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ROLE OF SEDIMENT DERIVED CARBONATITIC MELTSIN
ORGIN OF HIGH-K MANTLE DOMAINS

A. Golubkova and M.W. Schmidt
Institute of Geochemistry and Petrology, ETH Zurich, Switzerland

INTRODUCTION regions of high carbonatite flow, oxygen fugacity
values will be dominated by the carbonatite melt and

Partial melting ofmetasomatized carbonated allow for the presence of solid carbonates or carbonate
mantle peridotites was proposed as a mechanism fdmelts at least partlally equilibrated with the mantle. The
formation of many alkali- and G@ich silica- resulting metasomatized mantle peridotite will be K-
undersaturated rocks. Carbonatite melts werefich and have solid carbonates in subsolidus
considered as one of the possible metasomatic ageng$semblage. With increasing depth in the mantle
operating within the Earth owing to their favorable 0Xygen fugacity decreases to values close to or below
physical properties (e.g., Dobson et al., 1996) and orthe IW equilibrium. In such regions carbonatite melts
the basis of mineralogical (the presence of carbonatéill be “redox” frozen after interaction with the
inclusions in diamonds, e.g., Zedgenizov et al., 2004)Volumetrically dominating metal-bearing mantle. The
and geochemical observations (enrichment of mantlemineralogy of such resulting mantle domains will differ
derived melts and minerals in incompatible elements)from the situation described above, diamond will
Potassic magmas varying from lamproites, leucitites,pecome the major carbon mineral and alkali-bearing
orangeites to group Il kimberlites testify for the silicates will be the main hosts of potassium depending
significant role of potassium in many mantle melting on the total alkali content. In our experiments we
environments. In this study we focus on the processe§imulate both scenarios in which oxygen fugacity is
leading to the formation of 4O-rich mantle domains dominated by the carbonatite, and one where oxygen
which must form the source regions of above magmasfugacity is dominated by ambient mantle, through a
Up to now there are many pub“shed experimentalseries of redox reactions between sediment derived
studies on the melting behavior of different model andcarbonatite melts and mantle peridotites.
natural systems within the wide P-T interval, which
resulted in the appearance of carbonatite meltsEXPERIMENTAL AND ANALYTICAL
Involvement of crustal components in mantle processeSECHNIQUE
was verified by a number of geochemical studies (e.g.,

Stracke et al., 2005) In particular, the geochemistry of To simulate metasomatic reactions in this
some K-rich rocks (Avanzinelli et al., 2008) also bearsstydy we used at each pressure the adequate
evidence for the presence of subducted material in theigomposition of carbonatite melts as obtained at the

source regions. Previous studies (Thomsen andolidus of anhydrous carbonated pelites at 8 and 13 GPa
Schmidt, 2008; Grassi and Schmidt, 2011 a, b)(Grassi and Schmidt, 2011). The composition of KLB-1
demonstrated that among the subducted lithologiespinel Iherzolite (Takahashi, 1986) was taken as an
carbonated pelites have the lowest melting temperaturegpproximation of fertile mantle on the basis of the
at > 5 GPa. The depth interval of 8-15 GPa correspondgelatively low Mg/(Mg+Fe) ratio of olivine and

to an ultra-potassic nature of the partial carbonatitecr/(Cr+Al) ratio of spinel. Furthermore, the
melts formed in such pelites. Once being formed, sucharbonatites were also equilibrated with a model
melts will escape their slab source region and migrateharzburgitic depleted mantle composed of a mixture of
into the mantle. Chemical disequilibrium between SUCholivine and Orthopyroxene in the proportion of 60:40
oxidized alkaline low X,-melts and high-Xg, olivine  consistent with the average composition of harzburgite
(-polymorph)-saturated, reduced mantle triggersxenoliths and published depleted mantle estimates
metasomatic redox reactions to proceed, modifying thqSalters and Stracke, 2003). All mixtures were prepared
mantle mineralogy. In the vicinity of the slab or in ysing powders of synthetic and natural (San Carlos
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olivine, orthoenstatite from Kilosa, Tanzania, sitie EXPERIMENTAL RESULTS
from Greenland) materials. Fayalite and wollastonit

were sy_nthesized at 1 atm. Each compound was dtied The experiments under oxidizing and reducing

d(:onditions yield two different mineral assemblages
corresponding to two extreme scenarios when oxygen
ugacity of the system is controlled either by
carbonatite melt or metal-bearing mantle. With
decreasing oxygen fugacity, carbonatite melt ard so
carbonates convert into diamond and two differeat K
bearing minerals in addition to garnet and
clinopyroxene become the major hosts of alkalis.

then carefully grinding under acetone to obtaineé f
grained (< 10 micron) homogeneous mixtures. Welde
AugPd, capsules were employed under oxidizing
conditions to avoid the loss of iron. After manyidd
attempts with different materials and configurasion
(Mo, W) we settled for solid Fe capsules to simailat
reducing environment. In the latter case the sigurti
composition was modified such that all carbon ie th
system was already present as graphite. Ir powdsr w
added as a redox sensor (Woodland and O’Neill, 1997
and oxygen fugacity was calculated on the basis:of

in periclase and the Ir-Fe alloy (Frost, 2003; transformed into carbonated wherlite after the
MukhopaA(illhyay et al., ,[1993; Swart.zedndrlf[bler, 1\?\/81')( interaction with carbonatite melt at 8 and 13 GRd a
| experiments were carried out in a Walker- 41144.1400 °C under oxidizing conditions. The oxygen
type multi anvil high-pressure apparatus (600- andfugacity of these experiments was estimated toldmec
1800@3 pr ess?]s). The 600-ton Vp\)/r(e:ss W.?S rqtﬁ?g €V to the CCO buffer. Silicates (garnet and clinopys)
8 mr:nrulézgg(;n ‘Zgggserl'gzgi WereaLnsvéj vv\\/lil';[h ot dr?dna after equilibration with cabonatite are charactliby
higher CaO, Ti@Q, and FgO; contents in comparison
10 and 14 mm 95 % MgO + 5 % A% octahedra for with their composition in mantle peridotite at P-T

the experiments at 8 and 13 GPa, respectively.ihtgat conditions of interest (Takahashi. 1986° Akaodi and
assemblies included a ZsQleeve, a stepped LaGO Akimlolto 1979; ( b ' g

heater, MgO inner sleeves and Mo disks. Natural
pyrophyllite was employed as a gasket material.
Temperature was controlled with a B-type
thermocouple (RBiRhy/Pt;QRhs) and no correction for

Experiments under oxidizing conditions

Spinel lherzolite and harzburgite were

Mineral assemblage at both studied pressures
within this temperature interval included olivine +
clinopyroxene + garnet + Fe-Ti-oxide + carbonates

the effect of h | P . | (magnesite and/or K-Mg-carbonate). Carbonate melt
e effect of pressure on thermocouple emf wasiegp was not observed at temperatures below 1200 °C.

Run times of experiments necessary to obtain takyur Olivine is characterized by Mg # of 0.91, what imast

equilibrated charges in presence of carbonate r_nelt§ne same with respect to studies on the KLB-1 $pine
were between 12 and 24 hrs and homogeneous minergfe ite and natural garnet lherzolite at P-Tditons

compositions testify for e.quilibr.alltio.n Of. experirmah close to our experiments (Takahashi, 1986; Akaadi a
products. In order to attain equilibrium in expegimts Akimoto, 1979). Clinopyroxene is diopsidic in

‘.Nith Fe capsules and graphite/diamc_md, run t.ime.wa%omposition with Mg # varying from 0.85 to 0.95 and
mcreasgd to 4 days. Ne\./erthele.ss', mineral composit with the high FgO; concentration; clinopyroxene total

were stil _somewhat variable within some _qharged an alkali contents are always greater than 1 wt. % wit
textures did not demonstrate complete equilibration Al,O; being lower than the average clinopyroxenes

Textural observations of run products were f e . ) :
. ! L rom peridotitic suites (fig. 1). & of garnets are in the
performed using a JEOL JSM6300 field emission SEMrange from 0.20 to 0.40 and the fraction of'He total

with EDS detector; while the chemical compositidn o iron (obtained through garnet-normalization) ranges

minerals a'?d melts _was gbtain_ehd using 6} JE.OLbetween 0.32 and 0.72 at 13 GPa and a bit loweiesal
JXAB200 electron microprobe with an acceleration g gpy Majorite contents increase with presshee;

voltage of 15 kv. Counting times”for pgaks and and K apfu are highly variable. TjOcontents are
backgrounds were 20 and 10 s for silicate minexats always higher than 2 wt. %. On the basis of the

10 a(ljn;il 5s.l.fortcart;:onatesl.tAfoguse(; elett:tron E’fzg‘ classification scheme of Schulze (2003) for mantle-
used for silicates. For meils and carbonates acoe derived garnets from kimberlites all garnets

geam d_was emplr(]Jyeql (2]:10h Hm, t_)(re]am ?:Z;eterdemonstrate strong affinity to the eclogitic A aBd
epending on on the size of phases) with a cuoeat groups (< 1 wt. % GO3); compositions with> 1 wt. %

and.(gig.#, rgspﬁﬁtively. Na and K were analyzed fos Cr,0; and high TiQ contents are close to garnet
avoid diffusional oses. megacrysts found in kimberlites.
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Under oxidizing conditions solid carbonates
(magnesite and K-Mg-carbonate) coexist with melt
until the complete solidification of melt. At this
temperature K-Mg-carbonate becomes the dominan.
CO,-bearing mineral within the subsolidus assemblage§
The composition of magnesite is on the Mgd@CQ i
join with Mg # of 94 at 13 GPa and 80 at 8 GPa.afilk
and MnO contents are negligible. K-Mg-carbonatg. (fi
2, Table 1) has a composition, which strongly delsen
on temperature (K+Na/Mg+Ca+Fe+Mn molar ratio #
changes from < 1 at 1250 °C to ~ 2 at 1100 °C énltB
GPa runs). Within the family of double carbonates,}
containing both alkalis and alkaline earth, the R
composition of these carbonates from our study ises
closest to KMg(COs), which structure is identified as TR ’
analogues to nyerereite (Simons and Sharma, 1983). 15kV X600

Residual and modified carbonate melts in Fig. 2. Back-scattered electron image of experimental
equilibrium with the wherlitic assemblage have ager ~ Products at 8 GPa and 1100 °C under oxidizing dimt;
Xc=0.44 and Mg # of 87 at 13 GPa and loweg %t 8  9ar — garnet, cpx — clinopyroxene, mgs — magnesitdg-
GPa (~ 0.3) (fig. 3). KO/N&O ratios are always greater °a'P —K-Mg-carbonate, Fe-Ti-ox — Fe-Ti-oxide

than 1 but increase significantly at lower pressure .
(K:O/Na,O > 10). The equilibration with peridotite Table-1. Composition of K-Mg-carbonates (wt.

changed these melts compositions in the expected®) from this studyl —at 13 GPa and 1100 °Z;
direction; MgO content increased, meanwhile, theat 13 GPa and 1250 °G; at 8 GPa and 1100 °C;

concentrations of AD; and TiQ decreased. In CO, content was calculated by stoichiometry
comparison with partial melts from carbonated

peridotites and eclogites, melts from this study 1 2 3
demonstrate higher alkali contents, comparable tmly [ Na,0 5.42 4.78 0.85
those recently published by Brey et al. (2011) K- K,0 33.52 16.71 35.88
rich carbonated peridotite. Cao 1.34 23.29 1.74
Al . FeO 0.75 4.31 1.79
203, wt. %
10 MgO 18.09 9.01 19.02
Ntk MnO 0.08 0.00 0.09
CO, 40.80 41.80 40.63
’ T xenithatiom Total 100.00 100.00 100.00
I et snd oceas Xca 0.05 0.60 0.06
6 ~ ket
{Udachnaya Mmberiite) Experiments under reducing conditions
a @ / A / To model the situation where carbonatite melts
can be “redox” frozen via a reaction with metal-tireg
mantle, experiments were conducted in iron capsaties
2 . 13 GPa and 1400 °C. Oxygen fugacity estimates
n ..‘.O e, resulted in AlogfO,[IW] ~ -1. Even though
. experimental results did not demonstrate complete
’ . ) , , equilibration, on the basis of a few pilot expenmseof
” Naz0+K20 Grassi (2010) and our runs employing the Mo-MoO
= oxygen buffer, we can assume that at these conditio
. olivine, garnet, clinopyroxene, periclase, phasirX
"o ; it our case, the composition of K-Mg-silicate is_ cIQpe
Fig. 1. Clinopyroxene compositions plotted in terms of the formula of anhydr(_)us phase X with S|gn|f|_cant
Na,0+K,0 vs. ALO, (wt. %). Compositional fields for Na,O contents) and diamond is the stable mineral
peridotitic and eclogitic clinopyroxene after Waamy assemblage. In addition to phase X, another Na-K-
Gasparik (2001) and references within bearing silicate was obtained. Previously, Wang and
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Takahashi (2000), in a study on K-doped KLB-1 diamond/graphite depending on the oxygen fugacity
peridotite at 10-27 GPa demonstrated that new K-which is ultimately a result of the carbonatite/han

bearing silicate minerals, named K phase |, Il Bhd mass ratio of the reactive volume under considamati
coexist with mantle minerals. The composition of Bu  In the vicinity of the carbonatite melt source aor i
phase is different from the published results ofhg/a regions of high carbonatite flow, mantle lherzaitnd

and Takahashi (2000) but close to theCKSi;O;5 harzburgites are transformed into carbonated wherli
phase, which was classified as a mixed anion gdlica Carbonates in such a subsolidus assemblage become
containing insular [Sig)-groups and [SD;]-dimers in progressively more potassium-rich as the melt
the ratio 2:1 (Arroyabe et al, 2009). The solidifies. Garnet proportions increase in comuaris
crystallochemical formula of this phase, calculated modal mineral abundances in spinel lherzolite at
the basis of 12 cations, can be written aspressures and temperatures close to our study;

(K,Na),»1{Mg,Ca,Fej} ¢1Siz 776014 669 harzburgites equilibrated with our carbonatite smeld
not differ much to that of pyrolite (Irifune and
Si02+A1203+TiO2 Ringwood 1987 a, b; Green and Ringwood, 1970).
° ! :’éc;% Compositions of silicates shift into the region of
(+H2§) eclogite affinity with the increasing CaO, J&g, and

TiO, contents in garnet and clinopyroxene.

Approximate solidi of K-rich carbonated
peridotites comprising regions of metasomatized
o mantle, as would result from the infiltration ofigment
'?‘; derived carbonatites, are approximately 200 °C welo
'“% the mantle adiabat at 13 GPa and close to adiabatic

} 3%‘-»
s

0.2 0.8

04 0.6

temperatures at 8 GPa, consistent with the expeatahe
determinations of solidus location for K-rich canlated
peridotites (Ghosh et al., 2009; Brey et al., 20Thjs
o8 A suggests that cabonatites would travel within tlaathe

.« & until they are either redox frozen (see below) each
‘?,’ ® relatively cold lithospheric mantle keels.

0.6 0.4

< 4

. °a]§;f:feoo"m, o2 @ o Mineral assemblages change profoundly in the
: regions, where metal-bearing mantle dominates over
Naro K0 02 04 06 08 1 carbonatite melt. At oxygen fugacities slightly (1]
22 Ca0+MgO+FeO+Mn0 the |\ puffer, the carbon of the carbonatite melt
@ cxperiments ithsp lherzoliteat 13 GPa and 1400 C converts completely into diamond, which could cgéxi
R e et at such conditions with periclase, olivine, garnet,
L _ experiments with harzburgite at 13 GPa and
& cxperimens vith harsburgie at§ GPaand 1250 C clinopyroxene, and alkali-bearing silicates, such a
S mem el phase X or the K-bearing phase, obtained in thidyst
Q 8-10 GPa (Brey et al., 2011)
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