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INnutocdepa — TBepaas obonouka 3emnu. Bknrovyaet 3eMHY0 KOPY U BEPXHIOKO
YyacTb MaHTUK, OO acTeHocdepbl.

ActeHoccepa — nnacTUYHbLIN Crnon BepxHen maHTum 3emnu. ActeHoccepa BbigensieTcs no
NMOHUXXEHUIO CKOPOCTEU CEeNCMUNYECKNX BOJTH.

Metamopdusm - npeodpazoBaHHe MArMaTHYeCKHUX, OCATA0YHBIX M paHee MeTAMOP(PU30BAHHBIX
TOPHBIX MOPO/I B TBEPAOM COCTOSTHUU MO/ BO3AeiicTBHEM (PaKTOPOB MeTaMOp(pu3Ma: TeMIepaTryphl,
JUTOCTATHYECKOTO JaBJICHUsI U TIyOMHHBIX (PIIOUI0B (MMPEUMYIIECTBEHHO BOTHO-YIJIEKHCJIIBIX).

MeTtacomaTo3 — npouecc naMeHeHnsa BarioBoro XxmMmm4yeckoro cocraBa nopopa npu
MHd)ManpaLIMM BOAHbIX UITN Kap60HaTHbIX (an-OVI,EI,OB NN pacrnsiaBoB.
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Collision-type orogen Pacific-type orogen Craton
Collision zone metamorphic belts Volcanic arcs

UHP domain Passive margin Active margin
sediments sediments Subduction

erosion

Hinterland belt

Suture zone . XS Mid-ocean
ophiolite - ! ridge (MOR)

Kimberlite pipes

cceanic crust
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Transition zone

FIGURE 1 A schematic cross section of the Earth’'s 0 uter shells showing recycling of crustal materials in
different tectonic regimes. The bold black arrows represent global pathways (to the mantle—core

boundary and to the Earth’s surface) of continental materials. Label A is a general trajectory of subduction/
exhumation of UHP metamorphic rocks in a collision-type orogen. Label B represents UHP-mineral-bearing
chromitites associated with ophiolite complexes; unusual chromitites with UHP minerals and/or crustal-derived
minerals might have formed from recycled materials. Subduction erosion in Pacifi c-type orogens allows
subduction of a signifi cant volume of continental material into the transition zone (Maruyama et al. 2010).

Label C is a kimberlite pipe in which diamondiferous material from the subcontinental lithospheric mantle as well
as superdeep mantle material can be transported
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Schematic eross-section contrasting the tectonic setting of generation and exhumation of (A) Collision (A)-
type and (B) Pacilic (B)-type HP-UHP metamorphic belis. Characteristies of the Pacific type include subduction of
oceanie lithosphere and development of an aceretionary complex. {oreare basin, huge tonalite-trondhjeimite-granitoid
(TTG) belt, and voleanic are. Collision-type helts, which are associated with continental collision. lack those character-

istics, and the high-P belt is generally of a much large extent (after Maruvama et al., 1996),

1 el '



400 -~

500

km

700 =

5155

i
PEROVSKITE + FERROPERICLASE

UPPER MANTLE

y <#— PHASE TRANSITION

" TRANSITION
ZONE

* ~s—  PHASE TRANSTION

—13

GPa

— 24

BknoyeHusa B

boabmmnHCTBO aJIMa30B o0pa3yrrcs B
CYOKOHTHHEHTAJIbHOU JHUTOCPEPHOH MAHTHH B
nepudomumosvix (P-tumn) m 3knozumosvix (E-Tmm)

[0 COCTAaBY MATEPUHCKHX CyOCTpaTax Ha riIyOMHaX
150-250km npu temneparypax 900-1400C.

> P-Tnn *E-TnN
Ol, Grt, Opx, CPx, | CPx, Grt,
Chr Coe, Ky, Rt, KFsp,

Phl, llm, Sph Cor, Ilm, Sph
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NaAlSi; 0, + xCaMgSi, O =xCaMgSi, 0, - NaAlSi, O, + Si0,
Ab Di Omnp Oz

ZMgQSiQO(, + CaAIZSiZOR.——‘Mg-aAlESigolz -+ C&MgSIZO.;, + S]Oz
En An Prp Di Qtz

CaAl,Si,04 + 2Mg, 81,0, + MgAl, O, =2(1Ca;Al,$i,0,, 2 Mg;AL,Si;0,,)
An En Spl Grt

F466po— marmaTtnyeckasi MHTPY3MBHAsA OCHOBHAasi ropHas
nopoJa OCHOBHOIO cocTaBa. [naBHbIMM MUHepanammn rabopo
SIBNSAETCS1 OCHOBHOW (BoraTbiii aHOPTUTOBBLIM KOMMOHEHTOM)
Nnarnoknas u MOHOKITMHHbIA MUPOKCEH, MHOTAA TaKke
coaepXaTCcsA0NMBMH, POMOMYECKUIA MUPOKCEH, pOroBas
obmaHka.




Oman Ophiolite

Macquarie |sland Ophiolite
Samail Ophiolite

. | Roberts Victor (South Africa)
| : — Bellsbank (South Africa)
1

| | Blaauwbosch (South Africa)
I | Newlands (South Africa)

— Frank Smith (South Africa)
1| Kuruman {South Africa, craton rim)

I
|_|_|_| Rietfontein (South Africa, off-craton)
[ 0 1 Sloan (USA)

' I QOrapa (Botswana)
I:::I Grib {Arkhangelsk)
| T 1 Mir (Yakutia)

[ | Udachnaya {Yakutia)
f:l Koidu (Sierra Leona)
Ekati (Canada)

N30oTONHBLIN cOCTaB KUCNOpOoAa MaHTUUHbIX 3KIOrMTOB B CPABHEHUN C
ocpmonutamm (Jacob, 2004)



SEMAIL OPHIOLITE
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N30TOMNHOro cocrtasa kucnopoda (Gregory and Taylor,1981)
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PacnpepeneHue peakosemMersibHbIX 3JIEMEHTOB B rpaHaTaX MaHTUMHbIX 3KIOrMTOB.
NMonoxutenbHasa eBponueBasi aHoManua cemaeTenbCcTByeT 0 PpakLMOHMPOBaAHUMN
nsiarmokriasa B HU3Ko6apu4eckom npoTosiuTe 3KnornTa
(Jacob,2004)



KceHONUT anMma3soHOCHOro 3Knorurta 13
KUMOEepnmToBoun Tpyoku «YaadyHasa»
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B 3KNOrMTax MeX3epHOBOM NPOCTPaHCTBE,



Anmasbl B KceHonuTe 3aknoruta UD-107

Yellow diamond octahedra

Diamond In clinopyroxene Diamond in phlogopite
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Mopenu a3oTHbIX LeHTPOB B anma3sax




N (at.ppm)

313C (%)

JBonuna maHTMMHoro pacnnasa n N/C chpakumoHnpoBaHue B
npouecce pocrta anma3sos. (Cartigny et al., 2001)



Bapwauvm M3O0TONMHOIoO CoCTaBa yrnepoaa aJyiMma3oB ornpenenAaAroTCA.

1. Cy6aykumen opraHu4yeckoro yrrnepopaa (Sobolev and Sobolev, 1980,
Milledge et al., 1983)

2. MNepBUYHOU HEFTOMOFeHHOCTbLIO U3OTOMHOro cocTaBa
yrnepoaa maHtum (Deines, 1980)

3. U3oTONHbIM (hpakLuMOHMPOBaAHUEM B OTKpbITOU cucteme (Javoy, 1986,
Galimov, 1991, Cartigny, 2005)

4. COBOKYNHOCTbIO NpOLIEeCCOB, BKITIOYAKOLWUX N30TONHOE (hpakuMOHUpOBaHME
B 3aKPbITOU U OTKPbLITOU CUCTEMAX, a TaKXe cybayKuuen opraHM4eckoro
BewecTtBa (Stachel et al., 2009)



Anma3oHoCHble meTamopduryeckme nopoabl KokueTaBckoro maccuBa
(C. KazaxcTtaH)
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Fig. 2. Phase diagram of elemental carbon (Bundy, 1980) with additional field of
diamond syntheses from C-0-H fluids and Si and carbonate melts (data adopted from
Akaishi et al,, 1990; Hong et al,, 1999; Pal'vanov et al.,, 1999; Akaishi and Yamaoka,
2000; Arima et al,, 2002; Pal'vanov et al., 2000; Sokol et al., 2000; Kumar et al., 2001;
Sokol et al., 2001; Pal'vanov et al., 2002; Dobrzhinetskaya et al., 2004; Dobrzhinetskaya
and Green, 2007b).
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INamenwu cheHrMTa B KNMMHONUPOKCEHE U3BECTKOBO-CUNMKATHOM
nopoabl

CpacTaHue anmasoB C KanueBbIM MMPOKCEHOM B LIMPKOHe
U3BECTKOBO-CUNTMKATHOW nopopge

- x
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BKnoYeHUsi anMasa v rpaHaToB B LIMPKOHE ¢eHrMTa B rpaHaTe M3BeCTKOBO-

CUNNKaTHOWN Nopoabl



40 [~

100 mmiyr
= == 10 mmiyr

20

[~ ]
(=]

Pressure (kbars)
|

0 200 400 G00 800 1000
Temperature ( C)
P-T guarpamma nokasbliBaroLlas pasHble cTagum aKcrymauum ariMasoHOCHbIX
MeTamMmopdomyeckmx nopon KokdetaBckoro Mmaccmsa



a)

SHRIMP
pit

UHP garnet

OnpeneHne Bo3pacTa anMa3oHOCHbIX MeTaMopdmnyecKknx nopoa
U-Pb meTtogom no umpkoHam.

1000

8
vovd wovvind bw el

a)

Domain 1

Domain 2-3

L0iun

Z V 4 ® Kyanite gneiss B94-299
o Kyanite gneiss B94-24
T

T T T T T T T T T T T T T
LaCe Pr Nd SmEu GdTb Dy Ho Er TmYb Lu

Kyanite gneiss

b)

™ T T T T T 7 T T7T

. /' ‘l .
LaCePr Nd SmEu GdTb Dy Ho Er TmYb Lu

Biotite gneiss
B93-9

c)

T T T T T T T T T
LaCe Pr Nd SmEu GdTb Dy Ho Er TmYb Lu

T T —

Number

Number

Number

Number

| a) Total
10 4 n=52
sl 528+2 Ma
6+
44
24
0 f - + h
480 500 520 540 560 580
Domain 1
n=6
53549 Ma
480 500 520 540 560 580

Domain 2 and 3

n=234
528+3 Ma

4T d) Domain 4
n=12

3T 52625 Ma

24

14

04— by + '

480 500 520 540 560

Age (Ma)

580



L J <

CopnepxaHue a3ora B anMmasax U3 metamopcuieckux nopoa

100 -
90
g 807 Ba A
s 0. AL, A
= 9 t v A b,
i A
® A
G 50 L E%%% ,ﬂ
2 UL S . Sl B
| O
S 40+ @ A A A, ,
5 AL = o
O 304 A ]
20 -
10 -
0 ' | ' | ' | ' | ' | ' |
0 500 1000 1500 2000 2500 3000

CopepxaHue asoTa (ppm)

- rHencsl, N, .., oT 300 go 3000 ppm, oT 27 Ao 75 %(N,*100/N,,,),
— U3BECTKOBO-CUNUKaTHbIe nopoabl, N, ., oT 750 go 2500 ppm, ot 27 ao 73 %(N,*100/N,,)
— rpaHaT-nupoKceH-kBapueBas nopoaa, N, ., ot 450 go 2700 ppm, oT 38 Ao 52 %(N,*100/N,,,).



11000 - B
I\-’ji

rpaHaTOBblél

KIMVMHONMUNPOKCEeHUTLI

e .
NN

MeTtamopdcunyeckue

aJ"M\a3b|
(@
3500 - A_r".oQ a Hbl Anmasbl u3
K_ﬂ%
i & |

N (ppm)

KnmbepnutoB
M NaMnpouToB

2500 -

1500 -

500 -

513C (%)

OWATPAMMA COOTHOLLEHMS CYMMAPHOIO COAEPXAHUSA
A30TA (N, ppm) U U3OTOMHOIrO COCTABA YIMEPOLA NS
AJIMA30B M3 AlIMA30B METAMOP®WYECKUX NOPO/] B
COMOCTABIEHU/ C MUPOBOW BA30M JAHHbIX MO AlIMA3AM
N3 KUMBEPIIUTOB U MTAMMPOWTOB.. ( Cartigny et al., 2001a).

§13C (%o)

Atmosphere hic Devolatilisati

-5 MANTLE

-

= o
—9¢5-°
Alluvials

[

<<

>

Metamarphic Reequilibration

S ——

[

515N (%)

WU3O0TOMHbLIA COCTAB YITIEPOOA U A30TA
METAMOP®OIEHHbIX AJIMA30B




4 SX &

.

emmE e ————

4---Canadian ./
h Cordillera '
/; 2218 ﬂ
# X R
£---Ward Creek " ___ -
4 LN
! ; 145 L
1 h &N
s ok .
Garnet Ridge (xenolith
| i £
)
1
L}
L]
L]
------- e s ==
i v Guatemala ™"
‘ N 132 1
\ L} (]
y ﬂ— Coesite localities

< Diamond localities
¢ Lawsonite eclogite localities
@ Quartz lamellae in omphacite

Mesozoic & Cenozoic orogens|

< & s

\ 1
- Palcozoic orogens , \ 7
7 g ; land Fold Helt -
/7% Pan-African orogens . % sl
Precambrian orogens |77 REaaa e o Seeeneemnle
bH “, B ')/."‘_\ /,’ ¥
Age in Ma __,—t:..- 5 sa N \\:_. v

Fig. 1. Global distributions and peaks of metamorphic ages of coesite- and diamond-bearing UHPM terranes;
SX — Saxothurnigan area of Bohemian Massif) (the figure is adopted from Dobrzhinetskaya and Faryad,
2011).



Table 1

Main geological data of worldw ide ultrahigh-pressure metamorphic terranes containing wel-confirmed diamonds.

UHPM terrane/locality  Age in MA P (GPa) and T (*C) estimate and  MMamond size and morphology &' and Mitrogen Data source
UHP index minetals &N in aggregation
diamuond In diamond
Kokchetav 531 (UHPM) 6-9;980-1200 10- 100 wm {average -40 um}; &= 1h-1a4 Sobolev and Shatsky, 1990; Claoué-Long et al, 1991 ; Dobretsov et al,
massif — 1025 m 1995; Ogasawara et al, 2000, 2002; Okamaoto et al., 2000; Cartigny et al.,
Kazakhstan - 26 9. 2001 Katayama etal, 1998, 2001 ; Dobrrhinetskaya et al, 2001, 2003a,
 Kumady-Kol and 2100-2700  Coesite, titanatite with exsolution  Skeletal, imperfect: cubes with truncated 5N = 2003b, 2006b; Smith et al, 2017; Jacbsen et al, 20011;
Barchi-Kol) (prowhth)  lamella of coesite; diamonds with  corners single crystals, and polyaystalline diamonds 4 59% to
indusions of aragonite + MgC0s +8.5%
China ( Dabie-Suht and ~ 220-240 >27-5; 600-930 | Dabie-Sulu) MO, MO, MO ¥u et al, 19932; Yang et al, 2001; 2003; Song et al, 2005; Maftinson et al.,
M. Qaidam) (Dabie- 2006; Zhang et al, 2006; L et al, 2007; Liou et al, 2009; Katsube et al.,
sulu) 2009
420450 (N, Coesite, diamond =2 5-4: §20-
Qaidam) 740 (M. Qaidam)
507 Coesite, diamond, maporitic
(Qinling) garnet, relicts of stishovite
= 26: 590-760 diamond
Erzgebirge 360 (UHPM) =T7: 900-1200 5-50 pm (average -30 um) 3= 1b-1ahA Massonne, 1999, 2003; Hwang et al., 2000; Stockhert et al., 2001, 2009;
massif, Germany -1781ta Massonne et al, 2007: Massonne and Tu, 2007; Dobrehineskaya et al,
- 25 5% 2003a, 2003b, 20062, 2006b, 20104, 20100
Coesite, dizmond, Tio, with [rmiperfed cubes, rose-like single crystals, and e
b structure polycrystaline diamands - 24%. 1o
—=33%s;
&N =ND.
Maldanobian Zone, 360 -1: 1100 M. M., Mo Maemura et al., 2011 Kotkova et al, 2011
Bohemilan massif, diamond
Czech Republic
Western Gneiss 408425 =324 B0 From nanometric to — 20 gm; M 1h-1aA Smith, 1984; Dobrzhinetskaya et al, 1995; van Roermund and Drury,
Reglon, Nomway [UHPM) coesite, majoritic garnet, diamond  round-like aystals with “striation” and imperfect 1998; van Roermund et al., 2002; Spengler et al., 2006; Vrijmoed et al,,
{ Rortoft, cubes with truncted edges 2006; 2008,
Svartherget)
Rodope, Greece 202 (LIHPM]) 22: 750 MO, M. NI Mposkos and Kostopoulos, 2001 ; Perrakd et al., 2006: Schmidt et al, 2010;
(Kimi and Sideronern) 39-1B6 2011; Uatiet al, 2011
Western Alps 655-26Ma 384900 1-2 prm ML ML Frezzottl et al., 2010

{Lago di Ognana)

N.D. — not determined.
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KJ1 Tonorpamma anmasa ¢ BKNo4YeHUs
MAWKOPUTOBbLIX PaHaTOB

Si02 451  44.1
Ti0O2 0.07 0.29
Al203 202 188
Cr203 0.15 0.14
FeO 838 761
MnO 019  0.19
MgO 145 123
CaO 100 146
Na20 1.34 0.1
Total 99.93 98.84
Si 3.239  3.239
Ti 0.004 0.016
Al 1.711  1.628
Cr  0.008 0.008
Fe 0504 0.468
Mn  0.011 0.012
Mg 1555 1.346
Ca 0770 1.153
Na 0187 0.115
Mg# 75.5 74.2
XCa  27.2 38.9



CocTaBbl MANOXXOPUTOBbIX rPaHaToB Ha anarpamme Al+Cr — Si ( Ha 24 kucnopogaa)

(Stachel et al., 2005)
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Sio, 55.58 55.24  54.65 54.50

TiO, 0.05 0.04 0.05 0.42
Al20, 2.44 2.64 2.39 5.85
Cr,0O, 0.35 0.34 0.35 0.39
FeO 3.5 3.49 3.41 5.62
MnO 0.13 0.15 0.15 0.11

MgO 17.04 16.95 17.72 12.58

CaO 1960 1953 19.65 1528
Na,0  1.19 124 125 347
K,0 0.1 011 011 083

—— D | Total  100.08 9973 99.73  99.02

£ 73.2 73.1 74.4 55.7
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JTunus, oepanuuusarouian CEKmop
6cCex U36eCMHbIX MAHMUUHbBIX AIMA306

V pa3HOBHIHOCTb (Cartigny et al., 2001)
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Figure 2. Anticorrelation of '*C of dlamond and &0 of coeslite In-
cluslons In dlamond (Table 1; solld squares from Venezuela, solld
clrcles from Argyle [Australla], and solld cross from Orapa [Bo-
tswana]), and garnet Inclusions from Argyle dlamonds (Table 1; solld
dlamonds) from this study. Gray shading highlights the region of
values for dlamond coeslie. Also shown, as open clrcles, are the §°C
of dlamond and &'*0 of coexlisting garnet or clinopyroxene In eclog-
Ilte xenollths (Delnes et al., 1991; Snyder et al., 1995) and dlamond-
sllicate Intergrowths (Jacob et al., 2000), and, as open dlamonds,
the 6"C of dlamond and &'%0 of eclogite-sulte garnet Inclusions from
Finsch mine (South Africa) (Lowry et al., 1999). As described In the
text, the fleid labeled OFO-BIC (ocean floor oxygen-blogenic car-
bon, deflned by dotied line) Indicates the correlation between &'*C
values below “common mantle” that could represent blogenlc car-
bon and 50 values above those of “common mantle” that among
baslc rocks are the result of ocean-floor weathering and low-tem-
perature hydrothermal alteratlon. VSMOW—Vlenna standard mean
ocean waier; VPDB—Vlenna Peedee belemniie.
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Poccrimu Oacceitna peku Cao-Jlyuc (mpoBunnms [xyuna, bpasuims) sBisiioTcs
YHUKAJIBHBEIM MECTOPOXKICHUEM, T.K. ajiMa3bl HAXOMSIIHECS B HHX HMEIOT
cynepriayonnnoe (cyoanrocdepHoe) IpOUCXOKICHHE.
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30TOonHbIM cOCcTaB yrriepoaa anmasoB C BKITHOYEHUAMU MIUOXKOPUTOBLIX rpaHaToB
(Stachel et al., 2009)
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N3oTOonHbLIN cocTaB yrnepoaa
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(i) O!3C 6/M3K0 K cpeIHEMAHTHITHOMY H He HMEKT CYIIeCTBEHHBIX BapHaIUii

(i) O3C Kk K})am YMEHBIIIAETCS OT CPeAHEMAHTHITHBIX 10 0o0Jiee 00J1er4YeHHbIX 3HAYEHUI
(A-5+7 %o)

(ii) O3C mmeeT 00JIerYeHHbIE 3HAYEHHS U yBeIHUnBaeTcs K kpar (A g0 10 %o)

(iv) o13C mmeer mpeaesibHO 00JIerYeHHbIH cocTaB (KOPraHOT€HHBIN») H YBEJINYNBAETCHA
K Kparo (A 10 10 %o.)
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volcanic chain

mid-ocean ridge subduction

- basalt/eclogite

- lithospheric mantle
i convecting mantle

Figure 2. Block diagram showing the basic relationship between a continental craton, its lithospheric
mantle keel and diamond stable regions in the keel, and the convecting mantle. Under the right fo,. dia-
monds can form in the convecting mantle, the subducting slab, and the mantle keel. Figure redrawn from
an original by Tappert and Tappert (2011) with additions. G=graphite, D=diamond, LAB=lithosphere/
asthenosphere boundary. Mineral assemblage information and abbreviations defined in Tables 1 and 2.
These assemblages give the expected inclusions to be found in peridotitic or ultramafic (left) and eclogitic
or basaltic (right) rock compositions.



