

%M G0'() INOQE dIe SIWI] UONI)A(T "OH INOYIIM dIe 9)1joIiq pue ojoqrydure 10J S[I0], 'SOINBUOGIRD WOIJ SIOYI() SO}U) WOI—I9] ‘T1—6 ‘t—1

06ST  €L9T  +29T  +vI'0  1STO 6170  SSSO0 6550  I€S0  9L¥O HO
OLY'0  LZEO  9LE0 9S8O0  6¥L0 18L°0  SvP0  THYO  69Y°0  $TS0 d
P60 6260 8760  SECO 0810 0870  8Z€0  TOSO  L6CO  TZEO 10070 bl
YO0 TSO0  T9TT  OFET 96T 9T¥'C  I8TT  SSTT  68€T  S660 0660  vOOT  8TOT  ¥ES80 €580  SH60 680 BN
€00°0 TLE0  LSTO W0 TLE0 TSSO bPE0  L8E0  8€00  6£00  CT00  STO0 <60 60T0 6910 €610 ©)
LyTT  T6VT  SLPT 6LSE  Ob'T ¥80°€  I88T  TILT  €80°€  TS6T  T€00  €£00 €200 €200 ISTO  L9TO €910  9STO SN
S000  TI00 8000  TZO0  €£0°0 W00 6£00  9v00  6V00  SFO0 €000 TO00 €000 6000 8000  LO00  S000 unN
TEL0 60TT Tt SIST  L6LT 168T  LSOT  THI'T 6067  C20C  LOSO  €FS0  SL80  T€60  T9L0  69L0 8IS0  +C80 o]
60 TLTT  96TT  0IE0  TETO 91’0 Lgh0  OLFO0  82€0  0SF0  0OST0  92I'0 6110 6500 <2OT'0 €600 1900  0£0°0 v
8500 T8I0  TSTO 0900 $80°0  OTT'0  ZET'0 9600  SOT'0  #000  SO0'0 2000 0700 0100 0Y0'0  S00°0 IL
€86C  6SLT  CTLLT  SLSL  9LS'L 008°L OILL  ¥eL'L 8C8L  9L9L 000C 000C 000C 000C 000C 000C 000C  000C 1S
amo1q 10§ 7 = (HO + d) (T1) O uo “oyruospaajre-SiN 10§ [=(HO+J) "(¢7) O Uuo ‘sumsae 103 (9) O *(7) IS UO paseq Ov[NWIO] [BINJONIS
¥8°0 950 $9°0 8L°0 L90 0L0 0r°0 0r0 wo LY0 O=4d
8¢96 0296 0796 6966 T900T  v¥'86 9686  0v'66  vE86  ST'86 6186  00L6  €TL6  9EL6  SS86  TC86  66°L6  80°66 [e10L
00 €c'T ¥S'T 98T 65T 99'T S6°0 S6°0 10T 1 d
$6'6 95’6 6 18T S6°0 8h'T vLT 197 8S'T 69T €00 ol
1€°0 vE0 108 01’8 1€°8 ws 86°'L 88°L ST'8 ELET  OV'El 8SET €8€T SEIT LPTT Tl $EIT O%N
¥0°0 6€7C 08T ST ve'T W 81°C we L60 96°0 950 090 YLV 60°S (5187 LLY (0):0)
8C0C OT'ST 98T  0S9T T80T 166l 90¢€T  6£Cl  CO¥L  9TET 950 850 80 0¥'0 19T €6C 6LC 8L OSIN
LOO 91°0 €10 810 920 €60 1€°0 LEO 6£°0 8€0 80°0 90°0 LO0O 920 v 0 120 ST0 OUN
SLTIT  +v9'8T  S6'8T  SPTI  €FTC TTST 2991 8¢Ll  L¥ST 8191  I8ST  SP9C  €FLC  LO6C  SOVC  L6€T 6T ST9C 02d
60TT  00vT  TE€HT IS8T «©T 08T St LT 68T ST or'e 18C $9C 0¢'T 8TT S0 «©T L9°0 OV
Y01 €re 9T ¥$0 9,0 660 611 980 ¥6°0 ¥1°0 LT0 80°0 LEO €0 9¢'T LT0 O1L
TP L6'SE  $09€  OT'FS  €8°CS 9'cS  60TS  TYTS  LOES SIS 6¥ES  6VTS  SFTS  9TTS  €8TS  STTS  S60S  ¥O'€ES 018
sopIxo Juad1ad JYFrop

81 LT 91 ST v1 €T (4! 1T 01 6 8 L 9 S 4 € 4 T

amorg 9)IUOSPIAJIR-IA suLgoy

9)IUSJ pue JINEUOqIEd d0UYDIURISOJ WOIf 9Inolq pue sjoqryduwre ‘ouaxoiid jo uwonsodwos [eorwoy) 7 dqe],

pringer

Qs



344

Contrib Mineral Petrol (2007) 153:339-353

alkaline pyroxene and dolomite. The low analytical
total may be related to the presence of carbonate.

Graphite

Graphite forms individual spherulites and sometimes
aggregates of 2—4 spherulites and rare platy grains. It is
situated between or within grains of dolomite and
rarely on the borders of dolomite and magnetite or
within magnetite and apatite (Fig. 3c, d). The size of
the spherulites varies from <1 mm up to 1.5 mm. The
shape of the spherulites is rounded and the surface is
knobbly. Sometimes isometric grains show relatively
clearly expressed crystallographic octahedral faceting.
Under crossed polars most of the spherulite has a ra-
dial structure with a “standing cross” (Fig. 3a). The
cores of some spherulites are granular. Occasionally
fine-grained aggregates with varying composition from
Fe-bearing calcite to Ca-bearing siderite accompany
the graphite and infill fracture zones (Fig. 3b). Parts of
the graphite have sharp boundaries with the carbonate
matrix but other spherulites have ‘friable’ borders. The
spherulites often contain a concentric zone of carbon-

st 0 .
1" Spectrum Fitting 1582
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4500 1
4000 1
3500
3000 -

2500
1355

ate, sometimes with fine plates of hematite. In the
outer zones of the spherulites, graphite plates are
aligned perpendicular to the surface of the spherulites.
Sometimes the spherulite cores contain aggregates of
fine-grained Fe-bearing calcite. The 6" C values of the
graphite spherulites are discussed below in the isotope
geochemistry section.

Raman spectroscopy of the graphite spherulites

The Raman spectra of the Pogranichnoe graphite
spherulites are similar to published spectra of micro-
crystalline, amorphous carbon and disordered graphite,
which have G and D bands at 1,580-1,600 cm ™ and at
around 1,350 cm™' accordingly (Ferrari and Robertson
2001). The first order D and G peaks occur at around
1,360 and 1,582 cm™ and the second order peaks at
2,450, 2,730, 2,944 and 3,252 cm™'. At the edge of the
graphite spherulites the 2450 cm™' peaks are
smoothed. In single crystals of Pogranichnoe graphite,
the G band occurs at 1,580 cm™. At Pogranichnoe,
there is variation in the intensity of the first and second
order G and D bands from the cores to the edges of the
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Fig. 4 Raman spectra of graphite spherulites. Representative Raman analyses from core (1) to rim (5) of a spherulite with 40um steps.

Insets show regions of the first and second order spectra
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spherulites with ratios of 0.35-0.87 (Fig. 4). By com-
parison with studies of metamorphic graphite this
could be interpreted as higher temperature and pres-
sure conditions in the core and lower temperatures and
pressures at the rims (Pasteris and Wopenka 1991).
The equivalent metamorphic conditions would be

garnet zone cores and chlorite zone rims (Wopenka
and Pasteris 1993).

Calcite-siderite series carbonates

A distinct set of carbonates fill fracture zones and are
associated with graphite (Fig. 3b). They are fine-grained
aggregates varying from Fe-bearing calcite to Ca-bear-
ing siderite (Table 3). Such carbonates have not been
described previously in nature but have been synthe-
sized at high temperatures (Goldschmidt et al. 1962;
Rosenberg 1963). The carbonates also contain high Mg,
Mn and Sr and have 7-72% siderite end member, 10—
79% calcite end member, 2-16% magnesite end mem-
ber, up to 13% rhodochrosite end member and up to 5%
strontianite end member (Table 3). According to the
Goldschmidt diagram (Fig. 5, Goldschmidt et al. 1962)
the sub-liquidus temperature of formation of calcite-
siderite varies from 400 to 900°C, although the graph
does not consider magnesite, rhodochrosite or stron-
tianite end members. It is possible that a primary pro-
tomineral dissociated to the fine-grained aggregate. An
average overall composition of the mixed carbonate was
calculated by multiple SEM/EDS spots. The ‘protocar-
bonate’ is CaO—31.85 wt.% FeO—15.3 wt.%, which
corresponds to 25% siderite end member (Table 3,
analysis 14) and according to the Goldschmidt diagram
(Fig. 5, Goldschmidt et al. 1962) corresponds to a sub-
solidus temperature of formation of 600°C.

900

Solid solution
of ferriferous
calcite

Solid solutions
of ferriferous
calcite and
calcic siderite

700 [~

600 [~

Temperature, C°

500 [~ Solid solution

el m2 of calcic siderite

400 -

1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Amount of FeCOj in solid solution (Ca,Fe)CO;, molar %

300

Fig. 5 Sub-solidus temperature of formation the calcite-siderite
series carbonates () and average overall composition of the
mixed carbonate (2) (calculated by multiple spots on SEM/EDS)
plotted on diagram of Goldschmidt et al. (1962)

Dolomite in the contact zone with the fine-grained
Fe-bearing calcite has recrystallized producing a dis-
semination of strontianite, with a resulting decrease in
the Sr content of the dolomite from 3-4 down to
0.5 wt.% SrO (see Table 1, an. 13-15). This dolomite
alteration and the location of the calcite-siderite car-
bonates along fracture zones lead to the conclusion
that this carbonate is an alteration product. The asso-
ciation with graphite and rarity of the Ca-siderite
composition mean that the presence of graphite was
probably crucial in producing a reducing environment
that enabled these carbonates to form.

Accessory minerals
Pyrochlore, thorite, columbite, monazite-(Ce) and zir-

con are accessory minerals in both the first and main
carbonatites. Monazite-(Ce) occurs as fine dissemina-

Table 3 Composition of calcite-siderite series carbonates from the association with graphite in Pogranichnoe carbonatites

1 2 3 4 5 6 7

8 9 10 11 12 13 14

Weight percent oxides

MgO 2.06 1.64 7.73 3.21 1.26 0.98 0.63 0.79 1.81 1.89 3.54 5.54 6.83 5.41
CaO 6.13 43.44 33.38 11.63 28.43 825 40.66 44.33 31.49 19.59 18.51 27.47 36.61 31.85
MnO 1.06 2.00 0.98 0.91 1.07 1.23 2.20 2.66 3.22 1.32 3.82
FeO 51.97 8.11 4.81 4525 25.19 15.08 10.41 6.25 32.31 34.48 33.46 23.21 12.98 15.29
SrO 3.25 2.02 3.10 2.87 3.56 2.02 1.92 1.08 0.45 0.91
Total 61.22 5644 55.56 60.09 58.87 5839 5548 56.02 59.86 60.08 59.25 59.44 58.19 57.28
Molar %

MgCO; 4.31 343 16.16 6.71 2.63 2.05 1.32 1.65 3.26 3.95 7.40 11.24 13.86 11.31
CaCO; 1091 7732 59.42 20.70  50.55 68.09 72.37 78091 48.32 34.87 32.95 47.47 63.27 56.69
MnCO; 1.72 3.24 1.59 1.47 1.73 1.72 3.56 4.31 5.06 2.08 6.19
FeCOsS 83.67 13.04 23.84 72.85 40.56 2428 16.76  10.06 44.84 55.51 53.87 36.28 20.29 24.62
SrCO; 4.62 2.87 4.40 4.08 5.06 2.47 2.73 1.53 0.62 1.29
Total 100.61 9841 99.42 100.26 99.85 100.40 96.00 97.41 100.62 100.62 100.06 100.06 100.11 100.10

Analysis 14—average composition of the mixed carbonate (calculated by multiple spots on SEM/EDS). Detection limits are about 0.05

wt. %
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tions and solid inclusions in apatite; occasionally also
outside magnetite, graphite and apatite. The monazite-
(Ce) is strongly light REE-enriched (Ce/La, Ce/Nd and
La/Nd average ratios 1.9, 3.3 and 1.9, respectively) with
0.11-0.73 wt.% ThO,. Small amounts of Ca, Si, Sr, U
and Pb are also present.

Main phase dolomite carbonatites

The main phase dolomite comprises the majority of the
occurrence. The major differences from the first phase
carbonatite are the lack of graphite, finer grained
nature of the dolomite, lower amount of magnetite and
presence of calcite. The dolomite is again ferroan
dolomite but with higher Fe (up to ankerite) and lower
Sr (Table 1, an. 9-12). Magnetite single idiomorphic
grains, comprise up to 3 modal% and have the same
composition as in the first stage carbonatite. Fluora-
patite also has the same composition as in the first
phase carbonatite but fewer inclusions of monazite.
There are two types of calcite, one idiomorphic and
associated with dolomite and another in interstices
between dolomite (Table 1). Orthoclase phenocrysts
contain 5% shoe-string albite perthite. Aegirine has
the same composition as the aegirine in the first phase
carbonatite (Table 2). Magnesioarfvedsonite is distinct
in composition from fenite amphibole (Table 2).

Chemical composition of the carbonatites

The Pogranichnoe carbonatites are chemically ferro-
carbonatites and ferruginous calciocarbonatites (Ta-
ble 4, Fig. 6). They plot in the Fe-rich portion of Fig. 6
because of their high magnetite contents rather than
because they contain Fe-rich carbonate. From the
earliest to the latest phase the amount of Fe decreases
and Ca increases (Fig. 6) as the magnetite content
decreases and calcite increases; the amounts of Sr,
REE, Nb, Mg and P decrease but HREE and Y do not
vary. Silica is usually 1-3 wt.% although the carbona-
tites are sometimes enriched in Si as a result of the
presence of orthoclase, aegirine and secondary quartz.

A comparison with average ferrocarbonatite calcu-
lated by Woolley and Kempe (1989) (Fig. 7) empha-
sizes the high level of Sr (average 2.3 wt.% SrO,
maximum 4.2 wt.%), which is 3-4 times higher in
Pogranichnoe carbonatites than in average ferrocar-
bonatite. The Fe, P and Mg contents are also higher
than average, and Ti, Zr and S are all lower. The REE
content is similar to average ferrocarbonatite and
varies from 0.35 to 1.55 wt.% RE,Os, with monazite-
(Ce) and apatite as the main mineral hosts. LREE are
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more highly concentrated than HREE three orders of
magnitude variation in La/Yb chondrite normalized
ratios. Niobium contents are low (from 4 to 35 ppm),
three times less than in average ferrocarbonatite.

Comparison with other dolomite carbonatites

Six other dolomite carbonatites are plotted on Fig. 7
for comparison with Pogranichnoe, including the Ves-
eloe dolomite carbonatite from nearby in Transbaika-
lia that has also been proposed as a direct mantle melt
but does not contain graphite (Ripp et al. 2004, 2006);
Swartbooisdrif, Namibia (Thompson et al. 2002),
which is similar in that it is both magmatic and ferro-
carbonatite but proposed to form by immiscibility;
Tamazert, Morocco, a carbonatite that carries mantle
debris (Mourtada et al. 1997); Shawa and Dorowa
dolomite carbonatites where isotopic evidence suggests
no direct link between the dolomite carbonatite and
associated silicate rocks and direct mantle melts have
been proposed (Harmer et al. 1998); and late-stage
ancylite-bearing (REE-rich) carbonatites at Sokli,
Finland (Lee et al. 2004). Pogranichnoe is not obvi-
ously mineralogically or geochemically aligned with
any one variety of dolomite carbonatite; it has notably
high REE but the REE-rich carbonatites usually form
in the final stages of emplacement of a carbonatite
complex in a pegmatitic or subsolidus phase (Wall
et al. 2001) and this activity is not seen at Pogranich-
noe. There are no clear patterns within the dolomite
carbonatites and the trace element geochemistry of the
dolomite carbonatite does not lead us towards the
fundamental reason for the presence of graphite at
Pogranichnoe.

Carbon, oxygen and strontium isotope compositions

Initial 3Sr/%6Sr ratios were determined in a few apatite
and dolomite separates and are consistent with a
mantle source (Bell and Blenkinsop 1989; Table 5).
The isotope compositions of C and O were analysed in
mineral separates of dolomite, calcite, apatite, mag-
netite, graphite and arfvedsonite (Table 5).

The §"°C values in dolomite and calcite vary from —
0.2 to 0.4%,. Average 80vsmow values for dolomite
are 9.12%, with variations from 8.4 up to 10.18%,. 6'*0
values in calcite from dolomite-calcite rocks (latest
phase) are higher (6'%0 11.08%,). The 6'%0 value in
aegirine (5.3%,vsmow) is similar to mantle-derived
silicate minerals, but the value for arfvedsonite
(6.3%,vsmow) is higher, which is consistent with arfv-
edsonite being an alteration product of aegirine during
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CaO

M First phase

@ Main phase

MgO 1 2 FeO + MnO
Fig. 6 Pogranichnoe carbonatite whole rock analyses plotted
using molar proportions (after Gittins and Harmer 1997). The
main phase carbonatites plot in ferruginous calciocarbonatite
field owing to the presence of calcite. The first phase does not
contain calcite
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Fig. 7 Comparison of the distribution of selected trace elements
in Pogranichoe and other ferroan dolomite and dolomite
carbonatites normalized to average ferrocarbonatite (Woolley
and Kempe 1989). Data sources are: Veseloe (Doroshkevich
et al. 2006), Swartbooisdrif (Thompson et al. 2002), Sokli (Lee
2004), Dorowa (Harmer et al. 1998), Tamazert (Mourtada et al.
1997), Shawa (Harmer et al. 1998)

a late stage process that involved some isotopic ex-
change (Taylor et al. 1967; Deines 1989; Faure 1986).
On Fig. 8, the Pogranichnoe carbonatites show §'°C
values significantly higher than those believed to be
representative of mantle-related primary carbonatites
(after Taylor et al. 1967; Deines 1989). There is pet-
rographic evidence of minor alteration of dolomite and
calcite and associated formation of strontianite, which
may account for some of the variation from the ‘mantle

@ Springer

Table 5 Isotopic composition of O, C and Sr in minerals from
Pogranichnoe carbonatites

Carbonatite Analysed sBcy, 609, 87Sr/85Sr
stage material VPDB VSMOW
First Dolomite 0.3 10.18
Dolomite 0.1 94
Magnetite 1.04 £ 02
Graphite -6.1+ 01
Main Dolomite -0.187 8.41
Dolomite -0.2 9.0
Dolomite 0.096 8.6
Dolomite 0.70379 = 1
Dolomite 0.703817 + 16
Apatite 0.70373 + 1
Apatite 5.1
Magnetite 1.9+ 05
Arfvedsonite 6.3
Calcite 0.4 11.08
8 13C First phase
0+ (PDB) ooe° o.
Main phase
21k '
url Siilini . Siberian carbonatites
YS, jilinjarvi (from Siberian platform
-4 and folded area)
PIC
-6+ K&H( g
8 Novopoltavskoe 18
carbonatites 8 O(SMOW)
| | 1 | | | | 1 1

2 4 6 8 10 12 14 16 18

Fig. 8 Stable carbon and oxygen isotope compositions (in %,
relative to VPDB and VSMOW, respectively) in Pogranichnoe
carbonatites. Primary unaltered carbonatites (PIC) proposed by
Demény et al. (1998) based on Taylor et al. (1967) and Keller
and Hoefs (1995) (K&H). Turiy Mys and Siilinjarvi compositions
are from Demény et al. (2004), Novopoltavskoe composition is
from Lugovaya et al (1980), Siberian carbonatites (Siberian
platform and folded area) are from Vladykin et al. (2004)

box’. However, this is minor, and late-stage processes
(including Rayleigh fractionation) that affect C also
usually affect O in the same way and so it is difficult to
explain the Pogranichnoe values that have significantly
heavier C but similar O to the currently accepted
mantle values.

As distinct from carbonate minerals, the §'>C values
in graphite spherulites (-6.1%, 6">Cyppg) are compat-
ible with a mantle source; Deines (2002) states that
carbon with 6'°C of about —5%, has been identified as a
major isotopic composition signature for the mantle,
including carbonatite and kimberlite carbonates, dia-
monds and volcanic CO,. The graphite spherulites are
also consistent with graphite from carbonatite at
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Novopoltavskoe (Ukraine), which has §'*C values of
-6 + 1.29, and was concluded, from the carbon isotope
distribution in carbonate and graphite to have formed
from a mantle source (Zagnitko et al. 1980). The
Novopoltavskoe carbonatites have §'*0 and §"°C val-
ues of 82 and -6.19%, (Fig. 8, Lugovaya et al. 1980).
Separated calcite from Novopoltavskoe carbonatites
has 6'%0 values of 5-139%, and 6">C values of -3 to —9%,
(Krivdik 2001).

It is possible to make an estimation of crystallization
temperature based on the difference in 6'®O between
magnetite (Table 5) and co-existing dolomite (using
the calcite-magnetite formula of Chiba et al. 1989).
The differences (7.1-6.59,,) correspond to tempera-
tures from 700 to 750°C [determination of the exact
temperature value is not possible because the analyti-
cal error in ¢'®O values in magnetite was high
(£0.5%,)]- This seems reasonable and suggests no large
disturbance in the O values of the carbonate. A dolo-
mite-graphite thermometer (Wada and Suzuki 1983)
corresponds to temperatures from 680 to 700°C.

"80vsmow for apatite is 5.1%, and similar to values
reported for apatite from carbonatites at Jacupiranga
(Santos and Clayton 1995), Angola (Alberti et al.
1999), Penchenga (Vrublevskii et al. 2003) and from
the West Transbaikalia carbonatites and apatite-bear-
ing basic rocks (G.S. Ripp, unpublished data).

At about 700°C, the fractionation between graphite
and dolomite is 6%, (Wada and Suzuki 1983). This
explains well the variation in the Pogranichnoe car-
bonatites, and potentially why the carbonate is outside
of the accepted mantle PIC box. However, starting
with a mantle composition, with graphite at —6%,, the
carbonate would have a '°C value around 09, only if
the system was graphite-dominated. The xenoliths
contain graphite that seems to be in carbon isotope
equilibrium with carbonate but it is not dominant;
modal percents of 70% for dolomite and 0.5% for
graphite equate to a molar ratio of 10:1 dolomite:
graphite. Starting from normal mantle composition, in
a carbonate-dominated system, the carbonate would
have a 6"°C value of ~—69%,, and the graphite compo-
sition would be 69, lower. The present data are in
agreement with small amount of graphite crystallizing
from carbonate melt whose 4'>C value is around 0%,

Another possible fractionation effect that could
cause large changes in C but minor or no movement
in O is fractionation in the C-CO-CH (methane and
other hydrocarbon)-COj; system. C in graphite and
methane has lighter values compared to C in car-
bonate. For example, the isotopic composition of
methane from fluid inclusions in kimberlite garnet
and olivine (Siberian platform) is -13.2 to -19.3%,

(Kravtsov et al. 1981). The presence of graphite in
the first phase carbonatite is evidence of a reducing
environment that could have facilitated this effect.
The main stage carbonate values are similar, just
slightly lighter in C. However, in order to make this
change from the ‘Primary Igneous Carbonatite’ field,
all of the Pogranichnoe carbonatites would have to
have undergone similar fractionation with reduced C
species, even though only the first phase carbonatite
contains evidence of their presence in the form of
graphite. Further work on fluid inclusions is required
to investigate this hypothesis.

Other carbonatites that do not contain graphite also
have carbonates that plot above the accepted ‘PIC’
box; for example, §"°C and §'®0 values in the nearby
Veseloe dolomite carbonatites (Doroshkevich et al.
2006), Turiy Mys calcite carbonatites and phoscorites,
Russia and Siilinjdrvi calcite carbonatite, Finland
(Demény et al. 2004). The field for Siberian Platform
carbonatites (Fig. 8, Vladykin et al. 2004) also has
some similar values. The heavier C values for Turiy
Mys carbonatites were described by Dunworth and
Bell (2001) and suggested as resulting from isotope
exchange with Devonian seawater, or mantle processes
(oxidation of diamond by carbonate crystallization) or
owing to a specific carbon isotope signature in the
mantle. The high 6'*C for Turiy Mys and Siilinjirvi
carbonatites were attributed to a decreased amount of
CO,-H,O0 fluid associated with the carbonatite magma
(Demény et al. 2004). The *C-enrichment in several
early-phase Kola carbonatites was explained by Dem-
ény et al. (2004) with mantle metasomatism by slab-
derived CO,, or fractionation by formation and sepa-
ration of a '*C-enriched phase in the mantle.

Formation of graphite spherulites

Three possible processes of graphite formation are
considered here

e graphite picked up from country rocks
e breakdown of Fe carbonate
e precipitation from carbonatite magma

The first case, that the graphite is picked up from
country rocks, can be quickly excluded because the
country rocks (gabbros and slates) do not contain
graphite and the 6" C isotopic composition is not
consistent with the organic carbon of sedimentary
rocks but is similar to mantle carbon. In addition,
graphite only occurs in the smaller volume, first stage
carbonatite, whereas country rock xenoliths occur in
the surrounding main stage carbonatite.

@ Springer
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The formation of graphite as a result of the thermal
disproportionation of Fe-carbonate to magnetite with
accompanying reduction of the carbonate ion has been
investigated by French and Rosenberg (1965) and
Weidner and Tuttle (1965). Siderite breaks down and
graphite is precipitated from a gas phase.

6FeCO3 — 2Fe3204 + CO, + C (1)

An example was described recently by Zuilen et al.
(2003) in metacarbonate rocks from the Isua Supra-
crustal Belt, West Greenland. A similar scenario for
carbonatites was described as long ago as Gellantly
(1966) for graphite beads in carbonatites of the Dark-
ainle nepheline syenite complex, Somalia, which are
smaller (0.1 mm) but similar in habit to the Pogra-
nichnoe graphite. It is possible that the same mecha-
nism has operated at Pogranichnoe but this scenario
does not fit with the petrographic evidence. The mag-
netite is earlier than dolomite and graphite. There is
evidence of a carbonate—graphite reaction along fis-
sures and around some graphite spherules as described
above, but this seems to go the other way—the Fe-Ca
carbonates have formed by reduction of fluids by the
graphite rather than formation of graphite by dissoci-
ation of siderite. When we review the detail of the
petrography described by Gellantly (1966), we find that
the Darkainle carbonatites did not contain a sideritic
carbonate but a ferroan dolomite or ankerite that has
recrystallized to form dolomite plus limonitic oxides.
This kind of change is now known to be very com-
mon—ubiquitous in fact—in Fe-bearing dolomitic
carbonates, and responsible for their brown colour-
ation (e.g. Wall 2000). Graphite is not usually a by-
product of this reaction. Moreover, Gellantly (1966)
concludes that owing to the bead-like habit of the
graphite and its formation in this habit in experiments,
‘the graphite developed while the rock was at least
partially molten’. This leads us on to the next option
for graphite formation.

This third possibility is that the graphite has pre-
cipitated from the carbonatite magma. This hypothesis
is consistent with the petrographic evidence of graphite
spherulites occurring between dolomite and apatite
crystals and as inclusions in dolomite and apatite. The
homogenization temperatures of melt inclusions sup-
port a high temperature for the carbonatite formation,
and the graphite precipitation. This is our favoured
hypothesis for Pogranichnoe, and is consistent with the
formation proposed for graphite in calcite and dolo-
mite carbonatite at Novopoltavskoe, Ukraine (Zag-
nitko 1980), and with our slightly revised interpretation
of the dolomite carbonatites at Darkainle, Somalia.

@ Springer

Other examples of graphite in carbonatite are rare. A
brief account of graphite in monazite and magnetite-
bearing dolomite carbonatite at Eureka, Namibia was
given by Verwoerd (1967) and Worley et al. (1995) and
Worley and Cooper (1995) describe graphite in calcite
carbonatite of the Dismal nepheline syenite complex,
Antarctica. They found graphite in apparent equilib-
rium with calcite and graphite concentrated at the
margin with country rock marble. Isotopic fraction-
ation via the equilibrium C + O, = CO, resulted in
enrichment of the '*C isotope in calcite from the
nepheline syenite.

The reason for graphite precipitation from the car-
bonatite magma still requires further testing. In the
case of the Dismal nepheline syenite carbonatite,
reaction with country rocks seems important. How-
ever, there is no obvious wall rock reaction cited in any
of the other carbonatite examples. The presence of
large amounts of Fe'' in the magma is unlikely alone to
be the key because then graphite would be expected to
occur in phoscorites and associated magnetite-rich
carbonatites, such as the Kola Peninsula occurrences
(e.g. Krasnova et al. 2004; Lee et al. 2004; Karchevsky
et al. 2004) but no graphite has been recorded thus far.
Another possibility is the control of the presence of
reduced carbon species such as methane, which is more
difficult to establish and requires further study of fluid
inclusions, but would also account for the carbon iso-
tope signature at Pogranichnoe, as described above.

Evidence from studies of diamond genesis

A link between carbonatitic graphite and diamond is
provided by the graphite associated with diamond in
calcite silicocarbonatite dykes at Chagatai, Uzbekistan
(Djuraev and Divaev 1999). There is also experimental
evidence to support graphite precipitation from car-
bonatite magma in the form of experiments aimed
principally at diamond synthesis. Experimental inves-
tigations using a multicomponent carbonate-carbon
system (Litvin 1998; Litvin et al. 1999; Litvin and
Zharikov 2000) and Chagatai carbonatite (Bobrov
et al. 2004) have demonstrated spontaneous nucleation
and growth of diamond crystals in the diamond PT
stability field. Spheroidal graphite crystals were formed
by spontaneous nucleation (at conditions when dia-
mond is the thermodynamically stable carbon phase) in
one such set of experiments with carbonate-carbon
multicomponent melts (Spivak and Litvin 2004).
Several authors have suggested that natural dia-
monds may form from the carbon of carbonate min-
erals (Cartigny et al. 2001; Luth 1993; Schrauder and
Navon 1994). The synthesis of diamond as a result of
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reactions between carbonates and silicates has also
been accomplished experimentally (Pal’yanov et al.
2002) and crystallization of metastable graphite under
the PT-conditions for diamond stability has been ob-
served for a number of non-metallic systems, such as
fluid-containing carbonates and C-O-H fluids (Akaishi
et al. 2000; Pal’'yanov et al. 1999). These experiments
support the hypothesis that the Pogranichnoe graphite
precipitated from carbonatite melt and that the
occurrence of magmatic graphite in carbonatites pro-
vides a natural example of precipitation of reduced
carbon from carbonate magmas, lending further cir-
cumstantial support to the precipitation of diamonds
from carbonate melts at high pressure and temperature
in the mantle.

The experiments that produce diamond and graph-
ite from carbonate-bearing magma start doped with
diamond. It is possible to envisage some carbonatites
originating from, or travelling through, a graphite or
diamond-bearing mantle—such as seen in the rocks of
Beni Bousera (Pearson et al. 1989)—dissolving excess
carbon and then precipitating it rapidly later after
travelling to the crust. If the carbonatite is generated in
a graphite-rich layer, the system would be graphite-
dominated and the carbonate melt would have a ~69,
higher 6'°C value, equivalent to the values observed
for Pogranichnoe. For example CO,-H,0O metasoma-
tism may cause carbonatite melt generation through
low-degree partial melting and thus LREE and Sr
enrichment.

Conclusions

1. Graphite spherulites precipitated from ferroan
dolomite carbonatite magma at Pogranichnoe at
temperatures of at least 700-900°C.

2. Alteration of the carbonate along fractures and in
contact with graphite produced siderite-calcite
series carbonates previously unreported in nature.

3. Mineral and isotope geothermometers and melt
inclusion data from the Pogranichnoe carbonatites
confirm the 700-900°C high temperature of rock
formation. However, the geochemistry of the car-
bonatite is not distinct from other dolomite car-
bonatites.

4. We have identified three candidates for the control
on precipitation of graphite (a) a redox reaction
with Fe'! in the magma, (b) potential presence of
organics in the magma (c) seeding of, or dissolu-
tion in, the magma of graphite/diamond from a
mantle region rich in reduced carbon. More work
is required on this and other graphite-bearing

carbonatites in order to identify the most impor-
tant mechanism(s). The presence of graphite itself
does not necessarily require direct or rapid mantle
derivation, although mechanism (c) would be
much more likely with rapid rise from the mantle.

5. Graphite carbonatites have received little recent
attention but are potentially useful indicators of
conditions in carbonate magmas and potential
analogues for diamond precipitation from carbon-
ate melts in the mantle.
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