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FOREWORD

The fact is well accepted that alkaline rocks reen¢ unique formations on the Earth. They have
been long attractive for research because largd allZr, Y, TR, Cu and P deposits, gemstones of
charoite, Cr-diopside, dianite are associated thiém. For instance, in Australia diamonds are
recovered in lamproites. The complicated procesk#teir formation provoked scientific disputedlsti
going on. The newly developed analytical methodktanhniques provided abundant information on
the composition of alkaline rocks. The data on geaustry of isotopes confirm the evidence on the
mantle sources of the substance of alkaline roldks.new concepts of plume tectonics are applied by
scientists when studying alkaline rocks as the degpped geodynamics of the Earth is interpreted
based on these data.

These problems were discussed at the internatiwoddshops held in 2001 at the Institute of
Geochemistry in Irkutsk; in 2002 at the Far-Easbl@gical Institute, Vladivostok; in 2003 at the
Institute of Tectonics and Geophysics in Khabarpusk004 at Geological Institute in Ulan-Ude, in
2005 at the Institute of Volcanology and Seismology iatrBpaviovsk-Kamchatsky), in 2006 in
TSNIGRI JC “ALROSA” in Mirny, in 2007 in Irkutsk ah Naples (ltaly) in 2008 at the Far-East
Geological Institute, Vladivostok. The workshop 8809 was held at the Mineralogical Institute,
Uralian Branch, in Miass, the invited reports ofiethare presented in this book.

It describes many problems of deep-seated magmatisd its relationships with plume
processes. The paper provides average compostfanagmas and mantle of intra-plate oceanic and
continental environs, the pattern of space distitiouof “hot spots” of the mantle of the recent thar
magmatic and geodynamic evolution of the presepeisaontinent. It also provides the data on
solubility of carbon in the main minerals of thert&s mantle, geochemistry of potassium magmatism
of the Atlantic Ocean and oceanic islands. Somessvere disclosed relative to (i) the applicabbn
single mineral thermo barometry for reconstructthg structure of mantle lithosphere, regime of
volatile components in the zones of diamond forarataind pre-requisites of the mantle genesis of
heavy hydrocarbons in the alkaline massifs of camial plates, (ii) basic physical-chemical
parameters of natural mineral-forming fluids. Themposition and temperature conditions of the
mantle above the Angola pipes is measured baséeastudy of deep-seated xenocrysts of kimberlite
pipes and distribution of rare elements in theme Tanclusion has been made on the contribution of
plume processes in formation of kimberlites in tloeth of the Russian platform.

The book might present interest to specialistslireain petrological and geochemical
investigations as well as those studying deep iaka@nd kimberlite magmatism.

Chairman of Organizing Committee,
Chief Editor Dr. N.V. Vladykin
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Regularities of Spatial Distribution of Mantle Hot Spots of
the Modern Earth

Kovalenko V. I., Yarmolyuk V. V., Bogatikov O. A

Institute of Ore Deposits, Geology, Petrographyndalogy, and Geochemistry, Russian
Academy of Sciences, ul. Bol'shaya Gruzinskaydb@cow, 123995 Russia; e-mail:
yarm@igem.ru (Yarmolyuk V. V.)

The mantle hot spots of the modern Earth were fimgdd by P. Morgan and
G. Wilson as projections of the deep-earth matdloals at the modern Earth’s
surface, uplifting under the moving lithospheriatpk [1, 2]. Since that time, the
study of interplate oceanic and continental magsmatiand geodynamics
associated with the mantle hot spots has advanceddévelopment of this
hypothesis. It has led to development of the padterf their deep structure [3] on
the one side, and, actually, negation of their dgeycture, on the other side [4].
The most prominent achievement of modern geophyaims geology is the
development of visual images of the mantle plunrethe basis of global and local
seismic tomography. A recent review of such wosgkpresented in [5]. The given
work is devoted to discussion of a poorly studigdbfem, the estimation of
regularities of the spatial distribution of the h&jots in the Earth and their
connection with modern and ancient geodynamic @mse® The number of hot
spots at the Earth’s surface varies according fferdnt authors. In this work the
set of modern hot spots with sufficiently studieémstructure with the methods of
seismic tomography [3] is used for the analysisesEn“hot spots” are shown in
Fig. 1.

The hot spots shown in Fig. 1 are local interplatifestations with sizes
from hundreds to thousands of kilometers in diamg@isoperly, “hot spots”) and
vast super plumes with a diameter up to tens af-ikands of kilometers. Among
latter ones are the South Pacific and African Supemgs, including usually some
local hot spots [6]. The most known hot spots esthsuper plumes are shown in
Fig. 1 (no. 1-15).

Along with this situation, another distribution bbt spots, connected with
their location along the bound-aries of lithospbeplates, is possible. The
following groups (Fig. 1) are distinguished: (1)t lspots confined to convergent
boundaries of plates (zones of subduction andsomfi), (2) hot spots formed in
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connection with the formation of divergent boundarand caused by the formation
and development of mid-oceanic ridges, (3) hot spotated out of zones of
formation of lithospheric boundaries. The hot spam¢sociated with the western
boundary of North and South America and with thstesa margin of Asia and
Australia (Fig. 1, no. 16—24) can be referred ® first group. The hot spot Eiffel
(West Europe) is also close to the first group, tsas ilocated close to the

e |y o |2 U T | —_ 4 e |5 el

subduction zone of the Med-iterranean (Tethys). Sdrae situation is with the hot
spots located along the eastern border of the P4€ify. 1, no. 41-45). Part of
these hot spots has a dual position that makesssilple to connect them with
con-vergent boundaries, as well as with spreadamgecs.

Fig. 1.Scheme of the distribution of hot spots in the sysin of the lithospheric plates in the
Earth.

1-3—Hot spots: 1—hot spots of inner parts of thkoBpheric plates, 2—hot spots controlling the
position of the mid-oceanic ridges (MOR), 3—hottspmonnected with convergent boundaries of plates;
4-5—boundaries of lithospheric plates: 4—diverg@ftOR), 5—convergent; 6—projections of mantle
hot fields (super-plumes); 1-7—Hot spots of the BoPRacific Superplume: l—Hawaiian, 2—
Karolinskaya, 3— Markizskaya, 4—Samoa, 5—Tahiti; Biteairn, 7—MacDonald; 8—15—hot spots of
African Superplume: 8—Hoggar, 9—Tibesti; 10—Darfad—Afar, 12—East African, 13—Victoria,
14—Comoro, 15—Reunion; 16—24—hot spots of convdrdmndaries of plates: 16—Yellowstone,
17—Raton, 18—Wudalianchi, 19—Changbaishan, 20—DOpt@1—Tengchong, 22—Hainyan, 23—
Lord Hoyer, 24—East Australian; 25-45—hot spotsnidi-oceanic ridges: 25—Jan Maien, 26—Island,
27—Azores, 28—New England, 29—Fernando, 30—Trinid#d—Ascension, 32—Saint Helen, 33—
Tristan, 34—Goff, 35—Meteor, 36—Buve, 37— Marior8—3Kroze, 39—Amsterdam, 40—Kergelen,
41—Bovi, 42—Cobb, 43—Badzha, 44—Galapagos, 45—Raskh
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The hot spots of the Atlantic Ocean are referretheosecond group. They
mark the boundary of the detachment zone betwesdhtinents of the Western
and Eastern Hemispheres (Fig. 1, no. 25-36). Themuposition of the hot spots
of the second group does not always coincide with daxis zone of the Mid-
Oceanic Ridge. However, in the Late Paleozoic Pamgthese hot spots were
located in the detachment zones between Americaicaif Antarctica, and

Australia, taking part in the formation of the Attec and Indian oceans (Fig. 2).

Hot spots of the inner parts of the lithospheriatgd, mainly located in the
central parts of projections of the superplumeshenEarth’s surface, are referred
to the third group.

Fig. 2.Scheme of location of mantle hot spots in the stcture of Pangaea. Reconstruction
of the Pangaea prior to 190 Ma ago (after [15]). Téa position of the hot spots corresponds
to their current location on the Earth’s surface. The hot spots of the Atlantic MOR are

located along the suture between Africa and both Aericas.




Kovalenko V. I., Yarmolyuk V. V., Bogatikov O. A.

Fig. 3.Deep structure of the mantle (a) in zones of convgent boundaries of the western
part of the Pacific according to the data [7] and tk model of formation of convection flows
at these boundaries (b).

In that way, all hot spots confirmed by seismic tgraphy occupy their own
place in the given simple classification.

However, it is important to understand the geodyinaand physical sense of
the connection of such hot spots with the mainotactstructures of the Earth, so
the hot spots and above-mentioned structures nsarditferent depth formations.
For this purpose, it is necessary to mention sogpothetical explanations of
geodynamic processes taking place in the abowsligtctonic structures. The
causes of the formation of mantle plumes are censtlin the framework of two
extreme groups, differing in the mechanisms ofiatidn of ascending mantle
flows. According to one of these causes, subducgtimtesses, or rather the
mechanism of downlifting of slabs to the deep namithd, accordingly, upward
movement of low density mantle as plumes, are ssgpmplay the main role. This
cause can be connected with the tectonics of theslpheric plates. According to
another cause, the processes on the core—mantieldayuvere dominant and they
promoted the existence of ascending flows of the rhantle regardless of
subduction process.

The model of subduction initiation of hot spotssEf all, it should be taken
into account that hot spots are associated witltdin@ergent boundaries of plates.
The main process at these boundaries is known tsubeuction of the cold
lithosphere into the transition mantle, and theaneto the basement of the mantle
or the mantle-core boundary [6]. In spite of distoss on the causes of such
downlifting, this fact is confirmed by seismic tomnaghy. With the significant
volume of the subducted lithospheric plates withmfation of the “graveyard” of
slabs, according to the vivid expression of S. Marma, the cooling of the
transition mantle and then the entire mantle taglese. Downlifting of the
lithosphere into the mantle creates the generatlnannvection processes, filling
the matter discharge in the zone of ascending piypres and plumes under the
mid-oceanic ridges and leading to the formatiooo&l convection sells near the
convergent boundaries. Similar local sells appeae do nonstationarity of
subduction branches of the global convection loapd, in particular, the
occurrence of stagnated and discretely descendaggnents of slabs [7] (Fig. 3).

This simple physical mechanism explains adequately cause of the
connection of hot spots of the subduction grough e zones of the convergent
boundaries of the lithospheric plates [8].

The connection of the second group of hot spoth e area of the MOR
also can be associated with the results of glaldadigction processes. It should be
taken into account that the modern midocean ridigesied as a result of
breakdown of the supercontinent Pangaea. For exari@ Atlantic is considered
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to have appeared under the division of Americaakiar and Africa being affected
by the mantle plumes ascending from the core—mdmttlendary, but not in the
connection with spreading. The spreading is comstléo be a secondary and
nearly-surface process. The Atlantic hot spotgdisibove are responsible for the
opening of the Atlantic Ocean. Due to the occureenicthe Atlantic plumes in the
northern part of the supercontinent, the Atlantiasswopened with the Eurasian
basin to the north of it. Accordingly, the detacimnef East Gondwana with
separation of Africa, Antarctica, and Australia veasnected with the activity of
hot spots in the Indian Ocean and its western lboxate the South Atlantic (Fig.
2).

If the continent Pangaea was the initial positibthe hot spots of the second
group, then it should be supposed that the mamntlieruthis supercontinent has to
be cooled due to the long-term subduction of ttieéphere plates. Alternatively,
it is difficult to imagine the mechanism itself adriation of supercontinents.
Since the moment of breakdown of Gondwana, the NBdangaea existed as a
supercontinent, but there was intervention of Attaplumes to its Arctic part [8,
12]. Due to the movement of plumes to the Arctie, Eurasian basin of the North
Arctic Ocean was probably yet to appear. Howevprtouthe present, the activity
of Arctic plumes was short-term and dampened btiluction processes, which
took place everywhere around North Pangaea. Coasdygufor the second group
of the hot spots, the same mechanism of the ugifof the hot mantle by
descending colder slabs and the formation of hottimaglumes ascending in the
cooled mantle in connection with the mass balaock place.

In this interpretation the formation of superplumsshardly ever different
from the supposed mechanism of formation of ordiqdmnmes. Their feature is in
their huge sizes and duration of existence. Asxamele, according to known
data, the Pacific superplume was active since thbdn age, when, as supposed,
the Pacific appeared. At the same time, the suptneon Rodinia appeared as a
result of the Grenwill orogeny, which accordingdtma of many authors started to
break down. The process of formation of the supgincent Rodinia was the result
of long-term subduction of the lithosphere platesf the Pantalassa Ocean. In
Maruyama’s opinion [6, 9] the “graveyard” of thed@will lithosphere plates is at
present in the area of the South Pacific Superplsuapounding it from the
periphery. If this is soothe case, the breakdowrRotlinia as a result of the
appearance and the beginning of activity of thetis@acific Superplume could be
connected most likely with the upward movementaifrnantle at the core—mantle
boundary by descending cold slabs and upliftinghof mantle as deep mantle
plumes. In another words, the formation of superms can be explained quite
reasonably by subduction of the lithosphere platesr subsidence to the mantle
basement, and, accordingly, upward movement ofnteottle material. The sizes
and duration of activity of superplumes can be eduby the duration of
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subduction, accumulation of the high volume of gdadit the mantle basement and
an additional perturbation of the Earth’s core vt release due to convection
with the cooling of the outer core under the affacthe “graveyard” of cold slabs.
The latter fact is probably to be referred to tkeamd model of the formation of
mantle plumes.

The model of formation of mantle plumes due todbee—mantle interaction.
This model is different from that discussed aboyé¢he mechanism of initiation of
hot mantle flows, so it is based on the initial (aotlinduced subduction) nature of
plumes. As supposed by [10], the superplumes fdyavea ascending branches of
convection sells in the liquid core of the Earthaagsult of focused inflow of heat
to the core—mantle boundary. The over-heated maftlthese sections attains
buoyancy relative to the surrounding mantle, anghduascension it is manifested
in the Earth’s upper spheres as mantle plumesmidahanisms of their interaction
with the lithosphere can be different. From onesitie superplumes such as the
African one stimulate the breakdown of continemtd eentrifugal recession of the
lithosphere plates. From the other side, they @oJerlapped by the lithosphere
plates, as can be seen in the example of the PRéifine, especially in its eastern
and southeastern parts (Fig. 1).

In accordance with this model, it can be suppokatithe breakdown of the
Late Paleozoic Pangaea took place due to thrustirthe southern (Gondwana)
part of the supercontinent on the area of maniiestaf the African Superplume.
The data of sequential expansion of the interpategmatism during the interval
of 320-120 Ma into the Eurasian part and, thenthto Gondwana parts of the
supercontinent [11]. The clearly manifested asymynietthe deep structure of the
supercontinent and its remnant fragments (Fig. [Bp aorresponds to this
representation. The Gondwana part of the superaamttiwas initially located in
the area of development of the hot mantle, whicls Weed by the hot spots
corresponding to the African Superplume. Otherwisethe northern part of
Pangaea, there are no active hot spots, and Uy tprésent, it is distinguished by
the thickest localization of the cold mantle at thasement, as well as by
development of convergent boundaries around thadwaork. Over the last 300
Ma, the plume activity has begun a few times, wluah firstly be connected with
the activity of the Island Plume and, probably, treaplume of the High Arctic.
However, this activity was inhibited by subductiprocesses [8, 12] and did not
lead to the breakdown of this, the biggest fragnoénihe supercontinent, as was to
be expected in accordance with the first model. E\eg the Island Plume
corresponds to the African hot mantle field ancdsvity was probably controlled
by the activity of this field. All of this makes piossible to suppose that Pangaea
was really destroyed as a result of its thrustimg the African Superplume. In this
case the hot spots associated with the MOR markréwerses of zones of the
detachment of the lithosphere plates [13]. The wea& of the model is that
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upliftings of the geoid’s surface correspond to #reas of the hot mantle; the
mechanisms of thrusting of the lithosphere plate$ aspecially, supercontinents
to these areas have still not been studied clearly.

This (the second) model of formation of the maatlews us to regard some
features of the formation of convergent boundasied those specific conditions
that specify the manifestation of plumes on thesendaries (first of all, on the
boundaries of the West Pacific type). For this tgpboundaries, corresponding to
the convergent zone between the Asian continent thed Pacific plate, the
significant wide (up to a thousand kilometers) aegutar change of geological
structures across the strike is typical. Their fabparts are represented by island
arcs (Kurily—-Japan—ldzuBonin—Marianskaya—Philippinghich towards the
continent changed by the back-arc seas and asswcifitstructures, and then, by
the system of normal faults, superimposed on tméirmental boundary of the East
Asia. Seismotomographic studies of mantle fromeHssundaries have revealed in
its section the combination of low speed “hot” amdh speed “cold” mantle,
corresponding to the subducted ocean lithosphgrel'fié hot mantle is followed
up to the lower mantle as large lenses, includingled subducted slabs (Fig. 3).
Accumulation of the hot mantle in this part of tRacific allows us to connect it
with mantle plumes, satellites of the Pacific Suppene (Fig. 1). It is probable that
the combination of subduction zones with mantlem@s at the convergent
boundaries of the West Pacific type is caused byesspecific geodynamic
conditions of this part of the Earth. It can be meged that manifestation of
decompressed (hot) mantle under the cold oceavsptiere led to the bowing of
the lithosphere and, as a result, its fracture armbidence of the hanging side of
the cold oceanic plate into the mantle. This ewemtesponded to the moment of
location of the subduction zone. The subsequergidebce of the lithosphere into
the mantle can be accompanied by occurrences opeasation and uplifting of
hot matter from deep mantle horizons to the surfaséhas been mentioned in the
first model.

The considered models of formation of the mantlengs are significantly
different according to the mechanism of their fotiora In the first model, the
plumes have a secondary nature and form due to exsafion processes,
associated with cooling of the mantle by the lipflore plates and their
downlifting to the deep mantle. In the second mpg@gaimes are of a primary
nature; they form as a result of processes of brehange at the core—mantle
boundary and contribute to the subsequent heattriddition to the upper spheres
of the Earth. It is most likely that in nature candions of both mechanisms can
take place. At least, in order to explain the spand time distribution of modern
volcanism within the convergent boundaries of Ndftirasia, the first model has
mainly been used [12]. The ideas about mechanidntiseoformation of mantle
plumes presented in the given work have not bemteld by only the main
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physical interfaces in the mantle. They do not @htt the possibility of
generation of plumes at the different depths inithermediate and lower mantle,
which was noted by Yu. M. Puscharovskii [14].

Along to the above-mentioned mechanisms, some othechanisms of
generation of mantle plumes may be possible. Adogrtb their nature, they can
be thermal, as well as by water. Such nature oftlemgrlumes is supposed to
explain the interpolate magmatism of South Easa 8], including plumes under
the margin basins on the convergent boundarieh®fWest Pacific type. The
mechanism of generation of mantle plumes undestidignation of the lithosphere
plates in the intermediate zone of the mantle ppsed [7]. It is clear that
development of all these ideas needs further semaany-sided explanation from
the perspective of getting new information as alltesf improvement of methods
of seismic tomography, as well as from the perspedf physical and petrologic
modeling.
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Thermal Convection and Plumes in the Crystalline
Earth Mantle. Analysis of the Problem in Therms ofthe
Similarity Lows and Physics of Solid and Liquid Staes

Anfilogov V.N.

Institute of mineralogy Ural division of Russianalemy of Sciences, Miass, Russia

The plate tectonics is based on the assumptionthibafree circular flows of
a hard material are generated in the nonuniforreltdéd crystalline earth mantle.
It is suggested that these flows are able to mbeelithospheric plaits which
thickness is 100 — 150 km and horizontal size sgwaousands km. This idea is
based on the following syllogism:

1. The crystalline materials behaves like liquid witleertain conditions.

2. The free convection can be in nonuniformly heakgaid.

3. Consequently, the free convection can come intetexce in crystalline

material.

The plate tectonics theory assumes that the thsitipn of this syllogism is
realistic and uses up the similarity criteria whagle employed for convective heat
transfer description in liquid to crystalline man{©]. We believe that it is not
obviously and the similarity of the heat transfesgesses for liquid and crystalline
mantle should be discussed. Nobel laureates L. &wangrote: “ There is no
convection in the non uniformly heated crystallptease as it usually take place in
liquid” [12].

Let us consider the possibility of the free conwetaind plumes realization in
crystalline mantle in the contexts of similarityM® and physics of hard and liquid
state. The elevated viscosity of crystalline matefbes not allow to reproduce the
convective heat transfer in it. Because of this tmy way to estimate the
correctness of using for solid state the similapgrameters, which are used for
liquid is absolute carrying out of the similarityiterias. Otherwise we can get
formally correct, but physically unfeasible reqult]. For example, if we calculate
the density gradient in the mantle convective aefich size is 700 km, we must
be sure that the mantle material is homogeneotisisnnterval. We have no the
right to use the average mantle density to caleutae Reley’'s number, if
minerals density difference is more than tempeeatiensity gradient. Density of
the crystalline phases in mantle at 400 — 700 Kenial varies from 4.1 g/ctfor
pyroxene to 3.6 g/chror olivine [5]. This difference is much more themantle
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temperature density gradient. Because of that thuatens, which describe the

thermal transfer in homogeneous medium do not vi@rknantle.

The second strong violating of similarity low isnteected with the density
distribution in the upper mantle. Accordingly gegpiecs data there are some
1000 km depth, which are duén&se transitions [4,14], Fig. 1.
We thus have not right to build up the models, Whionvective cell has vertical
size more than interval between the transition gomgrors, which necessarily
came into existence if this condition breaks dowe due to a failure of the
geometrical similarity between homogeneous liquidl dayered mantle. This
first obligatory prerequisite fosimilarity of the physical

density bounds to

similarity is the
phenomenon [15].
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Fig. 1.Structure of upper mantle of the Earth [4]

The thermogravitational convection in liquid candomsidered as the process
of irreversible deformation, which is due to dematof density distribution from
adiabatic one. We will now look the basic princgla& structural unit movements
in the process of deformation in crystalline mateaind in liquid. The irreversible
deformation in crystalline material is realizedtlao ways: by plastic current and
by creep. The plastic deformation of crystallinetenal is the result of movement
of the system of dislocations, when atoms or ioasdlate on the points of lattice.
Viscosity of the isotropic solid body at plasticfaienation is described by
equation []13]:

o ik=2n(Ux- 1135xy) + Uy ik (1),
where o i — dissipative tensom and é - viscosity coefficients, and u, — the
time derivative of deformation tensad,, the unit tensor. An important point is
that a complete analogy between solid and liquicabsent and equation (1)
coincides with equation for tensor of deformationiguid only formally [13].

46

7 - 7 -’ Ey

Fig. 2.The general view of deformation curve of rock [6]1- limit of strength; 2 —
limit of elasticity; 3 — drop of strain at rock digption; 4 — elasticity; 5 — module of strength;
6 — coefficient of deformational reggidizion

Creep is the plastic deformation of solid bodyh@h temperature and low
speed of deformation [7]. It is effected by transeeslipping of dislocations, when
dislocations crawls over from one plane to anotlterises to three-dimensional
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saturation of crystals by dislocations with resigtdeformation at low strain. The
solid material viscosity at creep deformationesatibed by equation [7]:

_ 2KTRL

~ 3BDQ @),
L — the distance between grains; K — Boltsman’sstamt; T — temperature; R -
radius of grain; D — coefficient of diffusior) - atomic volume; B — constant.
Equation (2) is used for the estimation of mantkzaesity [3], but if it is correct,
then current units must be commensurable to grasna$ mantle minerals.

The plastic deformation of solid body as opposekgtad can not be roduced
by internal forces. It appears if stress has psxge to limit of plasticity only, Fig.
2 [6]. On less stress there is elastic deformaboty, which has been fully
eliminated after stress is took out.

We can take lherzolite as a model of mantle mdtefiae dependence of
plasticity limit of Iherzolite from temperature shown on Fig. 3. At 140Q it
equal 250 bars [10]. The same stress must be itlertanmantle material begin to
flow. The plastic current is material moving in adieection. It never transform to
circular current.

eo I I I 1 1 L T ¥ 1 ] ' i I ¥
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Fig. 3.Deformation of Iherzolite (g) at 10 — 20 kbar hydrostatic compression as
function of temperature and strain [10].

For better visualization of the difference betwdme convection in liquid
and deformation of solid material we shell consitle® main peculiarities of
structure of liquid. There are some models of ligstate. Accordingly these
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models liquids are represented as disordered tiigstlamework or as crystalline
framework fragments, or as fragments having theerad structure, which are
divided by cavities with gas-like structure [1,9Jhe main peculiarity of any
structural model for liquid is the presence of fredume in liquid. The free
volume quantity is enough to deformation of liquadd its form changing is
accounted for by its weight.

We will now look the mechanism of liquid current ftee convection
condition. There is the most simple and illustratwariant if the liquid layer is
between two infinity plaits, which have a constamperature on its surface, Fig.
4. The border layer, which has free volume largedt density lower than cold
liquid is formed in the contact with heated lowéaip The density fluctuations in
the border layer gives birth the Reley-Tailor'segularities, which transform to
ascending streams of heated liquid. The fundamehtidrences these streams
from any directional transfers in solid materialpires that liquid transforms by
streams but not by atoms or ions jumping from amiatdo another.

.............................................................................................. 0
AN R T s s
.;l./;:f:f:f:f:f:f:f.\o o,?/;:f:f:f:f:f:f:i.\\'):':::ﬁéf:3:313:1:3:3?\°\ °ofg:3:3:3:3:3:??.\?5.‘3 erus
AR b SR AN RS S LR e iR
:\':'f':'f':':':-:Igf%\j::::::::::f:::: °°§ j-2;1;2;2;2:2;2;1-Igt%[-I;I;I;Z;I;Z;I;Dg

Fig. 4.Heat-gravitational convection in liquid. Amounts of free volume is shown by
size of light circles. Area of the stable structafdéiquid is shown by hatching.,and T, -
temperature on upper and low plaits.

The heat moving of atoms or ions in a solid bodke tanake up from the next
components: 1) oscillations of atoms; 2) dissoarabf bonded atoms; 3) jumping
of dissociated atoms interposed between framevpaikts; 4) association of
dissociated atoms; 5) free framework points (hdies)slations [16]. The quantity
of dissociated atoms is a function of temperg@ﬁe}:[

n=N-exp(okT)

N — common number of atoms; U — energy of dissmmatk — Boltsman’s
constant; T — temperature. There are two contrlowst holes moves to low
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temperature direction and atoms to opposite onesteTis no free volume in solid
material and Relley-Tailor’s irregularities unalbeappear. Consequently the free
convection can not come into existence becauseqahy@milarity between solid
and liquid is absent. Violations of similarity layshich have been noted above
are enough to be certain that the base of plaibhecis not correct. Nevertheless
we will consider some additional problems whickdhéhe plait tectonic.

The heat convection begins from the boundary laf@msation: hot on the
low boundary and cold on the upper one, Fig. 5was counted by Zarkov [9] if
vertical size of the convective cell, is equal 7K then the boundary layer
thickness must be 63 km and the thermal gradienthis layer must be near
8°C/km. If it is granted that the horizontal cell esits equal 7000 km [9] this
gradient must be in the mantle on the ard@'%n?. This brings up two questions:
1.Where such gigantic heat source was appearedmtlef? 2. How can this source
keep constant temperature and thermal gradienthengigantic area on the
constant depth from the earth surface. We can pmfiwat there is a double-level
convection in the mantle and heat for the uppeellénansfers from the low one.
The horizontal boundary, which is open for heat, $hat for material must be in
the mantle in this case.

Cold boundary layer
T1 T unaary lay

— ,

c N

Adiabatic

4\\

d
D Ty Sy
P g

Hot stream
Cold stream
—

o
S
D

7; Hot boundary layer

Fig. 5.Distribution of temperature in convective cell (a)and diagram of heat
convection with boundary layers [9].

There are some boundaries in the upper mantle 1Fighermal condition on
these boundaries depends from the sign of derwati?/dT of the phase
transition. Three variants are possible: dP/dT®/d@i<0 and dP/dT = 0. The
increasing of temperature in the transition lagads to going down of boundary,
which divides mantle regions with different depsih the first variant. The
horizontal flow of the lower convective cell, whighust produce temperature
gradient in the lower boundary layer of the uppelt ttansforms to vertical one
owing that. Because that conditions for boundaryedaproducing will be
disrupted. The second variant leads to producintaydr with high density. The
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boundary layer can not appear in this conditiore fransitional zone is permeable
for heat and material in the third variant and loang layer can not appear either.
By this means conditions for double-level convettiorming in the Earth mantle
are absent.

We will now consider the problem of compatibilityantle convection and
plumes. Let us suppose that the base of the caneeaxtll is on the 1000km depth.
As soon as the vertical stream achieves 800 kmnthatle material density
decreases on 0.1 g/¢rand this material will move up more rapidly. Thexn
discrete increasing of these parameters will béherv00, 530 and 400 km, Fig. 1.
Eventually the vertical plum will be formed rathiean circular convective flow [2].

CONCLUSION

1. The equations for calculation of heat convectiorapeeters in homogeneous
liquid are unsuitable for crystalline mantle.

2. The presence of the transition zones in mantlavisrible to form long
living plumes.
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ABSTRACT

Statistical study of volcanic rocks from oceaniearnsls and seamounts in the Atlantic
Ocean based on approximately 6000 analyses (data tihe authors' databank) makes it
possible to recognize rocks close to the parengdisnfapproximately 2000 analyses). This
set is demonstrated to include a unique group gh-potassium (KO/Na,O > 1) rocks,

whose KO/Na,O ratio is several times higher than in the martfel calls for the
explanation of the mechanism that increased tj@ ¢oncentration during the melting of the
mantle and for the identification of an additionalOKsource in the mantle and a process

responsible for K and Na differentiation. A new rabi$ proposed to account for the genesis
of high-potassium melts-fluids, whose ascent brimgsut extensive mantle metasomatism.
The genesis of high-potassium fluid is related tmlsgiate reationsat deep mantle levels.

INTRODUCTION

The diversity of oceanic primary magmas is expldjnirst of all, by the
heterogeneity of their mantle sources. Gast [1] thadfirst to demonstrate that no
variations in the degree of mantle melting can Iltaauhe observable contrasting
differences between the composition of seafloofeiites and alkaline basalts of
oceanic islands.

Recently obtained factual materials on the petrplagd trace-elements and
isotopic geochemistry of basalts from oceanic $amand seamounts made it
possible to geochemically classify the primary magrnaf the Atlantic Ocean and
to recognize distinct petrochemical provinces dfafplate magmatism [2]. The
analysis of our databank allowed us to discovegifecant shift in the K/Na ratio
in intra-plate magmatic rocks of the Atlantic Ocealative to the mantle value [3]
and to distinguish a unique rock group in which Kmihates over Na. This
research was centered on a detailed study of tbehgenical specifics of potassic
rocks from oceanic islands and seamounts witheater to the Atlantic Ocean.
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INFORMATION RESOURCES

This research was conducted based on our datablserzhe geochemistry
of within-plate oceanic magmatism [4], which nowcludes data on the
composition of more than 30000 volcanic and plutancks from oceanic islands
and seamounts. The data were compiled from 400qgadiioins on 500 occurrences
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Fig. 1.Histogram of the Na20O/K20 ratio in high-Mg rocks cbse to the primary melts
(MgO > 7 wt %) at oceans islands and seamounts ihe¢ Atlantic Ocean (the total selection
includes 3343 analyses). Inset A shows the seleotaf rock analyses with Na2O/K20< 1
(59 analyses).

of intra-plate magmatic rocks in the Atlantic amdlian oceans. In addition to this
information, we also used data available via theriret (Petros, IGBA, GeoRock,
DSDP, and others).

It should be emphasized that the authors continyoosonitor current
publications and append the database with newlylighdal and preexisting
information. The annual increment of the informatresources thus amounts to 5—
10% of the total data volume. This relatively imsfggant increment testifies that
the data set is representative and encompasseesad bircle of geochemical
information on intra-plate magmatism in the Atlan®cean. Selections from the
database are compiled using a flexible set of sear@ria, such as concentrations
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of major components (with possible constraints isgamb onto certain
concentrations ranges) or geographical and anyr ogemlogical-structural
features. After the selected data are put outenfdhm of DBASE or ASCII files,
the data points are plotted on a map by the Am/Mf8.0 computer program
package. This program package is now widely apphegeoinformation studies
[5], and hence, there is no need to describe imildés data visualization
capability.

In order to study tendencies in the variationshef structural-compositional
characteristics of intra-plate volcanic complexédh® ocean, a geoinformation
project was launched that encompasses electroohgenical maps for intra-plate
magmatism in the Atlantic [2].
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Fig. 2.Classification of K-rich rocks in the Si0—(Na,0 + K,0) diagram [12, 13]. Symbols:
(1) foidites, (2) picrites, (3) basanites, 4) alkaline olivine basalts, and $) tholeiites.
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Fig. 3 Map showing the distribution of alkaline melts inislands of the Atlantic Ocean.

Pie diagrams display the quantitative proportiohsooks: () foidites, @) picrites, 8) basanites,
(4) alkaline olivine basalts, an8)(tholeiites.
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Table 1.

Average compositions and ranges of major-componegbncentrations (wt %) of the
recognized types of primary K-rich magmas.

Parame-
ter SiO2 TiO2 Al203 | FeO* MgO CaO Na20 K20
Foidites (n=10)
Average 35.57 4.26 11.34 13.56 8.63 12.33 144 822
Min 24 1.53 7.9 10.08 7 5.21 0.63 0.75
Max 40.11 8.5 13.91 21.52 11.59 17.41 2.24 6.49
A+ 6.35 2.40 1.71 3.96 1.60 3.64 0.5% 1.61

Picrites  (n=10)

Average 43.60 2.57 9.66 10.7p 14.6|/ 13.84 060 31.0

Min 41.2 1.1 6.24 8.02 11.44 9.45 0.01 0.38
Max 44.72 3.82 14.3 12.28 19.71 22.12 1.19 1.5
At 1.14 0.79 2.27 1.44 2.70 3.99 0.40 0.33
Basanites—nephelinites n £ 9)
Average 43.15 2.53 13.56 9.2 10.19 9.15 1.46 3.20
Min 41.76 1.08 10.56 3.65 7.61 1.93 0.8 1.56
Max 46.9 3.38 18.9 11.4 12.8¢9 12.96 2.2 7.2
At 1.56 0.83 3.27 3.01 2.01 4.34 0.4 2.16
Alkaline basaltsr(= 9)

Average 46.97 2.33 13.20 11.6P 9.7% 8.44 2.14 2.48
Min 45.68 0.83 8.9 9.9 7 1.07 1.4 2
Max 48.9 4 18.82 12.88 13.92 12.68 3 3.19
A% 1.08 1.02 3.13 1.23 2.60 3.92 0.5 0.43

Tholeiites (n=21)

Average | 48.46 1.18 14.78 9.13 10.22 13.72 0.13 1.70
Min 45.4 0.23 6.07 3.98 7.5 11.06 0.01 0.68
Max 50.21 3.18 21.14 | 11.74 20.03 20.71 0.42 2.61
At 1.26 0.75 3.27 2.01 3.24 2.52 0.10 0.50

Note: all Fe is given in the form of FeO.

COMPOSITION, CLASSIFICATION, AND DISTRIBUTION OF
POTASSIC MAGMAS

Some researchers believe that the group of potaasieties should include
rocks with NgO/K,O < 1 [6-8]. As is known, the JO/Na,O ratio continuously

increases during the differentiation of many magenseries because of the early
fractionation of Na-bearing clinopyroxene and arcreéase in the albite

concentration in the cumulus plagioclase during ititermediate stages of this
process. It was demonstrated in our earlier papethat magmatic rocks in the
Atlantic are dominated by differentiated series duwwed by crystallization

differentiation. According to our evaluations, primary magmas in #i&antic

25




Kogarko L. N. and Asavin A. M.

account for approximately 21%, with the remainirgo/ falling onto derivative
rocks.

N (number of occurrences) F (degree of melting)
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Fig. 4.TiO ,/Na,0O diagram and a histogram of the distribution of the TiO,/Na,O ratio in
primary melts of the Atlantic Ocean [2].

Mg + Fe

Fig. 5.Triangular Si—-(Mg+ Fe)—(Ca + Al) diagram for K-rich rocks.

Rock types: open triangles are basanites, operresjaae picrites; solid triangles are basanites,
solid squares are alkaline olivine basalts, andndiads are tholeiites. Pressure values
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corresponded to data on cotectics from [19].

We tried to minimize the effect of crystallizatiand considered only weakly
differentiated volcanic rocks. The primary melte aharacterized by high Mg# =
Mg/(Mg + Fe) = 0.7-0.8 and high Ni concentratiomsl @are liquids that were in
equilibrium with olivine in the mantle at high teematures and pressures [9]. For
our research, we selected only highly magnesianpositions of rocks from
oceanic islands and seamounts with MgO ranging fédsnto 25%, which were
cotectic liquids saturated usually only with regpecolivine. The selection of the
material was justified by our statistical studie$. [Phe initial volume of the
selection for melts approaching primary magmas fitbm Atlantic Ocean was
approximately 3000 analyses. This selection of eaa used for the provisional
evaluation of the Na/K ratio of the rocks from otieaslands and seamounts (Fig.
1). The selection of high-K primary melts (Na20O/K201) consisted of 59
compositions (Fig. 1, inset A). These rocks ocdufd4 localities of intra-plate
magmatism in the Atlantic Ocean. As is known, roddsthe kimberlite and
lamproite series have never been found in the ocEamvever, our database
includes two compositions containing >6% K20 angdrapimately 40% SiO2 and
thus having SiO2 and K20 proportions analogous htosé of lamproites in
Australia and western Kimberley [7, 8]. These ulbtassic magmas were
described at Maio Island, Cape Verde Archipelagd, 840 Tomé Island [10, 11].

Previously, we accomplished a petrochemical classiin of all primary
melts of the Atlantic [2] and recognized five pelremical types of rocks
produced by primary magmas of oceanic intra-plaagmatism: foidites, picrites—
ankaramites, basanites—nephelinites, alkaline raivibasalts, and high-Mg
tholeiites. Figure 2 shows the classification ofnkigrocks in the Si@-(Na,O +
K,O) diagram [12-13]. The pie plot in this figure déss the percentages of
various rock types in our selection. All varietiek potassic rocks are equally
represented in this selection, with the only exoeptfor tholeiites, whose
percentage is twice as high. Figure 3 presentspawith the distribution of high-K
rocks. It can be seen that these rocks occur mostlye marginal portions of the
Atlantic Ocean, which have an ancient oceanic ceust the thickest oceanic
lithosphere. The calculated average compositionsuofselection are listed in the
table.

PHYSICOCHEMICAL CONDITIONS UNDER WHICH THE
PRIMARY POTASSIC MAGMAS WERE GENERATED

The absence of a continental crust beneath thenatefitely indicates that
the genesis of oceanic magmatism is related toegess of mantle differentiation.
The K20 concentration in the mantle is very lowd Zfpm in the primitive mantle
and 2100 ppm in the enriched mantle (EMORB) [3clBmantle source material
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could hardly be the source of high-K primary magmdsry low degrees of
melting can produce liquids with high K20 concetitras However, taking into
account the fact that the Na20O concentration isavder of magnitude higher than
that of K20 (the Na20O/K20 ratio of the mantle is 12]), the Na20
concentrations in the derived magmas should hawn herealistically high
(dozens of percent). Hence, the generation of pataisagmas via mantle melting
seems to be hardly probable. However, data on tk&ibdition of alkaline
elements in primary intra-plate magmas unambigyotestify to significant K
fractionation relative to Na. This led us to comiguhat K more actively than Na
passes into melts derived from the mantle. Thisgestg that the melt/residue
partition coefficient for Na should be fairly higlirthg the partial melting of the
mantle beneath the Atlantic Ocean, whereas K dgtemriches the melts because
of its low partition coefficient (<1). Na is signifiotly dissolved in mantle
clinopyroxenes at high pressures in the form ofjdlkdeite end member NaALg),
and its concentrations in deep-seated clinopyroxaag reach a few percent.
Experimental data indicate that the Na partitiorefficient for clinopyroxene
notably increases, from 0.1 at atmospheric pressur@.8 at 5 GPa, and this
tendency continues to at least 8 GPa (witgK1.3).

The Ti/Na ratio can serve as an efficient baromefemagma-generating
processes in the mantle [14-16]. A significant iasee in the Na partition
coefficient between clinopyroxene and melt with @agsing pressure and a
simultaneous decrease in the Ti partition coeffic{@ecause K decreases with

increasing pressure [17] and an increasing moletira of the enstatite end
member in pyroxene [18]) should result in an insee@ the Ti/Na ratio in the
melts with increasing pressure (i.e., with the Hegt which the mantle source
material is melted). The bulk partition coefficienfsNa and Ti at 3 GPa during
the melting of a mantle source are practically tobah and approximately equal to
0.1. Under these conditions, the TiRa,0 ratios are roughly equal to that in the

source (0.4-0.6 for MORB pyrolite) at any degreesmelting [17]. The behavior
of these elements at 5 GPa is more contrastinglewdy, decreases to

approximately 0.07, K, conversely, increases to 0.22. In this situatithe
TiO,/Na,O ratio can increase to 1.3 at very low degreesielfing and to 0.7 at
15% melting. Magmas with even higher TiNa,O ratios can be generated at
higher pressures, because an increasg, iccétinues to at least 7.5 GPa.

The comparison of experimental data with the JJNa,0 ratios of primary

K-rich magmas in the Atlantic Ocean (Fig. 4) shotwat these magmas were
undoubtedly generated at significant depths (the/N&O ratio varies from 1.75

to 14). It should be mentioned that the Jdncentrations in some potassic rocks

are much higher than the upper limit for the pyeolsolidus. According to
experimental data, this is close to 3% [19] ands thules out such melts as direct
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derivatives from peridotite material.

We also attempted to evaluate the depths of magmargtion for various
rocks of a potassic series by comparing the cortipnsof the magmas with those
of experimental melts derived at various degreeparidotite (pyrolite) melting
under variable pressures. For this purpose we gmglaata from [19] on the
melting of natural Iherzolite. The natural and axpental compositions were
compared in projections onto a triangle plot ofarafractions for Si, Mg, Fe, Ca,
and Al (Fig. 5). The (Mg + Fe) and (Ca + Al) sumerev combined as single
components. Compositions were plotted onto thigeptmn using the method for
normalizing the compositions of primary melts: thiéal melt compositions were
recalculated into compositions in equilibrium witmantle olivine (the assumed
olivine composition in the mantle wa®dp). It was also assumed that, upon the
separation of the melt from the mantle source auweérat to the surface, the melt
actively crystallized, olivine settled in it, antiet composition of the system
changed. This process was counterbalanced by ¢loeetical addition of a certain
olivine portion to the initial compositions.

As can be seen in Fig. 5, a pressure increase esdan increase in the
concentrations of normative nepheline in the plantelts derived from pyrolite. It
can be seen from these data that each group @l ipdtassic magma displays a
certain scatter of compositions along the olivimsroxene side of the triangle.
These broad ranges testify to significant variationgressure in the magma-
generating sources. A notable feature is a cersgstematic arrangement of
composition points of potassic rocks in Fig. 5,hwihis feature most clearly
pronounced for the foidites, tholeiites, and pegit with elevated }O
concentrations. This likely reflects olivine contaliring partial melting in the
ascending protolith. A comparison of the data (Fy.demonstrates that the
deepest seating potassic rocks of the Atlantic @ca@ foidites and alkaline
basalts (whose average compositions fall into #ld 6f melts derived at pressures
of 7-5 GPa, i.e., from depths of 210-150 km). Pitas basanites and picrites
were generated at lower pressures of 4-3 GPa pondsg to depths of about
120-90 km. The shallowest rocks are potassic tledei whose average
concentrations plot within the region of pressu8sGPa (depths of 75-60 km),
which coincides with, for example, the generatietdfiof Hawaiian tholeiites. The
comparison of the depths at which sodic and patasmgmas were derived
demonstrates that all potassic melts other thaleittes were derived at greater
depths. An unexpected result is the shallower dgepthwhich potassic tholeiites
that occur only in Iceland and Jan Mayen were gadrdr It cannot be ruled out
that the genesis of these rocks is related toinergional features of the source or
to assimilation processes. It should also be meeatidhat potassic tholeiites have
not been described among either basalts from nedudc ridges or basalts from
oceanic islands and seamounts in the Atlantic Qcean
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THE ROLE OF MANTLE METASOMATISM IN THE GENERATION
OF INITIAL POTASSIC MAGMAS

Mantle metasomatism is one of the most importaotgsses responsible for
the chemical differentiation of the mantle [20]. oB&l material transfer is
controlled by the partial melting of mantle sourtaprocess generating extremely
mobile melts—fluids (at very low degrees of meltjinghich can actively react with
the mantle matrix. This gives rise to minerals aonhg volatile components:
amphiboles, micas, apatite, minerals of the lindste mathiasite group, etc.

These melts—fluids are characterized by a signifieanchment in alkalis,
mostly K, and incompatible elements (because tetsaents have extremely low
partition coefficients and enrich melts).

Experimental studies of phase diagrams with misecahcentrating K (first
of all, leucite) have shown that phlogopite and hibple appear in these
compositions at high temperatures and pressurdlenpresence of water and
carbon dioxide [21]. For instance, the meltingeafdite basanite [22] at a pressure
of 0.5 GPa and temperature of 850°C leads to ty&allization of clinopyroxene,
amphibole, phlogopite, and magnetite. When leun#taring nephelinite melts at
high pressures (up to 3 GPa), the liquidus phaseslmopyroxene, K-richterite,
and phlogopite [21]. During the melting of K-ricAnhproites [8] at high pressures
(2.5-3.5 GPa) and a temperature of 800°C the diigstaon of olivine,
phlogopite, orthopyroxene, apatite, and carborsapgaceeding.

Experimental data indicate that high-K melts wereaquilibrium with such
metasomatic minerals as phlogopite, richterite, apakite when these melts were
derived from the mantle, i.e., their genesis wagnifcantly affected by
metasomatic processes.

As was mentioned previously, many K-rich magmassageificantly enriched
in Ti, and this element can not be accumulatedugh amounts during the partial
melting of pyrolite containing 2000 ppm TJ@B]. Ti supply from deep zones of
magma generation is most probably related (sindahe supply of K) to mantle
metasomatism. It was demonstrated in numerous gqatlgins that Ti can be
actively transported by metasomatic melts, whictstigchave an alkaline silicate
composition. Such Ti-concentrating mantle minerals rutile, armalcolite,
ilmenite, and minerals of the lindsleyite group afien thought to be major mantle
metasomatic phases [23].

High-K continental rocks (lamproites, leucite alkal basaltoids, and others)
are regarded by most researchers as melting podtiektensively metasomatized
phlogopite-bearing mantle [24]. Data on microin@ns in diamonds [25] and
mineral assemblages of metasomatized mantle notked&és/ that carbonate and
silicate melt-fluids rich in alkalis (particularly)kcan occur at significant depths.
For example, microinclusions in diamonds from Ba@sw contain a fluid phase
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with 18.1-21.4% KO and as little as 2.2-3% Ma [26]. Mantle clinopyroxene
with up to 4.67% KO definitely prove that melts—fluids can occur irunat

Based on the analysis of the composition of mialosions in olivine,
clinopyroxene, diamond, and other minerals, margeaechers distinguish the
following three main metasomatic agents:

(1) melts enriched in }O, SiQ, Al,O,, and KO;

(2) carbonatite melts—fluids enriched in MgO, Ca@ N Fe, and KO; and

(3) aqueous—salt melts with high concentrationsafind K chlorides.

According to Schiano [27], microinclusions in manyinerals from spinel Iherzolites
sampled at various areas worldwide contain K-bgaphases and K-rich glasses, and the
compositions of inclusions in distinct minerals amailar. This suggests that there are no genetic
links between the inclusions and their host mirserdlhus, the mantle at relatively shallow
depths of 25-60 km can contain complex K-bearindtswfuids that are rich in LREE and
volatile component [27].

Proportions of minerals in the Earth’s mantle
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Fig. 6.Diagram for the relative contents of minerals in tle Earth’s mantle [36].

Mineral symbols: FP is ferropericlase,Grt is garnet, Cpx is clinopyroxene, Opx is
orthopyroxene, C&vskis Ca-perovskite.

A unique opportunity to estimate metasomatizingdfuat significant depths
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is offered by studying microinclusions in diamonBsamonds usually abound in
inclusions, whose size varies from a few microngeterl mm. These inclusions
bear silicates, sulfides, carbonates, and phospleltesy with water and carbon
dioxide. These data led to the idea that diamomgstallize in equilibrium with
fluids but not with silicate melts [28]. Data on @lunclusions in diamonds [26]
indicate that all inclusions are enriched igOKand incompatible elements. These

data also suggest that inclusions containing saltsfluids are significantly
enriched in KO (even more significantly than in )& and their K/Na > 1),
whereas carbonatite inclusions bear more Na than K.

Hence, the source of alkaline potassic rocks istriksly mantle material
that was metasomatized by potassic salt melt—fluichbt by carbonatite fluids. It
should be mentioned that there seem to be transitietween three types of
metasomatic fluids: silicate—carbonate and salt {lsnokloride). Microinclusions
in diamonds display a direct correlation betwees khand Cl concentrations. A
correlation between K and Cl is well known in Yakat African, and Canadian
diamonds that were analyzed on a proton microposl®/ neutron activation and
stepwise heating techniques [29-30]. According3tt],[the average composition
of inclusions in diamonds from the Koffiefontein aDdvik pipes corresponds to
a high-K brine. The infiltration of K-rich fluids ctaining Cl and F is a significant
metasomatic process in upper mantle blocks, wh@s&ap melting generates
alkaline potassic magmas in the ocean and congheift zones, as well as
kimberlites and lamproites.

It is interesting to discuss the genesis of K-fidids. Some scientists believe
that alkaline ultrapotassic liquids can be produckg the Ilong-lasting
differentiation of kimberlite magmas. However, riéswf extensive petrologic—
geochemical, isotopic, and experimental studiexansistent with the hypothesis
of an autonomous flux of ultrapotassic chloride—ocadte melts—fluids, whose
relics were found in microinclusions in olivineindpyroxene, diamond, and other
mantle minerals. The genesis of kimberlites andolamtes is thought to be related
to the metasomatic interaction of potassic fluidd arantle material. This is In
good agreement with the age values obtained fosdlieeomponent of kimberlites,
which indicate that the influx of carbonate—salt tsidluids predated the
generation of kimberlites. Now it is widely ackn@abed that the genesis of
mantle magmas is significantly contributed by reicyggcprocesses.

Another hypothesis proposed for the genesis oflialkgpotassic fluids is
underlain mostly by isotopic data. Extensive datatbe isotopic systems of
kimberlites (Rb—Sr, Sm—Nd, U-Th—Pb, and Lu-Hf syse suggest that kim-
berlites of group 1 have mantle signatures. Datahenisotopic systematics of
noble gases (He, Ar, and Xe) and proportions obdets (Cl, F, Br, and 1) in

microinclusions of melts—salts in coated and fibraismonds show that the
136

ArCl BriCl 1Cl Ar AR ArCTArY xe Uxe and AFJAr ratios in the
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extracts are analogous to those in MORB [29, 30]s hypothesis is consistent
with materials on the C isotopic composition ofrd@ands containing numerous

microinclusions of potassic brines. According tditav [32], éSCl3 of diamonds
vary from —4 to -8, i.e., the diamonds have masigmatures. Deviations from
these values are explained as resulting from caffa@tionation in diamond—fluid
equilibria or by the participation of recycling pesses in the genesis of
kimberlites. Both mechanisms seem to take patieéngeneration of high-K rocks.
The former hypothesis is undoubtedly valid for gsta magmas in island-arc
environments, whereas potassic oceanic magmashvwghiow no Nb, Ta and Ti
minima, were likely formed by the differentiatiohraantle source material.

Most geochemists now admit the chondritic modeltfi@r composition of the
Earth and its upper and lower mantle. Accordinthte model, the K20 content in
the Earth’s primitive mantle is very low: 250 pp®J.[All K in the uppermost
mantle blocks is contained in plagioclase. Thisarahdisappears with increasing
depth (and pressure), after which the budget o$ Kantrolled by clinopyroxene
and, to a lesser degree, garnet, whose patrtitiefficents for K are approximately
0.04-0.12 for clinopyroxene and 0.038 for garnei],[3vith the K partition
coefficient increasing in pyroxene—melt equilibriathwincreasing depth and
pressure [34]. The main mineral concentrating Nhede depths is clinopyroxene,
for which the Na distribution coefficient is 0.8.fé&ther pressure increase results
in a reaction between pyroxene and garnet thatuseximajorite, whose partition
coefficient is 0.015 for K and 0.39 for Na [33]. ftese depths (410-660 km),
majorite occurs in association with wadsleyite (48D0 km) and ringwoodite
(500-660 km), with none of them containing eitheorkNa. At still greater depths
in the mantle (below 660 km), the majorite—ringwb@dssociation gives rise to
the ferripericlase + Mg-perovskite + Ca-perovskatsemblage (Fig. 6). In this
mantle zone perovskite contains close to 8% Ca.Klpartition coefficient for Ca-
perovskite is relatively high (0.39), and this \@for Na is even higher (2) [35], so
that practically all K and Na in the upper mantlene are contained in Ca-
perovskite. As a mantle diapir ascends at depthappfoximately 660 km, Ca-
perovskite becomes unstable, and its reaction Mdkperovskite yields majorite,
ringwoodite, and (as the pressure further decrgagadsleyite. In this process, K
only partly passes into majorite, because the Kiitmar coefficient for Ca-
perovskite is 26 times higher than the analogolisevior majorite [35]. The rest
of K is likely not contained in the crystal structa of any minerals composing this
zone of the mantle. The relations between the HKitjgar coefficients for Ca-
perovskite and majorite definitely indicate that thermodynamic activity of O
in the system increases by more than one orderagiitude with the transition
from the association of Mg- and Ca-perovskite vigtripericlase to the majorite—
ringwoodite assemblage. This provides favorableditmms for K transfer into
melt or fluid at the boundary of the upper mantlege to 660 km). The released
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fluids should migrate to higher structural levelsl ametasomatize the host rocks.
This should, in turn, result in a decrease in tbkdgs temperature of mantle
peridotite and the derivation of kimberlite melthie occurrence of majorite garnet
in kimberlites and microinclusions in diamonds @ming K-rich liquids validates
our model for the genesis of K-rich mantle fluxed kimberlites.

CONCLUSIONS

The genesis of K-rich oceanic magmas (at leastheé Atlantic) is likely
controlled by three major factors.

1. Active processes of mantle metasomatic intradocbf material into
magma-generating zones, which results in geochémetarogeneities with high
K and Ti concentrations.

2. Deep-seated melting of mantle protoliths (attlef 90-270 km) in the
thickened lithosphere. Manifestations of potassi@agmatism are prone to be
restricted to the flank zones of the ancient crtigiie® Atlantic Ocean.

3. Generation of large plumes beneath the Atlaicean (Cape Verde,
Canaries, Iceland, and Tristan da Cunha plumes).
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ABSRACT

Based on the generalization of the compositionsmait inclusions and
quenched glasses from basaltic rocks, the averaggasitions of magmas were
estimated for mid-ocean ridges (MOR), intraplatatoental environments (CR),
and ocean islands and plateaus (Ol). These conpusivere used to constrain the
average contents of trace and volatile elementaantle sources. A procedure was
developed for the estimation of the average cost@iftincompatible elements,
including volatiles (HO, CI, F, and S), in the mantle. A comparison &f ¢ivtained
average contents for the depleted mantle (DM) tighavailable published estimates
showed that the contents of most incompatible tedements (KO, Cl, F, Be, B, Rb,
Sr, Zr, Ba, La, Ce, Nd, Sm, Eu, Hf, Ta, Th, andcliy be reliably estimated from the
ratio of K to the desired trace element in the M@Rgmas and the average content
of K in the DM. For Nb, Ti, P, S, Li, Y, and healREE, we used the ratios of their
contents to an element with a similar degree obnmgatibility in MOR magmas (U
for Nb and Dy for the other elements). This apphoa@s used to determine the
average contents of incompatible elements in ocgalome mantle (OPM) and the
subcontinental mantle of intraplate settings ortiomtal plume mantle (CPM). It
was shown that the average composition of both cedooc and subcontinental
mantle plumes is moderately enriched compared with DM in the most
incompatible elements (K, U, Ba, and La) and vldatomponents (D, Cl, and F).
The extent of volatile component enrichment in pheme mantle (500-1500 ppm
H.0) is insufficient for a significant depression thie mantle solidus. Therefore,
mantle plumes must be hotter than the ambient tplenantle. The average
contents of incompatible trace elements in the O#&#®l similar to those of the
primitive mantle, which could be related eitherthe retention of primitive mantle
material in the regions of plume generation or d f&rtilization at the expense of
the deep mantle recycling of crustal materials.the latter case, the negative
anomaly of water in the trace-element distributpatterns of the OPM is explained
by the participation of dehydrated crust in its nfiation. Variations in the
compositions of magmas and their sources were derex for various geodynamic
settings, and it was shown that the sources aexdgneous with respect to trace
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and volatile components. The chemical heterogengitthe magma sources and
gradual transitions between them suggest that tHrglenreservoirs interact with each
other. Chemical variations in continental and ocegmume magmas can be
attributed to the existence of several interactiagrces, including one depleted and
at least two enriched reservoirs with differentteoits of volatiles. These variations
are in agreement with the zoned structure of mapitlenes, which consist of a hot
and relatively dry core, a colder outer shell witigh contents of volatile
components, and a zone of interaction betweenlthmegrand depleted mantle.

INTRODUCTION

Several reservoirs are distinguished in the modwantle: the depleted mantle
(DM) producing midocean ridge (MOR) basalts, ocegniume mantle (OPM)
producing the magmas of ocean islands and platemmnsinental plume mantle
(continental rifts, hot spots, etc., CPM), and rfenf island arcs and continental
margins. The goal of the present study was to estirthe average compositions
and interrelations between the former three tygenamtle materials and magmas
derived from them. The OPM and CPM would probal@ybktter referred to as the
mantle of intraplate geodynamic settings, becauaeymecent publications have
strongly modified the classical concept of mantlenes and sometimes even
rejected this concept. In this paper, we use thmgdplume” and “intra-plate”
geodynamic settings as synonyms. The average caiopo$ the depleted mantle
was estimated by several authors [ 28, 42, 46, ®&}. abundances of a number of
elements were estimated for particular regionstedldo the mantle of oceanic
plumes [7] and the first estimates of their averagenposition appeared only
recently [22,23,40]. The average compositions ofjme sources for continental
plumes have practically been never studied, ancethee only estimates of the
composition of the subcontinental lithospheric nef7].

The composition of the Earth’s mantle, which is thain source of basic
magmas, can be estimated from the proportionsaainnpatible elements in these
magmas [19]. Such estimates require the solutiat &ast two problems: (1) how
the composition of magma can be determined fromstraples of rocks formed
from this magma, and (2) how the influence of ddfe degrees of incompatibility
of chemical elements on their ratios in magmas lwareliminated at different
degrees of differentiation and melting (or how edamratios in sources can be
obtained from the ratios in magmas).

One promising approach to the former problem isitivestigation of melt
inclusions in minerals of igneous rocks and glassesed during the quenching of
melts at elevated pressures, for instance at tlearnofloor. Nowadays, this is
probably the most robust way to estimate the coripos and physicochemical
parameters of magmas. It has become especialtyegffisince the advent of local
methods of quantitative chemical analysis (electaoxd ion microprobe, laser
ablation, local IR spectroscopy, etc.). These nuthprovide an opportunity to
determine the contents of both major componentsvaitdatile and trace elements
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in melt inclusions. Our database [32] includes dnalyses of more than 23000
compositionally diverse melt inclusions and quemnkclgasses from various
geodynamic settings. Many of these analyses we@ insthis study.

The second problem has no general solution. Sothesue.g., [20]) argued
that only the ratios of elements with similar inquatibilities, which remain
practically invariant within the whole range of féfentiation and melting (e.g.,
Ta/Nb and Nb/U), can be used for the estimationnwntle composition.
Unfortunately, there are only a few such stableosatand they can be used to
constrain a limited number of reference ratios emacentrations in model mantle
compositions.

Another obvious approach involves modeling the esses of magma
formation and differentiation. As a first step, twmposition of magma segregated
from the mantle has to be determined. Such estsr@te be made on the basis of
the analysis of melt inclusions in olivine of theamtie composition (Sobolev,
1993), containing no less that 90% of the forsteeihd-member. Using a certain
model of formation of such a melt, it can be adttethe supposed mantle residue
to obtain the initial composition of the source emal. Although this approach is
feasible, it results in the loss of a tremendouswarh of factual data on evolved
melts encapsulated in minerals.

In our previous studies [22, 23], we used a soméwtierent approach not
separating the processes of primary magma formdtyjomantle melting and its
subsequent crystallization differentiation. If omhafic melts are considered, the
mineral composition of the mantle residue is simita the associations of
crystallizing minerals. Then, the minerals crystailg in crustal chambers can be
added to the mantle residue, and relations canobsidered between the melt
evolved to a varying degree and the combined dryssadue. In such a case, the
problem is reduced to the search for a dependehdtyeoratios of incompatible
elements in melt on the respective ratios in thea® In our previous study [23],
we considered the behavior of two incompatible elets, 1 and 2, whose bulk
partition coefficients ar®; andD,, depending on the mass fractions of melt and
residue and the difference betwelen andD, (it was assumed that element 2 is
extremely incompatible, having, = 10°). The concentration ratio of incompatible
elements in the magm&4C,) can be strongly different from that in the source
(mantle) at low degrees of melting (<5%) and (eghlpartition coefficients of the
more compatible element (1). TR/C, ratio of the magma is identical to that of
the source iD, —D; = 0 or the degree of melting is 1 [19]. [23] shovikat up to
the value D,—D,) ~ 0.03 (this interval includes K, Ce,®|, Cl, F, P, Ti, and many
other trace elements of interest), OgC, ratio of magma differs from the same
ratio in the source by no more than 10-20%, whg&hcomparable with the
analytical uncertainty for many elements. The effet incompatible element
fractionation can be more significant for alkalireks, which are formed at low
degrees of melting, and ratios of elements withlamb values should be used for
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them. The elements addressed in this paper hav® lealues, but there are some
differences. The lowest partition coefficients betw mantle mineral assemblages
and basaltic magmas are characteristic of K an(DGt 0.01). Water is probably
slightly more compatiblel¥ ~ 0.01-0.02; [7, 17, 29]) and is similar in thespect
to Ce. More compatible are b & 0.036; [29, 43]) and AD(= 0.075; [5]). Thus, it
IS reasonable to suggest that the ratios of K/GD/Be, and P/F in basaltic
magmas approach the respective mantle values. Jakito account the
uncertainties in the estimation of partition cogénts and relatively high degrees
of melting during the formation of basaltic magméagan be stated that the ratios
of elements whosP values differ by 0.02 are also not strongly diferfrom the
respective ratios in the mantle sources (e.gQ/K,0, F/CI, etc.).

The compositions of basaltic glasses and melt snohs evidently represent
melts evolved to a different degree. However, #draaval of up to 50% of Mg-rich
olivine (Fogg_go exerts a negligible influence on incompatiblenaat ratios, even
for the elements whod2 values differ by 0.03-0.05.

Two conclusions can be drawn from this analysi9: differences in the
degree of incompatibility of elements have a miefbect on the majority of ratios
considered in this paper compared with their nawmaations (kO/H,O, K,O/F,
etc.); and (2) the concentration ratio of inconigatielements in magmas can be
recalculated to the respective ratio in the soatcany difference between tie
values of the elements using the equations ofifnaat melting and crystallization
([39]; Shaw, 1970).

AVERAGE COMPOSITIONS OF BASIC MAGMAS FROM MID-
OCEAN RIDGES, OCEAN ISLANDS,AND INTRAPLATE
CONTINENTAL SETTINGS

In order to estimate the abundances of elementghe mantle, the
compositions of respective basaltic magmas hadeetdetermined. Table 1 gives
the average compositions of basaltic magmas fromt-aoean ridges (MOR),
ocean islands (Ol), and intraplate continentalrsggt(continental rifts, hot spots,
etc.; CR) calculated on the basis of the compostaf primary melt inclusions in
minerals and quenched glasses from basalts. Siecaverage compositions of the
basic magmas of MOR and OI were published elsewj2re23, 32], they are not
described here in detail, and their compositiorswmed for comparison with the
compositions of the basic magmas of CR.

Similar to the magmas of MOR and OI, geometric nseaare calculated for
incompatible trace element contents in the CR maginecause their distributionis
approximately lognormal (Fig. 1 for volatile commgoits and KO). The estimation
of the average composition of CR magmas raised pheblem of the
representativeness of the available analytical .dataprinciple, the average
composition of magmas from intraplate continengdtisgs must be close to the
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composition of magmas from continental flood bagativinces, because such
rocks are obviously overwhelmingly dominant. Howev®od basalts represent

Table 1. Average contents of major, volatile, and trace elements in the basic magmatic melts (40-54 wt % $i0,) of mid-
ocean ridges, ocean islands, and continental intraplate sattings

Average melt composition
Compo- :
Gt mid-ocean ridges ocean islands continental intraplate settings
n arithm goom n arithm geom n arithm Zeom
5104 3869 30.22 50.22 4227 50.26 50.25 1549 48.51 48.55
093 [ 0.95-0.94 214 | 222212 3.52 | 3.76-3.49
TiO, 2695 1.35 1.24 4040 244 2.09 1536 1.46 1.33
0.6l | 0.53-0.37 0.85 | 0.91-0.64 1.22 | 1.33-0.60
AlyOs 2624 15.57 15.56 3967 13.83 13.83 1539 15.26 15.20
1.20 1.24-1.15 1.44 1.57-1.41 4.14 | 6.22-4.41
Fel» 2693 9.25 9.24 4003 10.63 10.58 1549 B.16 815
1ed | 1.68-142 203 | 238194 4.01 | 4.64-2.96
MnO 1557 0.16 0.16 2861 016 0.16 1002 0.15 0.15
0.04 | 0.08-0.04 006 | 0.06-0.05 0.11 | 0.17-0.08
MgO 2925 T.82 T.81 4086 747 T.A4AT 1539 5.72 5.27
141 | 1.55-1.30 224 | 2.80-2.04 3.31 | 462246
Caly 2624 11.54 11.54 3967 11.11 11.13 1541 9.68 9.53
1.09 1.21-1.09 1.48 1.79-1.54 .55 5.19-3.36
NayO 2675 2.67 2.67 3952 234 2.30 1549 3.08 2.80
0.57 | 0.63-0.51 0.65 | 0.61-048 2.06 | 2.94-1.43
K, 3561 0.19 0.14 4090 052 0.57 1549 .94 2.0
0.27 | 0.30-0.10 053 | 053027 3.22 | 3.64-1.29
P05 2341 0.15 0.14 3630 0.28 0.29 1126 0.66 0.63
011 | 015007 022 | 0.26-0.13 0.61 | 1.07-0.40
H,O 1086 0.29 0.30 969 043 0.52 269 1.96 1.66
0.41 0.65-0.29 1.47 1.88-0.88 1.47 1.88-0.88
Cl 1151 180 130 1673 470 300 TER 2650 2480
260 450100 680 680-210 2950 74701860
F 341 180 160 938 T00 680 230 2170 2060
170 210-90 760 1240440 2390 4930-1450
s 557 1010 990 2583 750 590 647 1060 1060
420 480-320 800 1280410 950 2000—690
CO, 455 190 150 706 150 100 129 1780 1780
210 120-70 270 250-70 1160 2110970
Total 99.37 99.17 99.69 99.36 98.36 96.03
T, °C 504 1227 1227 870 1194 1194 770 1199 1200
42 4342 65 6602 71 T1-12
Li 329 .37 6.21 126 6.26 6.44 118 19.7 11.3
217 | 1.B1-140 220 | 3.12-2.10 35.0 25.8-1.9
Be 330 0.64 0.63 6l 0.78 0.74 103 5.94 3.50
0.43 0.38-0.24 0.26 0.458-0.29 T.19 | 9.10-2.53
B 193 1.86 161 207 248 1.84 105 304 15.5
1.18 | 1.00-0.62 1.89 | 1.85-0.92 43.6 91.9-132
3¢ 10 38D 38.5 112 3.9 32.6 299 34.2 33.9
5.2 5.7-50 5.6 11.9-8.7 12.6 19.2-12.3
v 582 271 270 341 27 275 T2 288 287
63 78-60 9 132-89 65 BO—63
Cr BO4 300 295 966 503 417 a7 749 516
196 233-130 559 616-249 1108 1467382
Co 252 442 44.2 76 51.5 51.3 40 99.0 4.1
5.1 5.2-47 9.9 12.1-28 129 162-50.8
Ni 462 994 99.1 350 229 179 144 1073 317
47.1 54.5-35.2 221 274-108 2230 1930408
kb 536 3.83 1.43 419 15.7 12.0 151 92.7 73.6
0.68 | 3.31-1.00 17.8 21.0-7.6 121 296—59.0
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Table 1. (Contd )

Average melt composition
Ciﬂe:ﬁ& mid-ocean ridges ocean izlands continental intraplate settings
n arithm geom " arithm geom A arithm geom
Sr 839 134 129 805 321 298 326 1220 944
63 6041 297 438177 1460 1610-595
Y 810 28.2 28.2 680 231 227 177 20.9 214
13.1 12.7-8.7 11.2 14.6-8.9 1.7 9.96.8
Zr 943 94,1 90.9 Ta95 115 124 248 309 175
529 T4.1-40.8 111 200-78 526 393-121
Nb 799 4.74 2.39 643 225 15.5 174 0.2 20.6
6.62 4.25-1.53 2.5 32.5-10.5 51.8 34.8-12.9
Ba 690 2906 16.1 a6 119 a8 358 3040 1880
51.2 53.0-12.3 163 25471 5770 102001580
La 1079 5.51 4.40 841 12.7 5.7 164 46.3 26.8
5.95 5.69-2.4%8 20.5 16.8—4.2 90 92.7-20.8
Ce 1189 125 11.3 725 0.1 19.9 215 98.4 69.9
10.8 13.3-6.1 45.9 268162 171 131456
Pr 195 2.15 1.76 270 3.19 275 24 1.79 5.61
1.66 1.36-0.77 2.13 2.31-1.25 10,2 B.68-3.41
Nd 888 106 10.4 725 16.5 14.3 152 7.8 273
59 T.0-4.2 20.2 41.3-10.6 27.5 38.2-159
Sm 966 157 .46 T4l 4,11 176 199 7.41 6.41
1.84 1.85-1.21 3.89 6.59-2.40 6.85 B.32-3.62
Eu 807 1.28 1:21 703 1.66 1.20 131 2.08 1.63
61 0.51-0.36 1.51 1.34-0.63 2.09 1.46-40.77
Gd 561 4.44 4.38 457 5.97 6.22 100 5.93 5.28
1.46 1.56-1.15 3.23 3.76-2.34 4.49 4.92-2.55
Th 260 075 0.79 182 0.78 0.84 il 1.16 0.79
0.27 0.26-0.20 0.24 0.24-0.18 1.54 0.71-0.37
Dy 793 4.84 4.76 723 4.22 4,30 134 4.35 4.33
2.05 2.02-1.42 2.41 3.17-183 2.03 2.09-1.41
Ho 184 1.03 1.00 268 (.88 094 8 1.15 1.20
(.35 0.37-0.27 0.30 0.27-0.21 0.70 0.49-0.35
Er 651 31.06 3.02 626 2.13 2.07 94 2.13 2105
1.23 1.13-0.82 1.04 110072 0.84 0.76-0.56
Tm 187 42 0.41 182 .34 0.34 - - -
014 0.15-0.11 013 0.15-0.10 - —
Yh 831 2.99 2.91 835 1.94 1.590 172 2.27 2.16
1.36 1.25-0.88 0.84 0.85-0.59 1.27 1.30-0.81
Lu 469 .45 0.43 224 .29 0.30 78 031 0.31
(.20 L15-0.11 0.09 0.11-0.08 012 0. 14-0.10
Hf 434 2.45 2.38 349 3.96 3.90 B2 390 295
1.05 1.18-0.79 2.13 2.45-1.50 3.97 3.87-1.67
Ta 406 0.30 0.28 223 0.82 0.83 6l 1.45 0.61
0.39 0.50-0.18 0.35 0.53-0.32 2.99 2.07-0.47
Pb ie2 0.70 071 245 0.86 0.82 65 4.04 1.32
(.50 0.38-0.25 0.65 0.56-0.33 8.28 5.52-1.06
Th 561 044 0.36 334 1.53 1.07 172 6.32 2.15
070 0.73-0.24 2.63 2.52-0.75 8.79 6.88-1.64
u 433 16 0.09 315 0.44 0.41 153 2.08 1.37
0.25 0.18-0.06 0.62 0.59-0.24 319 4.42-1.05

Note: Here and in Table 2, the contents of major components and water are given in wt %, and other elements are in ppm; s is the number
of determinations; “arithm” is the arithmetic mean with standard deviations beneath the values; “geom” is the geometric mean with
standard deviations beneath the values (first nomber shows the positive deviation, and the second number is the negative deviation).
The contents of elements are calculated as arithmetic and geometric means, and the maximum deviation of an individual measure-
ment from the average value is no higher than 2a with a probability of 95%. T, °C is the temperature of melt.

only a very minor part of the total number of pshkd compositions, whereas the
analyses of alkaline rocks are most numerous, @findheir real fraction is very
small. The data set on basic magmas from CR (THhilecludes many analyses of
the potassium-rich basaltoid magmas of Vesuviucaf@ from 24 publications
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[6, 11, 12, 25, 26, 37, 47 and others]. This resuit that the estimate of the
average composition of CR basic magmas (Table Dbidased toward alkaline
(especially, potassic) compositions. Furthermdne, tectonic setting of Vesuvius
Is a topic of debate. Some authors supposed thah#gma source region includes
both intraplate mantle material and a subductiompmnent related to the lonian
subduction zone [2, 35]. Because of this, the @eer@omposition of Vesuvius
magmas was calculated separately and compared thvéh data for other
complexes.

Thus, the calculated composition is the sample ameerand cannot be
considered as an unbiased estimate of the averaggosition of magmas
produced by subcontinental mantle plumes. Howesarge our goal was to
estimate the composition of magma sources on tkes lmd element ratios, this
limitation is not crucial. However, it should bepiten mind that, if some evidence
for source heterogeneity will be revealed, our apph will provide no
information on the relative sizes of different ree#s.

The average composition of CR magmas differs frohe taverage
compositions of magmas from MOR and Ol in lower Mg, and Ca and higher K
and P contents (Table 1) at similar Mg/(MgO + Fe@lues of 0.39-0.46. The
average composition of CR magmas is significantisiohed compared with the
magmas of MOR and Ol in all volatile components &made elements, including
both incompatible (Be, B, LREE, Zr, Nb, Pb, U, artt) and compatible elements
(Ni, Cr, V, and Sc). The only exceptions are HRHE,and Ta, whose contents in
the CR magmas are similar to those of the magmadQR basalts. Table 2 also
gives the average composition of basic magmas ¥esuvius Volcano, which is
enriched compared with the average compositioSRvimagmas in Ca, K, Cl, F,
S, Li, Be, B, Rb, and Nb. Note that the averagepmsition of Vesuvius magmas
does not show any significant depletion of Nbtreéato Ba or La, which suggests
a subordinate contribution of the subduction congmbmo the magma source.

Figure 2 presents spidergrams for the average csitigpes of basic magmas.
Among the common features of magmas related tonic@ad continental plumes
are the depletion of D relative to KO, La, Ce, and Sr, and positive anomalies of
F, Sr, Nb, and Ta. A salient feature of the avei@gaposition of CR magmas is a
negative Pb anomaly and a positive ClI anomaly. Afsmeworthy is the
considerable enrichment of highly incompatible edats compared with the
magmas of Ol. The abundances of moderately incabipatlements (Ti, Dy, S,
Y, and HREE) are similar in the magmas of all theimnments. A comparison of
the magmas with the compositions of the contineatal oceanic crust (Fig. 2)
suggests that crustal contamination have in gemerasignificant effect on the
average compositions of magmas, although its infleemay be considerable in
some complexes.
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In particular, the average composition of CR magdaes not show a relative
enrichment in Pb, which is an indicator of magmatamination with continental
crustal rocks. The Pb/Nb ratio is 0.05doth oceanic and continental plume
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Fig. 1. Histograms showing the distribution of chlorine, fluorine, sufur, water, and
potassium oxide contents in the basic melts of canéntal intraplate settings (CR). The
unshaded and shaded histograms are drawn on lew@grlogarithmic scales to test the
hypotheses of normal and lognormal distributiorspestively,n is the number of analyses of
melt iclusions and glass samples.
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Table 2. Average contents of major elements, water (wt %), volatile components, and trace elements (ppm) in the magmatic
melts of Vesuvius Volcano

Average melt composition of Vesuvius Average melt composition of Vesuvius
Component Component
n arithm geom n arithm geom
5i0, 156 48.35 48.34 v 28 276 276
2.50 2.59-2.46 59 T1-57
TiO, 354 1.02 1.01 Cr 43 195 194
0.27 0.43-0.30 139 163-88
AL, 350 15.61 15.76 Rhb 73 162 156
296 2.90-2.45 77 11867
FeO 356 7.10 7.10 Sr 7 862 856
1.62 2.07-1.60 2n 332-239
MnO 28] 0.15 0.186 Y 73 226 23.0
0.06 0.12-0.07 9.1 12.1-7.9
MgzO 354 5.25 4.40 Zr 73 180 183
2.65 3.64-1.99 &7 82-57
Ca0D 356 10.01 9.85 Nb 73 294 28.1
2.89 3.80-2.79 14.0 14.3-9.5
Na,O 356 272 247 Ba 42 1630 1670
1.71 1.87-1.07 518 TIR-540
KO 356 5.55 5.53 La 28 55.9 55.2
1.41 1.64-1.26 21.2 24.2-16.8
P05 288 0.83 0.80 Ce 73 101.0 29.6
0.27 0.48-0.30 43.2 60.0-37.4
H,0 163 2.20 1.79 Nd 33 53.9 55.6
1.15 1.36-0.77 25.8 28.1-18.7
Cl 278 5690 5840 Sm 71 10.90 10.97
2350 3220-2070 6.87 843477
F 73 2640 2420 Eu 24 275 279
1560 4850-1610 1.03 1.09-0.78
5 206 1330 1210 Gd 25 8.30 8.67
830 1630690 2.69 2.81-2.12
COy 85 2030 1950 Dy 44 4.89 4,90
670 3360-1130 1.50 2.05-1.44
Total 99.95 98.35 Yb 60 2.56 2.58
T, °C 152 1152 1148 1.55 1.64-1.00
77 &7-81 Pb 18 294 29.9
Li 62 211 19.4 6.3 8.5-6.6
18.6 24.0-103 Th &0 13.8 13.6
Be 58 8.8 8.6 5.2 7.2-4.7
4.7 7.3-4.0 u 58 39 38
B 62 40.8 39.8 24 3.2-1.7
24.4 39.7-19.9
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Fig. 2. Spidergrams for the average compositions of basic magmas of (1) mid-ocean ridges, (2) ocean islands, and (3) continental
intraplate settings. Also shown are the average composition of the oceanic (Wedepohl and Hartmann, 1994) and continental (Rud-
nick and Gao, 2003) crust. Here and in Figs. 3, 4, 17, contents are normalized to primitive mantle (Palme, O’Neill, 2003).

magmas. The Pb/Nd ratios of the average compositibthe continental [38] and
oceanic crust (Wedepohl and Hartmann, 1994) are défierent (0.55 and 0.03,
respectively), and even small degrees of contammathange this ratio in
magmas (e.qg., [1]).

ESTIMATION OF THE AVERAGE CONTENTS OF TRACE
ELEMENTS IN MANTLE SOURCES

Average Contents of Volatile Components an® kh the Sources of Basic

Magmas.

Table 3 shows the average ratios gfOKto volatile components and some
trace elements, as well as the ratios of trace eslié&snwith similar degrees of
incompatibility, HO/Ce, BOs/F, S/Dy, HREE/Dy, Ti@Dy, P,Os/Dy, Li/Dy, and
Nb/U (Workman and Hart, 2005) in the basic magnfagaoious settings. These
data are used as a basis for the estimation ohtbeage contents of elements in
the respective mantle reservoirs. Such estimates previously made by us for
volatile components in the mantle of MOR [22] antl[2B]. Similar to the Ol
mantle, the composition of the CR mantle was catedl using two models,
iIsochemical (I in Table 4) and moderately enricfiéan Table 4). We first con-
sider the ratios of volatile components tgxKand, then, estimate the concentration
ratios of other incompatible components.

The isochemical modél in Table 4) assumes that the whole mantle & th
region of basic magma formation has approximatelyifoun chemistry
approaching the composition of the depleted maaihel, the specific features of
intraplate magmas are of a thermal origin. Sintdaour previous studies, our
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Table 3. Concentration ratios of K,O to other components and some other ratios (H,O/Ce, P,O5/F, 3/Dy, HEEE Dy, TiO./Dy,
PO/ Dy, and Li/Dy) in the magmatic melts of mid-ocean ridges, ocean islands, and continental intraplate settings

Component Ratio of average contents

ratios n mid-ocean ridges n ocean islands n continental settings
K2O/H,0O 1086 0.5 (1.0-40.3) 969 1.1 {1.4-0.5) 269 1.2 (2.2-0.8)
K,00C1 1143 11 {40-8) 1658 19 (41-9) TER 8.1 (24.4-5.2)
K,O/F 341 9.0 (19-6) 938 8.4 (15-4.0) 250 9.7(23.3-6.3)
KOs 557 1.4 (3.0-1.0) 2568 9.6 (20-4.6) 647 19 (36-12)
KoO0C Oy 447 9.1 (19-6.2) T06 58 (150-28) 129 11 {20-T)
K, O0Ti0, 2695 011 (0.24-0.08) 4040 0.27 (0.25-0.13) 1536 1.5 (2.7-1.0y
K2O/P505 2341 0.98 (2.1-0.66) 3630 2.0{1.8-1.0) 1126 3.2 (58-21)
K,O/LA 329 230 (480-150) 126 280 (820-430) 118 1800 (40001 100
K,O/Be 330 2200 {4700-1500) 61 TT00 {T200-3700) 103 5700 { 15000—-3700)
K, O/B 193 870 (1800-590) 207 3100 (3100-1500) 105 1300 (7700840
K,O/Rb 536 980 {2300—-670) 419 470 (830-230) 151 270 (1 100-180)
K, O/8r 839 11{23-7) 805 19 (28—9) 326 21 (38-14)
K, OFY g10 50 (100-33) 680 250 (230-120) 177 Q40 {1 700—600)
KO/ Q43 15{33-10) 795 46 (77-22) 248 110 (260-74)
K,O/ND T99 580 (12003007 643 370 (7T0-180) 174 970 {1 800—630)
K, O/Ba 690 87 (290-59) 676 58 (150-28) 358 11 (58-T)
K,O/La 1079 320 (670220 841 1000 { 3000480 164 T50 (2600—480)
K,O/Ce 1189 120 {260-84) 725 290 (12001409 215 200 (540-180)
K,O/Nd 8B88 130 (28090 725 400 {1200-190) 152 T30 (1300—470)
K,O/5m Q66 400 (850-270) 741 1500 (2600-730) 199 3100 (3700—2000
K,O/Eu 807 1100 (2400-780) 703 4700 (5300-2300) 131 12000 {22 0008000 )
K, OVGd 561 320 (670-220) 457 910 (B50—440) 100 AR00 (62002400
K,O/Dy 793 200 {620-200) 723 1300 { 1200640 134 4600 { 8400-3000)
K, O/Er 651 460 (980-310) 626 2700 (2600-1300) 94 QR00 (18000—6300)
K2O/YDb 831 480 {1 000-330) 835 3000 (2800—1400) 172 9300 { 1T 000—6000)
K,;O/Lu 469 3300 (6900—2200) 22 19000 (1 8000—9300) T8 | 66000 (120000—42 000)
K,OvHT 434 590 {1 200300} 349 1500 | 1400700 82 6E00 {12 000—4400)
K,OfTa 406 5100 {11000-3400) 223 G200 (6400-3300) 6l 33000 (1 10000-21 000)
K;O/PDb 362 2000 {4100-1300) 245 G200 (6500-3300) a5 15000 {64 000—9800 )
K,OfTh 561 3900 (R300-2700) 33 5300 (12000—2600) 172 6900 (23 000—4500)
K,O0U 433 | 15000 { 13200-10000) 315 14000 {20000-6700) 153 14000 { 460009400 )
H,O/Ce 540 190 (BO—60) 196 120 (120—60) T0 1RO (720140
P05 F 266 T.9(5.6-3.3) 931 5.3 (3.5-2.1) 229 3.3 (7.5-2.3)
Sy 169 230 (66-51) 392 130 (230-84) a5 255 (350-150)
TiO«Dy T93 2800 (BA0—680) 717 4100 (2200-1400) 134 2600 (1500940
POy Tde 270 (250-1309 580 550 (490-260) 120 1100 ( 1900-T00)
Gd/Dy 532 0.88 (0.08—0.08) 457 1.1 {0.2-0.2) T8 1.1 (0.3-0.2)
Et/Dy 650 0.61 (0.05-0.04) 626 0.55 (0.13-0.10) 94 0.52 {0.13-0.10)
Yh/Dy 697 0.60 (0.06—0.06) 722 0.48 (0.18-0.13) 134 0.48 (0.22-0.15)
Lu/Dy 381 0.087{0.011-0.010) 224 0.058 (0.011-0.009) 42 0071 {0.050-40.029)
Nbh/LT 374 41.9(10.1-8.2) 311 49.9 {13.8-10.8) 130 17.5 (48.9-12.9)
LDy 307 121 {0.19-0.16) 113 0.97 (0.18-0.16) 83 2.62 (5.91-1.81)

Note: Geometric mean values are giwm with one standard deviation in parentheses {first mumber shows the positive deviation, and the sec-

ond number is the negative

eviation).

estimates are based on the data of Table 3 andgbemption that the con-
centration of KO in the mantle is equal to that in the DM, 72 p@2]. Then, the

CR mantle contains, on average, 60 ppj® 9.0 ppm Cl, and 7.4 ppm F.
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Table 4. Average contents of elements (ppm) in the magma sources of mid-ocean ridges, ocean islands, and continental in-
traplate settings calculated on the basis of (I} the thermal model and (I} the model of an enriched source

Compo- Mid-ocean ridges Ocean islands Continental intraplate settings
e n I n 1 1 n I i
E;0 Tz 72 510 T2 510
H;O 1086 150 269 65 460 269 60 420
330-100 82-32 580-220 100-38 TT0-270
Cl 1151 6.5 1673 3.8 27 788 9.0 63
2344 8.2-1.8 58-13 27-5.7 19041
F 341 8.0 038 B.6 6l 250 7.4 52
17-5.5 15.74.2 110-29 18—4.8 120-34
s 557 51 2583 7.5 53 647 38 27
110-35 16.0-3.6 110-26 7.2-2.4 51-17
S 157 123 392 71 71 65 135 135
3528 12045 12045 18478 18478
co, 447 7.9 T06 1.2 8.5 129 6.4 45
17-5.4 3.2-0.6 22.7-4.2 124.1 82-290
TiO, 2695 640 4040 270 1900 1536 48 340
1350430 250-130 1750900 B6-31 610-220
TiO% 793 1500 717 2180 134 1370
470-360 1170760 T90-500
P20 2341 74 3630 36 260 1126 23 160
160-50 34-18 240-120 41-15 290-100
P,O# 746 146 5T 294 120 590
13269 263-138 1010-370
Li 329 032 126 0.082 0.58 118 0.041 0.29
0.67-0.22 0.076-0.039 0.54-0.28 0.093-0.026 | 0.66-0.18
Li#* 307 0.64 113 0.52 83 1.39
0.10-0.08 0.10-0.08 3.14-0.96
Be 330 0.032 61 0.0093 0.066 103 0.013 0.089
0.068-0.022 0.0087-0.0045 | 0.061-0.032 0.033-0.008 | 0.230-0.057
B 193 0.083 207 0.023 0.17 105 0.055 0.39
0.175-0.056 0.023-0.011 0.17-0.08 0.33-0.036 2.30-0.25
Rb 536 0.073 419 0.15 1.1 151 0.26 1.9
0.170-0.050 0.26-0.07 1.9-0.5 1.06-0.17 7.5-1.2
Sr 830 6.6 BOS 3.8 27 326 34 24
14.04.5 55-1.8 39-13 6.1-2.2 44-15
Y 810 1.5 680 0.29 2.0 177 0.077 0.55
3.1-1.0 0.27-0.14 1.9-1.0 0.14-0.050 | 0.99-0.35
T 678 3.1 652 2.8 132 2.66
0.4-0.3 0.6-0.5 0.61-0.50
Zr 043 4.7 T95 1.6 11 248 0.63 4.5
0.9-3.2 2.6-0.8 19-5 1.41-0.40 10.0-2.9
Nb 799 0.12 643 0.20 1.4 174 0.074 0.52
0.26-0.08 0.41-0.09 2.9-0.7 0.13-0.048 | 0.95-0.34
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Table 4. (Contd.)

Compo- Mid-ocean ridges Ocean islands Continental intraplate settings
tes n 1 n 1 1 n I i
Ba 690 0.83 676 1.2 8.3 358 6.7 48
27-0.6 3.2-0.6 22.8-4.2 3143 260-31
La 1079 0.23 841 0.072 0.51 164 0.10 0.68
0.48-0.15 0.213-0.035 1.51-0.24 0.33-0.06 2.4-0.44
Ce 1189 0.58 725 0.25 1.8 215 0.25 1.8
1.23-0.39 L.10-0.12 7.8-0.9 0.47-0.16 3311
Nd B83 0.54 725 0.18 1.3 152 0.10 0.69
1.13-0.36 0.52-0.09 3.7-0.46 0.18-0.06 1.3-0.45
Sm 966 0.18 741 0.048 0.34 199 0.023 0.16
0.38-0.12 0.083-0.023 0.59-0.16 0.42-0.015 0.30-0.11
Eu 807 0.062 703 0.015 011 131 0.0059 0.042
0.132-0.042 0.017-0.007 0.12-0.05 0.011-0.0038 | 0.075-0.027
Gd 561 0.23 457 0.079 0.56 100 0.019 0.13
0.48-0.15 0.073-0.038 0.52-0.27 0.034-0.012 0.24-0.09
Gd* 532 0.47 457 0.57 78 0.59
0.05-0.04 0.11-0.09 0.16-0.13
Dy 793 0.24 723 0.054 0.39 134 0.016 0.11
0.52-0.17 0.051-0.026 0.36-0.18 0.028-0.010 0.20-0.07
Er 651 0.16 626 0.026 0.19 94 0.0074 0.052
0.33-0.11 0.024-0.013 0.17-0.09 0.013-0.0048 | 0.095-0.034
Er* 650 0.34 626 0.29 o4 0.28
0.03-0.02 0.07-0.06 0.07-0.05
Yb 831 .15 B35 0.024 0.17 172 0.0077 0.055
0.32-0.10 0.022-0.012 0.16-0.08 0.014-0.0050| 0.099-0.035
Yb* 697 0.32 722 0.25 134 0.25
0.03-0.03 0.09-0.07 0.11-0.08
Lu 469 0.022 24 0.0037 0.026 T8 0.0011 0.0078
0.047-0.015 0.0035-0.0018 | 0.025-0.013 0.0020-0.0007 | 0.014-0.0050
Lu* 381 0.046 224 0.031 42 0.037
0.006-0.005 0.006-0.005 0.026-0.015
Hf 434 0.12 349 0.049 0.35 82 0.011 0.075
0.26-0.08 0.046-0.024 0.32-0.17 0.019-0.007 | 0.140-0.048
Ta 406 0.014 223 0.010 0.074 6l 0.0022 0.015
0.030-0.010 0.010-0.005 | 0.069-0.036 0.0074-0.0014| 0.053-0.010
Pb 362 0.037 245 0.010 0.073 5] 0.0047 0.033
0.077-0.025 0.010-0.005 | 0.068-0.035 0.020-0.0030 | 0.140-0.022
Th 561 0.018 334 0.014 0.096 172 0.0077 0.055
0.039-0.012 0.032-0.006 | 0.226-0.046 0.034-0.0067 | 0.240-0.047
u 433 0.0047 315 0.0051 0.036 153 0.0049 0.035
0.010-0.003 0.0074-0,0025 | 0.053-0.018 0.016-0.0032| 0.110-0.022

Note: n is the number of determinations. The contents of elements are calculated as geometric means, and the maximum deviation of an
individual measurement from the average value is no higher than 2g with a probability of 95%. Standard dewiations are shown

beneath the valoes (first number shows the positive deviation, and the second number is the negative deviation).
* Contents of elements were calenlated on the basis of their ratio to Dy, assuming that the wefagelg;conmt of the mantle is 0.531 ppm.

Assuming that the average content of Dy in the feast0.531 ppm [42], and the
average S/Dy value in the CR mantle is 255 (Tahpl¢h@ average content of S in
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the CR mantle is estimated as 135 ppm. The sirtyilagtween the mafic magmas
of MOR and CR in the average®/Cl, K,O/F, and S/Dy ratios (Table 3) implies
similar average contents of Cl, F, and S in the MDld CR mantle (Table 4): 6.5
and 9.0 ppm CI, 8.0 and 7.4 ppm F, and 123 andp#b S, respectively. In
contrast to these elements, the content 4 Hh the mantle of thermal plumes is
2.5 times lower than that in the MOR mantle (60 &6@ ppm, respectively).

Let us estimate the cumulative degree of melting differentiation of
magmas (hereatfter, referred to us the degree afftactionation) for the model of
a thermal plume. For the processes of fractionaltimge and fractional
crystallization of basic magmas, the degree ofl ttctionation for a highly
incompatible elemen) ~ 0) is (1 -M) = Cy/C, whereC, is the element content in
the source (mantle) ard is the element content in the magma. For the thkerm
model, the contents of ® in the mantle and magma (Tables 1, 4) yield @)=
0.0034, i.e., the fraction of melt in the bulk masfsmelt, solid residue, and
minerals removed during crystallization is only ab0.3%. Even assuming that up
to 50% of crystal phases could be eliminated inmmaghambers and the degree of
source melting could be twice as high, the segmagatf such an amount of melt
from the mantle is questionable. We conclude tloeeethat the purely thermal
model of mantle plumes is improbable (cf. [22, 23])

In themodel of moderately enriched manflein Table 4), the KO content in
the mantle of intraplate settings or plumes (oaeand continental) is estimated as
510 ppm [23]. In accordance with Table 4, the CRMtains 420 ppm }O, 63
ppm CI, and 52 ppm F. If the Dy content of this enial is similar to that of the
DM (0.531 ppm), its S content will also be similexr that in the DM and,
consequently, in the thermal model (135 ppm). Bupposition is supported by
the similarity of basic magmas from all the geodyiaenvironments in Dy and S
contents (Fig. 2). If the moderately enriched neawfl plumes contains 0.92 ppm
Dy [23], its S content is 212 ppm. With respectthe C/C ratio for KO, the
average degree of total fractionation of CR magmasabout 2.5%. This value
appears realistic for alkaline mantle magmas. Hamnesuch low degrees of total
fractionation of mantle magmas could result in ttie¢ ratios of incompatible
elements in the magma will be significantly diffdrérom those in the source
(mantle); therefore, it is desirable to use thaosatof elements with similar
partition coefficients between solid and liquid pasuch ratios (e.g., JO/Cl,
H,O/Ce, and FO./F) are termed canonical [48]. If the Ce contenth& plume
mantle is 3.9 ppm [23], the B/Ce ratio of magmas (Table 3) yields a mantj©H
content of 850 ppm. This is comparable with th®©Hontent of the OPM (460
ppm). The contents of Cl and S in the CR mantlearanto be the same. The
average content of F in the CR mantle calculatethfthe RO/F ratio is about
100 ppm. This value is twice that obtained abowenfthe KO/F ratio and the

average content of F in the mantle of suboceanime$ [23]. Variations in the
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degree of melting within 0.01-0.03 exert a minofluence on these ratios.
. . 1 2
Calculations by the equatiol€ (C )/(C/C,) = (1 —M) show that aD, — D, =
0.03 and (1 -M) = 0.01-0.03, the ratio of incompatible elemenii$ decrease by
no more than 10% compared with the mantle valueclwis lower than the
variance of such ratios in natural rocks. The ¢ffet differences in the degree of
incompatibility are considered below in more dettl other incompatible
elements.

Average Contents of Other Incompatible Trace Elésenthe Mantld.et us
estimate the average contents of trace elemertteimantle of mid-ocean ridges
(DM), suboceanic plumes (OPM), and subcontinentaimps (CPM) from the
available compositions of basic magmas. The cortipasof DM is used as a
check on the validity of our method, because tlaeeepublished estimates for the
DM composition, which can be compared with our itss0The average contents of
trace elements in the mantle are first estimateah fiteeir ratios to KO content.
The calculated values for the DM [22], OPM [23]a4DEM are given in Table 4 for
the models of isochemical (I) and moderately emuackil) compositions of OPM
and CPM. In the ensuing discussion, the model ef tmoderately enriched
composition of plume material is considered, beeahe purely thermal model
leads to controversies [23]. Note that the avecageposition of the OPM in Table
4 is somewhat different from that reported by [2&Jcause during the time
between the preparation of these papers, our dsdabganded and the method of
calculation was modified.

Our results are compared with the estimates ofrabthors in Table 5. For
many elements, the difference is no higher thanZhevalues of our average
contents. The discrepancy in Cl was discussed By \Who explained it by the
overestimated role of shallow-level assimilation ©f by magmas and the
involvement of Cl in deep mantle recycling. FiguBeand 4 and Table 4 show that
the estimated average contents of moderately inatbip elements in the OPM
and CPM are significantly lower than those of the.OMe possible reason is the
difference in the degree of incompatibility betwabe moderately incompatible
elements and }O.

In order to account for variations in the degree todice element
incompatibility relative to KO, we used the relatioiCt/C?)/(Co/Co* )=(1 — M)+
2 whereD,; andD, are the bulk partition coefficients of® and any of the trace
elements between the solid phases and magma [A8]higher the absolute value
of D; — D,, the greater the difference betweeg'C?) and C'/C?). For instance,
the valuedD; andD, are the bulk partition coefficients of® and any of the trace
elements between the solid phases and magma [A8]higher the absolute value
of D; —D,, the greater the difference betweeg'(Cy’ ) and C'/C?). For instance,
the value<C,'/Cy*= 0.475 and ¢ *°/c™¥°) = 0.5in the DMare similar, and there is
no need to apply a correction for the differencevieen the incompatibilities of
K,0O and HO. In contrast, a more significant correction igaed for KO and Y:
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(Co**°IC,") = 40 and C "?°/C” =50. Even with these corrections, the average
contents of HREE in the OPM appeared to be slightiper than those of the DM,
but the average contents of moderately incompagldenents were still too low.
What could be the reason for this discrepancy?
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Fig, 5. Spulergrams of the average compositons of the 1) depleted mantle, (2] mantile of eceanic plumes, end {3) mantle of cont-
nental plumes ciloulsied from the corcentration ratios of K20 and incompatible frace cements in magmas oa the hasis of the
[a) therma’ and (b) moderately enriched models (Tible 45 Sesext for explanacon. Also shown are the average composidonsof the
(4} oceanic crust (Wedepohl and Harimann, 1994), (5) oceanic crust{ Rudnick and Gao, 2003 ), ard {6) group | kimberlitss {Le Roex
et al., 2003}
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K2z and incompaltible tmce elements with corrections for the difference in the degree of incompanbility between K-O and trace

slemends 1n magmas ( 1laMe 3) 1he everage contends of moderately incompohble race clements i|||.|‘3. ."_1“.]::. HEEE, L. ind &)

were caleolaled from their ratios to Dy, assuming that the avesge content of Dy in the OPM CPM-2. and DM is 005531 ppm. The

verups conwents of incompanitie elementss o the TPM-2 were calonigied sssaming shmdlar degrees of meling (0008 ) for e OF

md CPM. Symbols are the same as in Fig. 3

The estimates of incompatible trace element costeamtthe mantle rely

heavily on the accepted,® content. The average contents gOkin the DM and
OPM are well constrained, and® variations in the basic magmas of MOR and
Ol are relatively low. The average content gfOKin the CPM was taken to be
equal to that of the OPM, because mantle plumedeep structures, and their
composition should not be strongly dependent on ptesence or absence of
continental crust above them. Nonetheless, theesiigeg that the CPM is richer in
K-,0O than the OPM cannot be ruled out. In order teneine the KO content of
the CPM, it is necessary to estimate the conteangfother incompatible element
or the total degree of magma fractionation. It barsupposed that the total degrees
of fractionation of magmas formed in the CPM andVD&te similar and close to
0.08. Then, the content of,® in the CPM will be 1600 ppm. Furthermore, it can
be supposed that all the mantle sources are sinimladREE contents. This
suggestion is based on the similarity in the bedrawf these elements in the
magmas of MOR, Ol, and CR (Table 1, Fig. 2) and kbw sensitivity of
moderately incompatible elements to the migratibisroall portion of melts and
fluids in the mantle. The contents of HREE in thé/ Care rather tightly
constrained. Therefore, we accepted that the Dyeobdm the CPM is identical to
that of the DM (0.531 ppm; Salters and Stracke 420Given the refined value
K,0%Dy® = 3443, 1828 ppm O is obtained for the CPM. The obtainedCK
estimates for the CPM are similar under both thassumptions. Since their
plausibility cannot yet be rigorously demonstratendy variants of average trace
element contents in the CPM can be considered ¢Tapl(1) estimated from an
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Deep-seated magmatism, its sources and plumes

average KO content of 510 ppm (CPM-1 in Table 5) and (2inestted on the
basis of (1 -M) = 0.08 and Dy0 = 0.531 ppm, which implies an ager KO
content of 1600 ppm (CPM-2 in Table 5).

The contents of HREE and other geochemically smalaments (Li, Y, Ti,
and P) in the DM can be refined using Dy as a esfeg element (Salters and
Stracke, 2004). The concentration ratios of elemé¢atDy (Table 1) yield the
following contents for the DM (ppm): 123 S, 0.47,Gd1 Y, 0.34 Er, 0.32 YD,
0.046 Lu, 1500 TiO2, 150 P205, and 0.64 Li. Thestarates (Table 5) are in
adequate agreement with the values reported byad@]48].

The same procedure was used for the calculati@verdage element contents
from their ratios to KO (values in parentheses in Table 5) and Dy (vali#sut
parentheses in Table 5) in the OPM and CPM. Siyjl#ne contents of selected

trace elements were calculated for the mantle safr¥’esuvius Volcano (Table 5).
Ed

10 F =
Ce wt % -
0020 - b
=) @3 O
_‘ lﬂlﬂﬂ_
- . +
n =
o016 - . & i ¢lolel+dnSmbnT
5 10° 19 104
hr -] [[ }mﬁm

0.012

0.008

0.004

+1 a2 3

* | * L 1 1 1 1 1 |

0 1 2 3 4
H,0, wt %

Fip. 5. Variations in ceriem and water contents in the basic magmas of (1) mid-ocean ndpes, (2} ocean iclands, and (3) comtinental
imtraplate setinges. The inset shows the averape compositions of the somces of bacic magmas: (1) OPM, (2) CPM-1, and (3) CPh-2;
{4) the: average composition of the DM; (5) the averape composiBon of the primitive mantie (Palme and O Meill, 2003); (6) the aver-
ape composition of the ooeanic cmst (Wedepohl and Hartmane, 1904 and (7) the averare compositon of the copfinenial crest
(Rudnick aad Gao, 2003} The moression lines draws throoeh the origia have the following comelation coefliciznts: (T} R =088
{mamber of analyzes p = 541 for MOR magmas and DAL () R =070 {r = 197} for O] mapmas aad OFM, apd (V) E =049 (n=
66} for CR. mammas and CPML

[48] distinguished several canonical ratios, whealees are fairly uniform in
the majority of basic magmas from MOR and O}OHCe = 200, Nb/Ta = 15.5,
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Nb/U = 46.4, Ba/Rb = 11.3, Ce/Pb = 30.5, and F/B.27. According to these
authors, the very small variations in these rati@srelated to the very close values
of their bulk partition coefficients between sopdlases and melt. In such a case,
these ratios in magmas must be identical to thogbairsources. Figure 5 shows
the contents of O and Ce in basic magmas. ThgOACe ratio of MOR magmas
is 200. In contrast, we obtained,®Ce = 260 for the DM (Table 5). The
difference is related to the different sets of geas: the ratio #0/Ce in Table 5
was determined using the estimates of averaggedtd Ce contents in all samples,
whereas Fig. 5 shows only those samples in whith HgO and Ce were analyzed
(which are much fewer in number). The same problsenrelevant to other
canonical ratios. In this paper, we estimated therage ratios of incompatible
element contents using all the available analytita@a rather than only those
samples in which both elements were analyzed (T&ble

We can now consider in more detail the obtainedramee trace element
contents in various mantle reservoirs (Table 5sF8 4). As was previously
suggested [23] the thermal model is unlikely (Fdg), because it implies that the
CPM is more depleted in incompatible elements ttien DM. The moderately
enriched model of the OPM and CPM (Fig. 3b) appearse realistic with respect
to the most incompatible elements, whose contentthe OPM and CPM are
higher than in the DM. The contents of many inconiyba trace elements in the
OPM and CPM reach or even exceed the primitive imdavel. However, this
model with a KO content of 510 ppm fails to explain the low corse of
moderately incompatible elements in the CPM (T&hleAccepting the higher
K>,O content that was discussed above, we obtain mealestic distributions of
trace elements in the OPM and CPM (Fig. 4).

The distribution patterns of trace elements areegdly similar in all the
mantle reservoirs (Figs. 3, 4). The DM exhibits atege anomalies of Rb, Ba, Pb,
Nb, ClI, and HO and a general increase in normalized contents fineghly
incompatible to moderately incompatible elementhe TOPM shows positive
anomalies of Rb, JO, Be, Nb, Ta, and F and negative anomalies oflB,HO,
and S. All these variations in the normalized ageraontents of elements in the
OPM are not far from the composition of the prinetimantle. The CPM shows
negative anomalies of Th,®, Pb, and Ta, positive anomalies of Ba, Cl, e, an
slight depletion in Ti, Li, and S. In contrast toeetDM composition, there is a
general decrease in normalized contents from thghhhi to moderately
incompatible elements. Although the general shdpthe CPM-1 spidergram is
similar to that of the OPM, the former displays maignificant variations in
highly incompatible elements and lower contentsnuiderately incompatible
elements. This distinction vanishes in the CPM-&gosition. The mantle magma
source of Vesuvius Volcano (Table 5) exhibits alinal the compositional
characteristics of the CPM-2, except for the higimmalized contents of strongly
incompatible elements.
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Table 6. Bulk partition coefficients of elements between

RATIOS OF AVERAGE source material and magma

INCOMPATIBLE ELEMENT oo Bulk partition coefficient
CONTENTS IN THE SOURCES Do Dapn Deypaa
AND BASIC MAGMAS ( C%C) K,O 0.051 0.089 0.083
The C¥C  ratios of & | goo | oon | oo
incompatible components arl F 0.071 0.125 0.1 .| I
important characteristics of mantl s 0.152 0.232 0.122
melting. For the most incompatibl  TiO, 0.112 0.123 0.114
elementS, when the degree P,0; 0.111 0.117 0.150
melting Li 0.111 0.124 ().Otfl
(F) is much higher than the bul  * i | oo | cos
partition coefficient between solic g, 0.051 0.001 0.001
phases and melDj, theC%C value s, 0.054 0.094 0.100
approaches-. If F < D (very low Y 0.110 0.119 0.126
degrees of me|ting), CO/C Zr 0.057 0.097 0.109
characterizes the value bBffor the b a0ms 0.008 R
given element. These relations a E: Egzl 3?;? EBS:
independent of the mechanism . 0.056 0,093 0097
melt segregation from the crysti g 0.057 0.091 0.103
matrix (fractional or batch melting)  sm 0.058 0.101 0.109
Basaltic magmas are formed Eu 0.061 0.100 0.110
relatively high degrees of mantl  Gd 0.112 0.124 Gt
melting (5-15%), and thec’C P . i
values of mantle sources (Table i EI:(; uihz U:,;;
and average magma compositio 0.112 0.127 0.139
(Table 1) correspond to the avera  uf 0.055 0.005 0.102
degrees of melting. This rati Ta 0.050 0.084 0,092
averages 0.076 in the DM, 0.106 Pb 0.052 0.093 0.098
the OPM, and 0.107 in the CPN 0 0020 U0 0,171
The obtained values illustrate tw—" ol 0088 ot

important features. On the one

hand, the higher values for the plume settings @etgp with the DM are in
agreement with the suggestion on the high tempasf mantle plumes. On the
other hand, the identical values for subcontineatadl suboceanic plumes are
indicative of their similar compositions and stuuess.

As was noted above, under certain conditions, Q€ ratio (Table 1, 5)
characterizes the bulk partition coefficients @meénts between the source and the
magma (Table 6), provided that the basic magmabléTh were in equilibrium
with their sources (DM, OPM, and CPM). In fact, lsuestimates require the
compositions of primary magmas, i.e., basic meltequilibrium with the mineral
assemblages of the DM, OPM, or CPM and unaffectiedristallization or other
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differentiation events after magma segregation ftoensource. The compositions
of primary magmas must be poorer in incompatibkcdr elements than the
compositions shown in Table 1, and, correspondinghe obtained values
constrain in fact the minimum bulk partition coeféints of trace elements. For
instance, the geometric meapXcontent in the magmas of the CPM with MgO >
8 wt %, which is closer to the,R content of primary magmas than the value in
Table 1, is 1.31 wt %, and the bulk partition coédint of K;O between the CPM-
2 and a near-primary melt is 0.128. This is mughér than the value in Table 6.
A similar situation was obtained for other incornipl@ elements. Since there are
few data for highly magnesian magmas, the valuesngin Table 6 were used as
minimum estimates.

100 -

4 ;10—1_

1 | |
60 20

Nb
FIg.ﬁ.Varinl:iﬂminﬂhand']‘ammmlsfppm}inl.hehasix:annmsnfMDR,D{,audERmdnvetageraljﬂsuﬂ.hﬁeeleuwmsin
the magmas and their sources, DM, OPM, and CPM {shown by tines comesponding to the respective regression equations). Symbols
are the same ac in Fi S.TheregfessinnHmhavemernﬂowiagvmmlalioncmfﬁciﬂnu:mR--ﬂ.'JB(n-SED}IMMGEnugm
and DM, (11} R = 0.99 (a = 223) for O] magmas and OPM, and (V} R = (.08 (n = 43) for CR. magmas and CPM.

0

The bulk partition coefficients obtained for the Ddvid MOR basic magmas
derived from this source range from 0.05 to 0.15&b(e 6). All the values can
bedivided into two groups: (1D = 0.050-0.071 for the highly incompatible
elements K, KO, CI, F, Be, B, Rb, Sr, Zr, Hf, Nb, Ta, Ba, LREE), Th, and U;
and (2)D = 0.110-0.152 for the moderately incompatible eetsn Ti, P, S, Li, Y,
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and HREE. These estimates of the bulk partitiorffimoents of incompatible trace
elements for the DM are not consistent with theusslreported by [48]. For
instance, ouD values for Rb, Ba, Nb, Ta, U, Th, and LREE are elts 0.05—
0.06, whereas [48] reported values of 0.0001, A.20®.0034, 0.0034, 0.0011,
0.001, and 0.01-0.05, respectively. It is evidémattt even the use of
primitive magma compositions does not provide

P,0,, wi % o .

1
1.2 16
F wi

Flg. 7. varioions :nthe comens of PO, and F in the bosic mazmas of MOR, 0L uad CR and averags rotios of these componenis
in the magmoe and their sources, DM, OFM. and CPM (shown by lines corresponding to ragression equations). Symbols ore the
same a5 in Fig, 5, The repression lines have the following correlation coefficients: (1) B =071 (x5 = 266 for MORE mapmas and DM,
() B =0.B3 (g =931) For O mogmas and OFM, and (V] B =053 (a = Z21] for CR magmas ond CFM.

agreement with the published estimates of the kpdkiition coefficients of
incompatible elements. The only way to approaclsdhealues is to use the
compositions of melts derived at very low degreésmelting, i.e., alkaline
magmas with the highest contents of incompatiblemehts. Approximate
estimates can be obtained using the average cermtalements plusa2(Table 1).
The Cy/C ratios for such compositions and the CPM-2 compsiTable 6) vary
from ~0.01 for the most incompatible elements (K,Rb, B, Ba, La, Pb, Th, U,
etc.) to 0.07-0.08 for moderately incompatible Y #REE. It should be noted
that the conditiorF< D may not hold for the most incompatible elements| e
realD values can be somewhat lower. The Dwalues for K and Ba indicate that
micas and amphiboles did not play a significang eiliring magma generation and
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differentiation. The relatively lowD values for HREE suggest a low average
content of garnet in the solid residue. Indeed,egia garnet—melt partition
coefficient of Yb of 5 (Irving and Frey, 1978), thalk partition coefficient of Yb
between the mantle assemblage and melt will berltivaa 0.1, only if the content
of garnet is no higher than 2%.

VARIATIONS IN THE CONTENTS AND RATIOS OF
INCOMPATIBLE COMPONENTS IN BASIC MAGMAS AND MANTLE
SOURCES

1] i
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Fig. 8. Varratioos im Use cosslents of U amd Wb oo in e basic ooapmas of MOR, O, aud CR wsd aver o rafivs of Uaese cosgeo-
n2nts in e magmas and theor sources, DM, OPM, and CPM (shown by lin2s corresponding 10 repressicn equatiors), Symbols are
the seme as i Tig. 5. The ogression lincs have the following corrclation cocfficients: (1) & — 0.96 (g — 373} for MOR magmss and
L, [HY R =009 (o =81 Eror O magmas and CIPM, Ancd € ) & =006 (=50 tor OCR magmeas and OFM

The estimated average contents of many elementiseirihree sources are
statistically different with a probability of motban 99%. However, the standard
deviations of these values indicate considerabl&tans in the compositions of
magmas and their sources for the geodynamic settiogsidered here. Consider
these variations in more detail.

Consider first the trace elements that are involiredhe canonical ratios
(Figs. 5-10). As can be seen in Fig. 5, despitalitfierence in the average,&/Ce
values of the DM, OPM, and CPM, the fields of thes#ios overlap to a
considerable extent. It can also be noted thatdnence of magma compositions
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increases from MOR through Ol to CR. The averagepmsitions of the oceanic
and continental crust (Fig. 5, inset) plot at hidg®©/Ce values, but their & and
Ce contents are significantly lower than the highamntents in the respective
magmas.

Other canonical ratios are shown in Figs. 6-10. Nlbéla ratios (Fig. 6) of
the MOR and Ol magmas are similar, and the maxirompositional variations
were observed for the CR magmas and CPM sourcesalérage </F values
(Fig. 7) of the MOR and Ol magmas are similar toheather but are significantly
lower than that of the CR magmas, which show tighdst variations in this ratio.
The average Nb/U (Fig. 8) of the MOR and Ol magarasalso similar and lower
than those of the CR magmas. The average Ba/Ris ri@ig. 9) are similar for all
the magmas, and the magmas of Ol and, especialy,sRow considerable
variations.

Rb

e ]
L8] 1000 000 3000 AD0O0 5000
Ba

Fig. . Variations in the contents of Rb and Ba I{_gﬁm} in the basic magmas of MOR, OI. and CR and average ratios of these compo-
ncats in the magmas and their sources, DM, OPM, and CPM (shown by lines cormesponding wo regression equations). Symbols arc
the same a5 in Fig. 5. The regression lines have ithe following correlation coeflicientis: (N R = 0092 (n = 478) for MOR magmas and
DM. (I} B = 0.8T (n = 390) for Ol magmas and OPM, and ﬁ') R =0.71 (n=208) for CR magmas and CPM.

The average Ce/Pb values (Fig. 10) of the MOR ahan@gmas are identical,
whereas the CR magmas show much lower Ce/Pb valnds considerable
variations in Ce and Pb contents. The fields ottadlse ratios in the magmas of
various geodynamic settings overlap with each otlaerd there are gradual
transitions between them.

Figure 11 shows the contents of volatiie componemd KO in basic
magmas. This diagram also exhibits overlaps betweenfields of the three
geodynamic settings. The compositions of the hasaagmas of MOR with the
highest KO and HO contents coincide with the compositions ofO-tich Ol
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magmas and CR magmas with the lowegd lind HO contents (Fig. 11). Similar
overlaps can be observed between the compositiehdd of basic magmas in the
coordinates KO—CI, F-CI, KO-F, F—-BO, and CI-HO. As can be inferred from
Figs. 5-11, there are no distinct compositions agma sources for MOR, OlI, and
CR, but there are all transitions between them.

The aforementioned types of mantle magmas fromemdifit geodynamic
settings show distinctive chemical variations. Hwtance, the compositions of
MOR basic magmas show a clear positive correlabetween KO and HO
contents [23], whereas the majority of magma compos from OI vary
considerably in KO but have almost constani® (Fig. 11). Based

10" | =
:’I{i oL
E ]
ﬁ u
=
= Iﬂ 1L
]
+ 1
30 - 10r 101

3 P i X I i i i i
0 50 100 150 200 Ce
Fig. 10. Variations in the contents of Ph and Ce (ppm) in the basic magmas of MOR, OL and CR and average ratios of these com-
ponents in the magmas and their sources, DM, OPM, and CPM (shown by lines corresponding 10 regression equations). Symbols

are the same as in Fig. 5. The regression lines have the following comelation coefficients: (I) B = 0.71 (r = 324} for MOR magmas
and DM. (11 8 = 0.75 {n = 243) for O mapmas amd OPM. and (V3 R = 0.75 (n = 64) for CR magmas and CPM.

on HO and KO variations in the OPM, we distinguished threeetypf mantle
plume sources, M1, M2, and M3 [23]. The compositadrM1 is similar to the
MOR mantle, and the compositions of M2 and M3 aenately enriched in
incompatible elements and differ from one anothdafO content (higher in M3).
The difference between M2 and M3 in terms gDHcontent at almost constant
KO is illustrated by Fig. 11. The compositions of @Rgmas (and, especially,
Vesuvius magmas) lie closer to the Ol field tharthi®s MOR field (Fig. 11). The
average compositions of MOR, OIl, and CR magmas IéTdb plot along a
common trend in Fig. 11. The compositions of basiagmas from all the
geodynamic settings form common fields with positborrelations in the 0—Cl,
K,O-F, and CI-KO diagrams (Fig. 11).
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As was noted above, the compositions of magma ssuftom various
geodynamic settings (DM, OPM, and CPM) differ pnilyain incompatible
element ratios (Figs. 12, 13). Figure 12a illugtsah positive correlation in the
K,O/F-CI/F diagram. In Fig. 12b, linear trends in tt@mpositions of magmas
from various geodynamic settings and their souatedess pronounced (except for
the magmas of the CPM). The®/H,O and HO/F ratios of all the compositions
of magmas and their sources are negatively coecklgig. 12c). In Fig. 12d, the

compositions
([ " -
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1 10-3
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H-O KsO

Fig. 11. Dasrribution of K50, H;0. CL and F contents (wi %) in the basic magmas of MOR. OL and CR. Symbols are the same as
in Fig. 5. For a better visualization, the number of points was decreased by a factor of 10 for each geodynamic setting in the follow-
ing way. The data were mﬁ[ﬁfd in one of the neters and divided into several groups. Average parameters were caleulated for
each group and plotted on the diagram. Correlation parameters were caleulated using all the avalable analyses. The tolal numbers
of analyses arc the followi ngﬁla} n= 1057, 786, 252 for the magmas of MOR, O, and CR, respectively; (b) m= 200, 436, and
658; (ch =250, 932, and ; and (d) m = TEE, 1091, and 1667, The magmas of all the geodynamic scttings show the following
correlation cocflicients: {a} R = 0,88, (b) K = 0.51, (c) R = 0.46, and (d) & = .54,

of MOR and Ol magmas form a tight cluster at higflOKCl and low KO/H,O
values.

Figure 13 shows some canonical incompatible elemagints. The Nb/U ratio
(Fig. 13a) is almost constant for almost all thenpositions of MOR and Ol
magmas and DM and OPM reservoirs. On the other,ltaed40O/Ce value in the
average composition of DM is higher than that & ®PM, although there are
gradual transitions between them. The CR magmas shoonsiderable scatter in
Nb/U with excursions to the compositions of the towmntal oceanic crust.
Variations in the KHO/Ce values of CR magmas are no higher than the
compositional variations of MOR magmas. Similaatenships were observed for

P,Os/F and Nb/U variations (Fig. 13b). Like in Fig. 13astable Nb/U value is
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accompanied by a complete overlap between the caitpwl fields of the DM
and OPM in terms of ®¢/F. The compositions of the CPM magmas are strongly
variable and extend toward the composition of tbetioental crust. Figures 13c
and 13d show

1! i 1 1 T (1 o 8 I | 1
1ot 1 1o 102 [TIZN [ T i ! 108 1?
H,O/C1 H,O/Cl

Fig. 12. Concentration ratios of volatile components and K20 in the basic magmas of MOR, O, and CR and in their sources, DM,

OFM, and CPM. Symbols are the same as in Fig. 3. For a better visualizal i_tgn._lhc nuTbcr n[ﬁginu was decreased for cmoﬁ:)dri'

namic sctting by a factor of 5. The inlal numbers of analyses are the following: (a) m = 266, 920, and 210 for the magmas of MOR,

OL, and CR, respectively; (b)n =276, 352, and 90; ¢) =252, 351, and 91; and (d) n =412, 491, and 209. The magmeas of intraplate

continental selhngs show the following correlation coefficients (siraght fnes in the diagrams): {a) & = 060 (b) R =062, (c} R =

0.52, and (d) R = 0.79,
variations in the KO/Cl and RO4/F ratios, respectively, as functions ofG4Ce.
All the compositions fall within the range of,®/Ce values from 80 to 400 (Fig.
13c). The derivatives of the DM tend to clustetwo regions: (1) at high $O/Cl
values (>100), where peculiar Cl-poor magmas desdrby [41] fall, and (2) at
moderate KO/CI values of about 10, where the compositionsnagmas from
other geodynamic settings are located. These cahguad clusters are also
extended in agreement with the considerable vanatin HO/Ce values. There
are almost no transitional compositions between dlusters. In Fig. 13d, the
compositions of DM-related magmas show a negativeretation, and the
compositions of OPM- and most of CPM-related maghaas low POs/F values.
The compositions of CPM magmas show highgdMe values compared with the
OPM magmas, but there exist all transitional contjprs between the DM, OPM,
and CPM fields.
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A question arises as to the nature of variationther composition of basic
magmas. Since the elements considered are incdiga#in increase in their
content can be related to the crystallization d&iféiation of basic magmas. This is
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Fig. 13. Concentration ratios of volatile components and canonical ratios in the basic magmas of MOR, Ol and CR and their
sources, DM, OPM, and CPM. Symbaols are the same as in Fig. 5. Numbers of analyses of the MOR, Ol and CR magmas, respec-
tively: (a) n=63, 100, and 47; (b)n =12, 95, and 35; (c) n = . 150, and 52; and (dhn =127, 116, and 51.

consistent with the negative correlation ofCX Cl, F, and BO with MgO (Fig.
14). However, the slope of crystallization diffetiation trends for these
components is much less steep than the observedssex of the compositional
fields (Fig. 14). In particular, the slope of theystallization differentiation trend
for K,O (Fig. 14a) is similar to the slope of the<MgO dependency of
Vesuvius magmas and apparently intersects the gianend of all the geodynamic
settings. Perhaps, the elongation of the compasitiields of basic magmas in the
diagrams of components versus MgO reflects a combéaifect of crystallization
differentiation and mixing of sources or magmashwdifferent contents of 4O,
H,O, F, and Cl. The basic magmas of various geodynaeitings show similar
variations in S content.

Figures 15 and 16 show variations in the conceatratatios of incompatible
elements versus MgO content in magmas. Only theUNatio (Fig. 16) is

65




Kovalenko V. I., Naumov V. B., Girnis A. V., et al.

independent of MgO in the basic magmas of MOR ahdmvdich was repeatedly
shown by A. Hofmann in the above-cited publicatiofise CR magmas show con
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Fig. 14. Contents of (a} K20, (b} H;D () C1, and (d) Ce as functions of MgO (wi %) in l.hc hasic rnagmaﬁ of MOR, Ol, and CR.
Thin lines show crystallization di nliation trends for varioos composiions of pr mhbaols ane the zame as in
Fig. 5. The numbers of points on the diagrams were decreased by a factor of (a) ﬂd}u'{b dj 1[} Numb-:n. of analyses of MOR, O
:I}.mflétma%u%espmnﬂy {ayn -%6& 4002, and 1339 (b} ot = 813, Bod, and 269: (ch A = 670, 1579, and 785: and (d) # =

siderable variations in this ratio at any MgO caonté comparison of Figs. 12 and
15 suggests that the trend formed by the compasitad MOR and Ol magmas
(Fig. 16) with a slight increase in,®&/F and CI/F can be related to crystallization
differentiation. This is accompanied by minor vaaas in the KO/F ratio, and
this effect was accounted for through the degre®tal fractionation of magmas
and the difference in the degree of incompatibihtyelements (see above). On the
other hand, the general extension of the compaositibelds of the MOR and Ol
magmas is accompanied by minor variations in Mg@ e@mnot be attributed to
crystallization differentiation only.

The chemical variations in the MOR magmas (Figs.18) could be related
to crystallization differentiation. However, this not the case for the magmas of
Ol and CR. This is most clearly demonstrated byawans in the HO/F and
H,O/Cl ratios of CR magmas. Consequently, the ineraasH,O/Cl and MgO
content in magmas from the CPM through OPM to thedource (Fig. 16) cannot
be related to crystallization differentiation only.
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Fig. 15. Ratios of {a) K;O/F (b) K,O/Cl, (c) CI/E, and (d) H,O/F as functions of MgO (wt %) in the basic magmas of MOR, OI,
and CR. Symbols are the same as in Fig. 5. The numbers of points were decreased by a factor of 5 for MOR and CR m: agmas and
10 for O magmas in panels (a) and (c) and by a factor of 10 for all settings in panel (b). Numbers of analyses of MOR, OI and CR
magmas, respectively: (a) n =266, 844, and 250; (h) n =650, 1579, and 786; (c) n =286, 832, and 210; and (d) n =272, 263, and 91.

Like in the case of variations in element contentsan be concluded that the
general trends of incompatible trace element ratidmsic magmas as functions of
MgO content reflect a combined effect of crystallian differentiation and mixing
of sources or magmas.

DISCUSSION

In the following discussion of the obtained resule address the character of
differences between the compositions of the DM, QBMI CPM, reasons for the
considerable chemical variations, and interactietwben mantle sources in the
framework of the models of global and regional axtion.

Average Contents of Incompatible Trace ElementMamtle SourcesThe
estimated average contents of incompatible tragmets in the magma sources
are given in Table 5 and Figs. 3 and 4. A compar@oour estimates for the DM
with the values reported by [42] and [48] showedl tihe average contents of the
most incompatible elements B, CI, F, Be, B, Rb, Sr, Zr, Nb, Ba, La, Ce, Nd,
Sm, Eu, Hf, Ta, Th, and U) can be adequately estichtom their ratios to O
and the average content oL in the DM. Ratios of elements with similar
incompatibilities should be used for other elemehte ratios of TiQ, P.Os, S, Li,

Y, and HREE to Dy were used for such estimatess Thethod was initially
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developed for the determination of the average erdatof incompatible trace
elements in the DM and then applied to the compostof the OPM, CPM, and
the source of Vesuvius magmas.
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Fig. 16. Ratios of (a) H,OMCL (b} K4(VH,0, (c} Nb/AU. and (d) H,O/Ce as functions of MgO (wi %) in the basic magmas of MOR,
Ol, and CR. Symbols are the same as in Fig. 5. The numbers of points were decreased in panel (a) by a factor of 5 Tor all seitings
and in cl!m.b}'n Eau;tg:n.r.nl'.lﬂl'm':MﬂEandDI meﬁqmns mibygfmornfifor_t‘!l e mas, Numbcrsof_nnaJysesnLMDR,ﬂl
:rrﬂ{?:l_“w.m' respectively; (adm =392, 564, and 209; (b n = T8, 864, and 269; () n= 374, 221, and 1230; and (d) g = 361, 109,

It should be noted that our estimates rely heanlythe accepted geodynamic
model. Of prime importance is the model of mantienes ascending from the
deep mantle (although not necessarily from the-guemtle boundary) through a
more depleted mantle zone beneath the lithosplteie believed that the mantle
plumes may be of a purely thermal (hot spots) onmmsitional (enrichment in
volatile components, primarily in water, wet spotajure. We assumed that in the
model of thermal plumes, the content of nonvolakl® in the OPM must be
similar to that in the DM. Our calculations reveht®ntroversies in such a model,
because the depleted mantle appeared to be ricmeany incompatible elements
than the plume mantle generating basaltic magmés mwgh contents of these
elements. Therefore, we favored a model of modigrateriched and hot plume
material. In the accepted model, the CPM compasit®o moderately enriched
inincompatible elements, including K, relative ke tDM. Then the problem arose
on the estimation of the average content gD r any other incompatible element.
To this end, we used an assumption on the simigres of mantle melting
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during the formation of basaltic magmas in the DM &PM. This assumption is
not obvious, because the thermal regimes of the & OPM are different.
However, the analysis of the compositions of primanantle magmas [14]
suggested that an increase in mantle temperatigetafprimarily the depth of
magma segregation, whereas the average degree Wihgnshows minor
variations. Therefore, the assumption on the smaitgrees of melting in the DM
and OPM seems reasonable, at least for the estimafi average compositions.
Highly alkaline basic magmas are generated at legreks of melting in the
relatively cold marginal zones of plumes, wherdas ¢entral hot parts produce
tholeiitic basalts and ultramafic magmas, whichurex high-degree melting. In
general, this model is in adequate agreement \wghassumption on the similar
contents of moderately incompatible elements (irtiqadar, Dy) in all the mantle
reservoirs considered (DM, OPM, and CPM) and basmagmas generated from
them (Tables 1, 5).

What are the general characteristics and natutkeoflistribution of average
contents of trace elements in the DM, OPM, and CPM® problem was
previously considered for the DM by [22] and martyer authors. The most
probable distribution of incompatible trace elersentthe DM, including volatile
components, is shown in Fig. 4. The average camt@nihcompatible elements in
the DM show a saw-tooth pattern with negative ari@®af Rb, Ba, Pb, Cl, and
H,O and a general increase in normalized contenta Btvongly to moderately
incompatible elements.The elements in spidergramsaganged in the order of
decreasing incompatibility, and Fig. 4 presents ofehe most widely used
sequences. However, this sequence can be mod#ied our estimates of bulk
partition coefficients (Table 6). In particularetipartition coefficients of yD, Cl,
Th, Ta, KO, Be, Rb, Ba, B, La, Pb, and U are close to 0aditl, these elements
can be arranged in the order of increasing avemag®alized content, assuming a
correlation between the incompatibility and normadi content of elements. The
moderately incompatible elements also show a namange of bulk partition
coefficients (0.03-0.08), and it is convenient tvaage them in the order of
increasing normalized contents. Sulfur appearbatight end of the spidergram.
Such a sequence results in a rather smooth distnbpattern for the average
incompatible element contents of the DM (Fig. 17Rigure 17b shows a
spidergram without volatile components with thenedat sequence accepted by
[42]. It also displays a smooth incompatible tratement distribution pattern in
the DM with a monotonous increase from highly todemately incompatible
elements. On the other hand, Figs. 17a and 17mlrestepwise patterns in the
distribution of incompatible trace elements. Anragase in the normalized contents
of these elements from left to right occur in stepsile the normalized contents of
elements between the steps are almost identice. dossible that each segment
between the steps includes elements with similgreses of incompatibility. The
following groups of elements can be distinguishddoni higher tolower
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incompatibility): (1) Rb, Ba, and 4@; (2) ClI, Th, Pb, U, KO, and Nb; (3) B, Ta,
La, Sr, Ce, and Hf; (4) Be, Zr, Nd, Sm, Eu, F, &nand (5) TiQ, R.0Os, S, Y, and
HREE.

Many authors discussed the complementary compositaf the DM and
continental crust (e.g., [18] and reference therelimis observation provided a
basis for the hypothesis of DM formation as a nesicfter continental crust
extraction from the mantle during the early stagegarth evolution (e.g., Galer
and Goldstein, 1991). Such a complementarinesieaslyg seen in Fig. 17b, but it
is disturbed by the negative anomalies of Nb, Tagd &1 in the average
composition of the continental crust, which are meflected in the DM
composition. This is most likely related to the gdex mechanism of continental
crust formation,which included, in addition to teect melting of the primitive
mantle, island-arc magmatic processes favorabletiferformation of negative
anomalies of Nb, Ta, and Ti. The negative anomaidiebl,O and Cl compared
with Ce in the DM (Fig. 4) were explained by [22} the separation of the
hydrosphere during the early stages of Earth enamiudand the deep recycling of
crust into the mantle, which must be accompanietsbyehydration.

As was noted above, the spidergrams of the OPM ositipn show positive
anomalies of Rb, }O, Nb, Ta, and F and negative anomalies of B, R8,4O
(Fig. 4). All these variations occur near the compon of the primitive mantle
(Fig. 17b). This poses the question as to the pragen of primitive mantle
domains at great depths and their role in the faomaf mantle plumes. However,
recent isotopic and geochemical data did not supgos suggestion [3, 20].
Another possible explanation for the specific feasu of the average OPM
composition is related to the concept of DM formatby the extraction of the
early continental crust from the primitive mantlethis hypothesis is correct, the
opposite process of DM fertilization is possible the expense of the deep
recycling of the early continental crust. In suclease, the negative anomaly of
H,O in the OPM can be attributed to the dehydratibthe crust contributing to
the formation of this mantle reservoir. In additiomoteworthy is a distinct
resemblance between the trace element distribyiatterns of the OPM and the
oceanic crust (Figs. 4, 17). It can be supposeithieaOPM could be produced by
mixing the DM with a certain amount of eclogitic teaal formed by the recycling
of the oceanic crust into the mantle [3]. Remenddso that the oceanic plume
mantle is heterogeneous and includes three maipasitrons [23], one of which
is similar to the MOR mantle and the other two m@dlerately enriched in K, Ti,
P, F, and incompatible trace elements but depliet€l and HO. In our opinion
[23], the plume mantle was primarily formed throughe mixing of the
ultradepleted mantle, moderately enriched dry (pod+,0, Cl, and S) mantle, and
moderately enriched hydrous mantle. In additionh&se three main components
of the OPM, materials enriched in Cl and depleteB could exist. In our opinion,
they participate in the plume mantle through theyckng into the deep mantle of
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the components of the oceanic and continental .cfilss model is in agreement
with the zonal structure of a mantle plume, whickludes a hot central part
depleted in KO, Cl, and S but enriched in incompatible nonvtdaglements; a
colder periphery enriched in volatile and nonvédathcompatible elements; and
the ambient DM.

We noted above that the general decrease from yhighl moderately
incompatible elements in the composition of the CPNs accompanied by
negative anomalies of Th,®, Pb, Ta, Ti, Li, and S and positive anomalieBaf
Cl, and F (Fig. 4). The trace element distributgattern of the CPM-1 resembles
that of the OPM but differs from it in higher varans in strongly incompatible
elements. Remember that the CPM-1 is the averagpasition of the mantle of
intracontinental settings under the condition thiaé KO contents of the
suboceanic and subcontinental plumes are ider{dd¢@l ppm). In order to evaluate
the statistical similarity of the average contesit©ther incompatible nonvolatile
elements in the OPM and CPM-1 or in the OPM and €RMpen and filled
circles in Figs. 3b and 4 show elements whose geecantents in the OPM and
CPM-1 are statistically undistinguishable and digantly different, respectively.
The test criterion for the significance of diffecens

X-Y

JD(X)Iny+ D(Y)iny
where X-and-Y are the average values for the two sets (in ose,caverage
contents in the OPM and CPM-D(X) andD(Y) are the respective variances, and
nX andnY are the numbers of determinations in the two Séie. criticalZ value
for the comparison of averages of two large se&58 for a confidence level of
99% (e.g., [15]). The average contents ofOHSr, Y, La, Ce, Er, Lu, Th, and U
appeared to be statistically undistinguishabledhen®PM and CPM-1, whereas the
average contents of Cl, Ti, P, Ba, Hf, Nb, and levs very large differenceZ &
10). Some elements (F, CI, Li, Be, B, Nd, Gd, Ybd &b) are characterized by
intermediateZ values of 3-5. The difference between the conceotis of these
elements in the mantle sources is, perhaps, ifggnt, taking into account the
different character of melt evolution and systematrors (for instance, analytical
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Fig. 17. Spidergrams for the average contents of incompatible elements in the (1) DM, (2) OPM. (3) CPM-1. and (4) CPM-2
obtained from our estimates of bulk partition coefficients and normalized average contents of highly and moderately incompatible
glements, (a) with and (b) without volatile components. Also shown are the average compositions of (3) the continental crust {Wede-
pohl and Harimann, 1994), (6) the continental crust (Rudnick and Gao, 2003}, (7) group I kimberlites (Le Roex et al., 2003), and
(8) the Vesuvius mantle.

errors). The distribution patterns of incompatibidements in the average
composition of the CPM-2 and the mantle source egwius Volcano are similar
to those of the CPM-1, but the average contensdrohgly incompatible elements
are higher, especially in the Vesuvius magma source
The origin of the sources of potassium-rich all@lmagmas, which compose
a significant portion of our CR database, is shi# subject of heated debate. In
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particular, the formation of the potassic alkalmagmas of the Roman province
was discussed by [21]. Such rocks are usuallyisigadl into orogenic (island-

arc) and anorogenic. As was shown in many pubdinatithe potassium alkalinity
of rocks from both orogenic and anorogenic associatcould be related to the
influence of fluids released from subducted comtiak sediments (mantle

metasomatism). This results in the formation ofogbpite-bearing mantle rocks,
the melting of which in rift zones or under thelugince of mantle hot spots
produces potassium-rich magmas (Nelson, 1992). mbiel is in agreement with

the available geochemical data on the potassiumaikaline rocks of the Aldan

shield [4, 30].

However, the presence of phlogopite in the mantlenot a necessary
prerequisite for the formation of potassium-rich gmas. High contents of
potassium and other incompatible elements can beided by the very low
degrees of melting of mantle materials with mode@ntents of these elements.
In the absence of potassium phases (phlogopitasgioim feldspar, or amphibole),
clinopyroxene is the principal host of potassiummantle peridotites. The bulk
content of KO in the CPM-2 was estimated as about 0.16 wt %ichwh
corresponds to a clinopyroxeng@ content of 0.75-1.5 wt %, if the abundance of
this phase in mantle peridotite is 10-20%. Clinoggnes with such 4O contents
were described in natural mantle assemblages arel atxtained in experiments at
pressures of higher than 70 kbar [36]. Therefolee tnoderately enriched
composition of mantle plumes does not require aghan the phase composition
of the mantle at great depths. A pressure decressdts in that clinopyroxene
with 1 wt % KO becomes unstable, which must lead to the formatb
potassium-rich minerals (phlogopite or potassiutdsigar). The appearance of a
new phase in the mantle assemblage decreases ssaéthperature, and this
process is therefore favorable for the formationdetp-seated potassium-rich
magmas.

On the other hand, the question arises as to tdynaterial of deep mantle
plumes beneath the continentsis chemically differ&iom the mantle of
suboceanic plumes. A certain contribution to thigecence is likely from the
assimilation of continental and oceanic crust by thagmas. However, as was
noted above, this contribution was probably notnificant for the average
compositions, which is supported by small variagionsome indicator ratios (e.g.,
Pb/Nd) in the magmas of suboceanic and subcontihehimes. Another viable
explanation is related to the models of plume—§ifiteere interaction (e.g., [10,
45]). The most incompatible elements can be endicae the expense of the
participation in magma generation of melts produsgdhe low-degree melting of
deep portions of the continental lithosphere. fn@luces strongly enriched melts
similar to kimberlites and lamproites, the additioh which to asthenospheric
magmas results in the formation of enriched magtmaieed, there is an apparent
similarity between the average compositions of dadculated potassium-rich
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mantle source and kimberlites [24] (Fig. 4). In tmadar, the considerable
enrichment of Ba, Cl, and F in the continental mag can be attributed to the
influence of the lithospheric mantle. Such a sutigesallows us to minimize the
difference between the sources of oceanic andreamtal plume magmas. On the
other hand, some differences cannot be accounted this model. In particular,
the relatively low contents of Ta, Nb, and Ti irt&@PM are noteworthy (Fig. 4).
This feature suggests some peculiarities in the position of
subcontinentalplumes or an increased stabilityxadde phases (rutile and ilmenite)
in continental settings.

The average composition of the EM2 mantle componeas recently
estimated by [49]. Although this type of mantle sloet represent the average
composition of all plume mantle reservoirs, it rsstructive to compare this
composition with our data for the OPM (Table 5)efénis a good agreement for
Sr, Y, Zr, Nb, La, Ce, Nd, Sm, Eu, Gd, Dy, Ta, duodThe contents of other
elements differ by no more than a factor of two,alhis comparable with the
estimated confidence interval for average contents.

Interaction of Mantle Sources

It was shown above that the contents and ratiosnodbmpatible trace
elements in basic magmas from various settings shmg variations, and their
fields overlap significantly in almost all diagran®uch relationships were noted
for the magmas of MOR [23] and Ol [23]. One genézalure of variations in the
contents of incompatible elements in basic magmadslzeir sources is an increase
in variance from the DM to OPM and CPM. Correlasidietween incompatible
element ratios shown in Figs. 12 and 13 are edpenigortant for the assessment
of variations in the compositions of sources ofibasagmas. It can be seen in
these diagrams that the,®/F and KO/H,O ratios increase, whereas®iF and
H,O/Cl decrease in the sequence DM-OPM-CPM, which nmagicate
interactions between the main mantle reservoirg. ifiteraction between the DM
and OPM reservoirs is clearly illustrated by vaoas in the HO/Ce, BOs/F, and
K,O/Cl ratios at constant Nb/U (Fig.13).

The suggestion on the interaction between mantkerveirs requires
discussion. This phenomenon was revealed by thgsasaf variations in volatile
components in the DM [22] and OPM [23].These stsidizowed that the chemical
variability of the DM is related to the mixing ofwd main components:
ultradepleted mantle and enriched mantle of the Qiadé. If this suggestion is
correct, it should be admitted that there is a link
between the DM and OPM, although global geodynanodels [50] and seismic
tomography data [31] suggest that these reserap&rdocated at different depths
and probably connected with different convectiorstespns. However, some
processes can lead to the interaction between teml OPM. In particular, the
possibility of significant lateral migration of phe material was advocated by [44]
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It cannot be excluded that the current stage ofhEarolution is characterized by
single-cell mantle convection (e.g., [9]). Therg thteraction of the DM with the
enriched and deeper OPM reservoir becomes a naiuteabme: mantle plumes
continuously supply the depleted source formed Hey éxtraction of the early
continental crust from the primitive mantle.

The interaction of the OPM and DM in the regiondas$ic magma generation
beneath Ol seems also natural [23]. It is suppotigdthe fact that main
components of the OPM include not only the compmsisimilar to the DM but
also all the transitional varieties from the DMthe water-rich OPM component.
The zonal structure of plumes owes its origin te thteraction of suboceanic
plumes with the ambient DM: a hot dry and modeyaggiriched core is changed
by a colder moderately enriched periphery and, ,tlhgnthe zone of OPM-DM
interaction. The latter zone must not consist ohthkearocks with transitional
chemical characteristics. It is important that #seent of plume material entrains
considerable amounts of the enclosing mantle [D&compression leads to the
melting of both the plume material and the ascepgiortions of the DM. Mixing
of these melts produces transitional compositioosifthe typical products of DM
melting to plume-related magmas.

The character of interaction between mantle reservis not yet fully
understood, primarily because of the paucity oadat the magmas of continental
flood basalt provinces. It was shown that the ORPld @PM-1 are similar in terms
of average contents of many highly incompatibleneets but different in average
contents of more compatible elements. The canomatals indicate interactions
only between the DM and OPM.The role of the litHo=mpc mantle and continental
crust in the formation of CR magmas is also notrclelhere are still more
guestions than answers.

CONCLUSIONS

1.Using the available database on the compositdn®elt inclusions and
guenched glasses, the average compositions of imagjmas from MOR, Ol, and
CR were calculated.

2.A method was developed for the estimation of d&verage contents of
incompatible elements in the DM, OPM, and CPM. Anparison of our results
for the DM with published estimates showed thataherage contents of the most
incompatible trace elements B, Cl, F, Be, B, Rb, Sr, Zr, Ba, La, Ce, Nd, Sm,
Eu, Hf, Ta, Th, and U) can be reliably estimateahrfrtheir ratios to K20 and the
average content of O in the DM. The average contents of Nb, Ti, R,iSY, and
HREE should be determined from their ratios to eets with similar
incompatibilities (U for Nb and Dy for the othereglents). This procedure was
used for the estimation of the average contentmiaimpatible elements in the
OPM, CPM, and the magma source of Vesuvius Volcano.
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3. The average contents of incompatible trace elesne the mantle depend
on the accepted geodynamical model of the mante.eStimates of the average
contents of incompatible elements in the OPM reiytlee model of a moderately
enriched hot plume. The composition of the OPM ningstnoderately enriched in
incompatible elements, including ,®&, compared with the DM; its average
contents of moderately incompatible elements (€yg), must be similar to those
of the DM; and the degree of melting during thenfation of basaltic magmas
must be similar for the DM and OPM.

4. The distribution pattern of the average contehtacompatible elements in
the DM lies below the primitive mantle level. Thé&ODcomposition shows a saw-
tooth pattern with negative anomalies of Rb, Ba, ®bH20, S, and Ti@and a
general increase in the average normalized confeors highly to moderately
incompatible elements.

5. The distribution pattern of the average contesftancompatible trace
elements in the OPM displays positive anomalieRlmf KO, Be, Nb, and Ta and
negative anomalies of B, Pb, and F. The averagtetmare in general close to
the primitive mantle composition. This could beatetl either to the preservation
of primitive mantle material at the birthplace dfiqpes or DM fertilization at the
expense of the deep recycling of crustal materigl® negative anomaly of H20
and the positive anomaly of F in the distributidrirace elements in the OPM can
be attributed to a contribution from the dehydratadt.

6. The distribution pattern of the average contesftancompatible trace
elements in the CPM shows negative anomalies oK@, Pb, and Ta, positive
anomalies of Ba, F, and CIl, and weak negative ahesnaf Ti, Li, and S. The
shape of spidergram for the CPM is similar in maggpects to that of the OPM
but differs from the latter in higher variations the contents of strongly
incompatible elements.

7. Chemical variations in the magmas of MOR, Old &R suggest the
existence of gradual transitions between the coitipos of their sources and
possible interaction between the sources. Theaat®n of the OPM with the DM
occurs through the thermal and chemical fluxes betwthe hot and moderately
enriched plumes and the enclosing cold DM. Theaierice of the OPM on the DM
implies either a single-cell convection in the B&tinteriors or a connection
between the OPM and DM through both vertical ameria flows.
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The leading forms of carbon in natural magmas andd are either oxidized
(CO,, CO, and carbonates)or reduced (mainly methanal asther
hydrocarbons) compounds. The formation of crystallforms of elementary
carbon (graphite or diamond) in endogenous prosassy proceed through either
reduction ofCO, or carbonates or partial oxidation of hydrocashon
Thermodynamic analysis of mineral equilibria inbzar-bearing systems allowing
us to choose between these two alternatives isedaout in this study. Most
mineral inclusions in diamonds have a compositioacically identical to the
minerals of rocks from the mantle lithosphere, ngmeridotite and eclogite.

Estimations of temperatures and pressures for alireemsemblages of these
inclusions are very similar to the geotherm estaddbr xenoliths in kimberlites
and correlate with the value of heat flow for theée Precambrian, in which the
majority of kimberlitic fields are located. Contagf mineral inclusions in
diamonds provide an average temperature of 10788Garessure of 5.4 GPa. At
the same time, isolated mineral inclusions provaie average temperature of
1197°C and a pressure of 6.3 GPa [1]. These pagasnate significantly lower
than the solidus of volatile-free mantle Iherzgliteut close to the solidus of
carbonated peridotite [2].

Undeniably, carbonates may play an important iroldiamond-forming
media. Quantitative estimation of the water contesgems to be more
problematic. Unaltered depleted harzburgite, b@&ngredominant material in the
subcratonic lithosphere, must be characterized dw toncentrations of all
incoherent elements including water. With allowanele for the similar behavior
of water and cerium in magmatic processes, theatggeavater content at a cerium
content of ~5 ppb (Fig. 1) arid,0/Ce ~200 would be only ~1 ppm [3]. Such low
water concentrations were reported for some olg/finem mantle peridotites [4].

A comparison of these results with experimentabaet water solubility in
olivine at high pressures [5] provides HpO activity of ~10°. Lower values of
water activity were obtained in analysis of amphkebequilibria in mantle
peridotites [6]. However, in most cases the watentents in olivines from
kimberlite and mantle peridotite exceed this vathe:average value for olivines in
kimberlite is ~120 ppm [7], but in this case thdueaof water activity will be
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~0.1. An increase in the water content above sépera is probably controlled by
mantle metasomatism resulting from the ascent lafag¢ and carbonate melts
or supercritical water-rich fluids from

B
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Fig. 1.Histogram of cerium concentrations (Ce < 15 ppb) imonmetasomatized mantle
harzburgites. This figure is plotted using the GEOROC datab&secontents of ~5 ppb are the
most common.

the underlying convecting mantle or ascending pltorite lithosphere. High rates
of water diffusion in lattices of rock forming mirsds and especially intergranular
diffusion result in rapid water migration from iaify water-rich fluids/melts to
wall rocks leading to dehydration of mobile phasés. this connection in
most cases the processes of diamond formation ppiwopeoceed at a low water
activity of ~0.1 or even lower values.

The lower parts of the subcratonic lithosphere,ihéhe majority of
diamonds are probably formed, are characterizedttongly reduced conditions.
This is caused by a decrease in the oxygen fugacityantle rocks resulting from
pressure increase with depth [8]. The explanat®nthiat the components of
upper mantle minerals (garnets, clinopyroxenes)taioimg F&" have a high
density; because of this, redox reactions like

2CaFe,Si;0;, + 10FeSiQ = 6CaFeSOg + 4FeSiO, + O, AV~ 0;

4NaFeSiOg + 2FeAl ,Siz0;, = 4NaAlISyOs + 2FeSiQ + 4FeSiO, + Oy, AV °
= +5.024 crfy

AFeFeSis0y, = 4FeSiO, + 2FeSiQ + 02,AV °= +8.32 cni
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are characterized by higher values of volume etfeat those typical for
normal oxygen buffers, such as quartz—fayalite—raan

2Fe0, + 3SiQ = 3FeSIO, + O, AV *= —21.534 crh

Estimations of oxygen fugacity for mantle peridegitfrom South Africa
using garnet—olivine—orthopyroxene oxybarometer  astrate that
values decrease with depth relative to the quayalite—magnetite buffer (Fig. 2);
at a pressure of ~6.5 GPa these values are closd {9, 10]. Such values of
the redox potential are deep in the field of diadgrbut not of carbonate stability.

Let us apply the estimations of oxygen fugacity spreed above for
evaluation of the role of hydrocarbofgs in the diamond formation. We consider
this problem for the reaction

C (diamond) + 26D = CH, + O,.

1 >
0
<>|:| E < Woodland & Koch, 2003
O O Creghton et al, 2009
T 1] © i H o
5 O O
£ O o0
O -2 1
1= % Oo
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Fig. 2.Correlation between oxygen fugacity logarithm norméized on quartz—fayalite—
magnetite (QFM) buffer and pressure.(1) Data by [9]; ) data by [10].

Methane activity in the system is controlled lne teaction equilibrium
2 0o |2

alo 010)

_ H,0 H,0

0, —' CH,

constantK) as

wherea is the activity of component§’® are the fugacities of pure components at
the given temperature and pressure.
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The upper limit of HO activity for kimberlite is estimated as ~0.1 (see
above). For 5 GPa and 1500 K (typical conditionglieimond formation) and an
oxygen fugacity lower than the quartz—fayalite—netgea buffer by three orders of
magnitude (such values were obtained for mantleajgveridotite, in which the
pressure of mineral equilibria is close to 5 GRag,calculated methane activity is
0.001 (Fig. 3) or lower; i.e., the system is famfrsaturation with methane. Hence,
it follows that diamond formation most likely ocsurtthrough reduction of
carbonate components, but not partial oxidationyarocarbons.

1

0.1 \
\ A1p0=0.1
0.01

0.001 -

Acha

0.0001

0.00001 . . . . . . : \

-6 -5.5 -5 -4.5 -4 -3.5 -3 -25 -2 -1.5 -1

AQMF

Fig. 3.Correlation between methane activity in diamond-beang paragenesis and oxygen
fugacity logarithm normalized on a quartz—fayalite-magnetite (QFM) buffer at a constant
water activity = 0.1. Pressure 5 GPa; temperature 1500 K.

This conclusion is in agreement with the studievaolatile-rich components
of microinclusions in natural diamonds. Water, cawdtes, and halides, but not
hydrocarbons, prevail in their composition [11]eThdea that oxidized carbon
represented by carbonate components of the melipercritical fluid ascended to
the subcratonic lithosphere from the underlyindv@sbsphere or uprising mantle
plume makes sense.

Estimations offo, for midocean ridge basalts with the asthenosphenetle
as a source range from the QFM buffer to valueseioby approximately one
logarithmic unit [12]. These values are higher thtwe boundary values for
carbonate—graphite (or carbonate—diamond) bufferctiens of the EMOD
(enstatite—magnesite—olivine—diamond) type. Consetlyy carbon under such
conditions must occur in an oxidized form. Thispi®ved by the prevalence of
CG; in the gaseous phase of oceanic tholeiite. Tymlealvates of plume magmas,
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such as basalt of intraplate oceanic islands, heracterized by higher values
relative to mid-ocean ridge basalts [13]. Derivdtesn plume matter resulting in
the formation of Siberian Trap Province (meimeghjiel] and subalkaline basalt
of the Putorana Plateau [15] are more oxidized.

Anwmas yctonums MgCO4

& RO KO

Ballhaus et al, 1990

6.5 Ma 1250°C

6 5 4 3 2 1 0
log 1o(f 0off QM)

Fig. 4.Variations of oxygen fugacity values estimated fronthe data on the compositions of
chrome spinel inclusions in diamondsOxygen fugacity is normalized on a quartz—fayalite—
magnetite (QFM) buffer. Pressure 6.5 GPa; tempeydiR50°C.

Most likely relative oxidation of plume magmas magesult from
disproportionation of divalent iron in deep zoneghwparticipation of high-
pressure phases. In the lower mantle, trivalenh ir® strongly stabilized in
metasilicate of perovskite structure when this maheontains a high aluminum
concentration. This occurs at a depth of >700 ki@rafarnet is removed from the
mineral association of mantle peridotite and thgOAlconcentration increases to a
maximum. The intense incorporation of trivalent nirdy silicate perovskite
requires a parallel reduction of part of the dimalgon according to the scheme
3Fe¢" = F& + 2F&". This must result in the appearance of approxilydt®o of
metallic iron in the rock with an average compaositof mantle peridotite. For the
lower mantle pressures eutectic with metallic iron the Fe-S system is
characterized by significantly lower temperaturdgnt those estimated for
the lower mantle (> 1600°C). Because of this, aerisal portion of metallic iron,
which appeared during disproportionation reactian,dissolved in the low-
sulfurous sulfide melt.

During the ascent of lower mantle material in maplumes, heavy sulfide—
metallic melt will be removed to lower parts of thprising column. As a result,
anatexis of the upper part of the plume beginnmgpbse of decompression during
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the ascent to the base of the lithosphere will @edcwith participation of matter
with high F&'/F&" ratios. Magmas appearing under such condition$ hvaile
a relatively oxidized nature. Furthermore, it ist mzonceivable that redox
differentiation may result from diffusive migratiolf hydroxyl in mantle
zones, which differ by water content in nominallghgdrous minerals. If such
migration occurs at least partially inthe form efementaryH,, diffusive
dehydration will be accompanied by oxidation. Undeich relatively oxidized
conditions, near-solidus magmas generated in theglbeneath the lithospheric
mantle will be represented by carbonate or siliezdebonate melts. Their intrusion
into the lower parts of the lithosphere will lead teduction of carbonate
components of the melt with the formation of diamhas a result of interaction
with strongly reduced peridotite.

The described mechanism of diamond formation incthese of reduction of
carbonate components in melts/fluids intruding intthe subcratonic
lithosphere from the underlying convecting mansleonsistent with the observed
links between diamonds and processes of mantlesomattism. This mechanism
is also proved by the signs of mantle matter oxain metasomatically modified
samples, in particular, the increase of thé*/Fé* ratios in the outer parts
of zoned garnet crystals from mantle peridotiteictvdemonstrate the influence
of mantle metasomatism [10]. Estimations of oxygegacity based on the data on
compositions of chrome spinel inclusions in dian®(fig. 4) demonstrate a range
from values typical for the subcratonic lithosphfey. 2) to boundary conditions
of diamond equilibrium with carbonates. These \anes are consistent with
the mechanism of interaction of relatively oxidizeaelts from the ascending
mantle plume with reduced material of the lowertpafr the lithosphere. In
conclusion, it may be said that low water actiwitythe lower part of the
subcratonic lithosphere prevents the formation géirbcarbons even in the
presence of elementary carbon and at a low oxyggacity.

The most likely mechanism of diamond formation e treduction of
carbonate components in near-solidus melts intgudwo the lithosphere from
ascending mantle plumes. The intrusion of diamardiing melts into the
overlying cool horizons of the lithosphere resuitstheir partial crystallization;
residual aqueous—halide phases participate in tmmation of polycrystalline
diamond aggregates or fibrous grains with inclusiaf aqueous—carbonate—
chloride brines.
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ABSTRACT

The lithosphere heterogeneity of the Earth is #sailt of a complex multi-stage action
of physical (astronomical), geodynamic and chemifzadtors. These factors embrace
virtually the whole interval¥ 4.56 Ga) from the early stages of the protoplagetboud
condensation and accretion to the interplanetaryltiistage differentiation and
homogenization. These processes reflect the ewalati magma generation and secondary
transformation under the effect of mantle metasosiator mixing in subduction conditions
and other processes [1 etc.].

In this paper the results of isotope-geochemicatstigations of rare elements for the
continental lithosphere are compared with thosetf@r oceanic lithosphere. To reveal
isotope-geochemical heterogeneities in the vertmadttion of the mantle continental
lithosphere we chose variations of the REE cont&8n®Nd andNd(0) values in peridotite
xenoliths. This section covers all variations irrigatite mineral composition with the
lithosphere depth from the upper plagioclase-sp{R&ISp) and spinel (Sp) facies to the
lower high-temperature garnet (Gt2) facies in atlilegange ofr 15-250 km. In all diagrams
the data for peridotites are compared with theregige average estimations of the primitive
(PM) and oceanic (OM) mantle composition.

VERTICAL ZONING OF MODERN LITHOSPHERE

The change in the Sm/Nd ratio atidid(0) values in peridotites from different
depths correlate well. This correlation reflectssaccessive transition from
“primary oceanic” with Sm/Nd > 0.3247 (average tbe primitive mantle) and
eNd(0) >> CHUR=0 to the values that reflect the uefice of the mantle
metasomatosis and other secondary factors. Theemdk is registered by Sm/Nd
<< 0.3247 and the appearanceltli(0) < CHUR negative values (Fig. 1). For the
spinel facies we added the data on clinopyroxengx)Gvhich is the main
concentrator of the peridotite REE since the isetpparameters and REE contents
in them are close or identical with those obsemadtie initial rocks. In the vertical
section of the modern continental lithosphere (Flg. the uppermost and
lowermost peridotite zones are distinctly more hgereous than the middle (Sp +
Sp-Gt + Gtl) lithosphere. Nevertheless, it shoudd noted that the presented
diagram is a rather rough generalization sincarninot reflect theNd (T) changes
in time that are important for the Precambrian. sehehanges are distorted when
we convert them teNd(0) values measured today. But this is a forcedhod
since age characteristics for the majoafyxenoliths are not available. For
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Fig. 1.Variations of eNd(0) and Sm/Nd in peridotite xenoliths of all deph facies in the
modern continental lithosphere.

The field contours: 1¥p —includes spinel and transition spinel-plagiocla&eand spinel-garnet
facies; 2)Gt 1 —low-temperature garnet facies (< 1200) [3]; Gt 2 —high-temperature garnet
facies. PM — primitive mantle;, OM — oceanic manfldéne data for Precambrian peridotite
differences are excluded since the majority of aldest peridotites are distinctly displaced to
negativesNd(0) values.
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Fig. 2 The influence of the endogenic events age on Srd/Bnd ¢Nd(0) relations in
peridotite xenoliths of spinel facies and mantle ngmas [5]:

1 — alkaline volcanites, intrusions and carbongt{@1-130 Ma); 2 - the same for 239-404 Ma; 3 —
alkaline intrusions (1160-1884 Ma); 4 — carbonati{@299-1872 Ma); 5 — Archaean volcanites of
greenstone belts (2575-2681 Ma); 6 — Archaean catlies (2661-2677 Ma); 7 — average for the
oceanic mantle depleted to a different degreea8erage for the primitive mantllARZandLHER are
modern fields of harzburgite and lherzolite xermsliof the lithosphere.

instance, for the low-temperature garnet xenolittmf South Africa (Premier)

dated at 1150+41 Ma, we obtained the valueMd(T) = +0.7, while for spinel
88




Deep-seated magmatism, its sources and plumes

harzburgite from the Khibiny massif (Kola Peningudated at 2054 + 79 the value
of eNd(T) =+ 17. 9 [3, 4].

A wide range of Sm/Nd variations in peridotitedeefs essential geochemical
heterogeneity independent of time. Therefore Sndidtinctions can be used for
stricter geochemical constructions. For instancistingtions between initial
Iherzolites and harzburgites were observed. In noastes harzburgites (and
dunites) are considered as restites of melting lmamhgmas from Iherzolites. This
in its turn allows one to compare their isotopedmnical characteristics with
those observed in the Phanerozoic mantle magmasawitgh degree of reliability
since the influence of the time factor is excluf®dPhanerozoic rock differences.
As shown in Fig.2, late Phanerozoic alkaline magraes fully confined to
harzburgite-Iherzolite fields. All other magma tgpgenerated in the Precambrian
greatly deviate from the modern field of spineliégcperidotite. This is indirect
evidence of their older generation. The calculatatlies ofeNd(0) are sharply
decreased.

Differentiation is registered along the lithospherertical for different
elements of the mantle xenoliths (Table 1, FigT8o trends were distinguished
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Fig. 3. Vertical zoning of the rare element distrilwtion in the lithosphere: increase of the
average content from the spinel facies to garnet es &, B) and decrease/, ¢). PM and OM
— the average for the primitive (chondrite) and ocanic mantle; Sp, Sp-Gt, Gt-LT, Gt-HT-
spinel, spinel-garnet, low- and high-temperature gaet facies; MM — metamorphosed
differences (mantle metasomatosis); oc.t angbnt.t. —oceanic and continental differences of
the spinel facies.
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Table 1

The average content (ppm) of rare elements in harzlvgite and Iherzolite xenoliths
in the vertical section of the continental lithospere.

Facies nn| Nb nn| Th nn| La nn| Zr nn| Y Nn| Yb
PM=~BSE 3 0625 | 3 | 081 | 3 [0649| 3 |[10.34] 3 | 4203 | 3 | 0.439
OC-M 3 0.186 | 3 | 0.013| 3 | 0219| 3 | 607 | 3 | 3.499| 3 | 0.362
Sp-H 14 | 2022 | 14| 025/ 28 2471 26 3.8p6 23 0.76 [28 0.078
Sp-H MM 7 1.531 7| 0307 9| 2219 77881 6 | 1.167 | 10 | 0.117
Sp-H ALL 21 | 1858 | 21| 0269 37 241 33 46f1 29 0844 [38 70.08
Sp-Gt—H (MM) | 5 5208 | 5 | 0.366| 6 | 2583 6| 3.173 6| 0257 6 0.0817
Gt-H LT 4 2.633 5| 0246 4| 290y § 5.08 3 1.42 4 0.0119
Gt-H HT 3 1.213 3] 0142 3| 0991 3 3.68 3 0.813 [3 0.0657
Gt-H ALL 7 2.024 8| 0207 7| 208 8 45%5 7 1.16 7 0.096
Sp-L-oc. type 15 | 1026 | 14| 0141 46 0212 7T 55b4 [7__ 3.05616 | 0.391
Sp-L-con. type 7 0196 | 16| 0289 21 2559 16 499 18 2449 [21 0.256
Sp-L MM 26 | 0764 | 26| 0278 37 1382 28 9719 21 2985 [37 20.29
Sp-L ALL 48 | 0.763 | 56| 0.247 104 1.102 H1 7.664 46 2.f7 [1043280.
Sp-Gt-L 5 1.794 3] 0153 5| 214 3 6213 4 172 |5 0.2
Sp-Gt-L MM 5 1.578 5| 0219 5| 1248 5 | 11.01| 3 4.9 5 0.378
Sp-Gt-L ALL 10 | 1.686 8| 0194 10 7.5 8§ 923 ¥ 3.084 [0 0.289
Gt-L LT 9 3.752 9| 0429 9| 3572 9 5369 9O 1.767 |9 0.186
GtL LT-M M 5 2.474 4| 0267 5| 1658 4 515 3 0663 |5 0.198
Gt-L HT 13| 1905 | 13| .183] 14 1614 13 8.4p8 14 2407 |14 30.22
Gt-L ALL 27 | 2626 | 26| 028] 29 2251 26 6.885 26 1.983 [28 070.2

Note: nn — a number of determinations; PBBE —average for the primitive mantle (the Eartifigate
composition); OC-M — the same for the oceanic near8p-H and Sp-L spinel facies of harzburgites and
Iherzolites; Sp-Gt spinel-garnet facies; Gt- garfamties; LT and HT- low-temperature and high-
temperature; MM — altered peridotite differencep:d8. and Sp-con. — lherzolites with geochemical
parameters of oceans and continents.

that reflect a directional increase or decreasaref elements and their anomalous
build-up under superposition of secondary procegsemtle metasomatosis —
MM and others). An optimal enrichment in La and f@r peridotites of Sp-Gt
facies is definitely related to MM. Mineralogicadtures of MM are displayed in
the appearance of accessory minerals (apatite, ziteredc.), amphibole and mica
and REE spectrum distortion [6 etc.]. It is not noipable that oceanic Iherzolite
enrichment in Y and Yb reflects an additional impafcthe early moving away of
light lanthanides during formation of the oceargsarvoir in combination with
MM.

The presence of mantle metasomatosis signs in ithesphere section
allows one to distinguish the most drastic chamgéise element concentration due
to this process. For instance, one can see a skagmulation of the most mobile
among REE — La as compared with Yb in peridotiteckiéhs (Fig.4) that reaches
the level of the “primary» mantle magmas — pyrotein peridotite xenoliths.
This indicates potential “ore presence” of perithsti which experienced the
maximum impact of the mantle metasomatosis [5, 7].
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Fig. 4.Enrichment in La and Yb of harzburgites (1), Iheralites (2) and pyroxenites (5).

3 and 4 — average for the primitive and oceanic mdie.

GEOCHEMICAL CONTRAST IN LHERZOLITES AND
HARZBURGITES

A rather strict Yb distribution along the lithosplesection allows one to trace
in more details the concentration contrast for vitlial elements between
Iherzolites and harzburgites along the lithosphvemtical section (Figs. 5 and 6).
The variations mentioned reflect the total varipiior a number of rare and trace
elements in the continental and oceanic lithosplsegaments separately. This is
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true for the entire available age interval of thinosphere restricted by the
differentiation line (EM-DM) of lherzolites in Hada [1].
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Fig. 5.The relation between alkaline-earth elements andky'in harzburgite (a) and
Iherzolite (6) xenoliths.
1 — spinel; 2 — spinel-garnet; 3 — low-T garnet; Bigh-T garnet; 5 — average for the primitive nens
— average for the oceanic mantle. EM-DM - tentatiangation field for the relation between Yb andera
elements in lherzolites in Hadean [1]. K and O rtatve division of the subcontinental and suboazan

segments of the lithosphere.
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GEOCHEMICAL RELATIONSHIP BETWEEN THE LITHOSPHERE
COMPOSITION AND GENERATED MAGMAS

An Figures 1 — 6 show the difference in the refai®&m/Nd an@Nd(0) and
rare elements to Yb for peridotites of the “prim&i and “oceanic” mantle. This
suggests that peridotites and generated magmaotn libhosphere segments
inherited these contrasts. We can check this by &&ples. As Figs 7 and 8
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Fig. 7. La distribution trends in the peridotite lithosphere — mantle magmatism series.

1 - 2: spinel and garnet facies of the contingmealdotites; 3 — oceanic peridotites; 4 — komagjite—
continental basalts; 6 — alkaline magmas; 7 - ayefar the primitive mantle; 8 — average for theastic
mantle; 9 — average for the crust; 10 — oceanialtgas

10

0.1

0.01

0.001

EIN

1 e 1 - 4 O 8

2 1 O

{1 o 3 O7 o 10 MgO, macc. %
0 10 20 30 40 50
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suggest, the data set for La and Yb in peridotited generated mantle magmas
greatly differ in the Earth’s segments — optimdityy La and minimally for Yb.
Since these contrasts are traced through the wdmgpdeinterval of the mantle
magmas, one may state that geochemical differeogsnally for La and
minimally for Yb. Since these contrasts are trattedugh the whole age interval
of the mantle magmas, one may state that geochketifterences between both
lithosphere segments were laid at the early stagethe planet geospheres
formation [1 etc.]

Thus, a generalized picture of the lithosphere heoucal heterogeneity
includes contrast between xenoliths of differenthposition constantly observed,
registers effects of repeated superposition ofre#my processes and the presence
of alternative trends for vertical differentiatioAll these phenomena reflect the
impact of geochemical and isotope heterogeneitgigion in the lithosphere. It is
an easy matter to see from Figs. 7 and 8 that #mth’E lithosphere registers the
difference between the continental and oceanic satgrthat is likely to arise at
the earliest stages of the geospheres formation.

THE RELATION BETWEEN LITHOSPHERIC PROCESSES OF
DIFFERENTIATION AND HOMOGENIZATION

Much more complicated problems concern an intespicet of variations of
geochemical relations in mantle rocks in attemptiogtrace their changes in
geological time.

It is not improbable that the primary heterogeneitythe initial meteoritic
matter of all types in the solar system was inbdritsince the primary
homogenization of the initial meteoritic mattemuisknown. The meteoritic matter
participated in the accretion at the Earth (andeiotiianets of the Earth group)
formation. This issue has not been discussed issge far. Meteorites are mainly
composed of chondrite that is considered to beramdton source of the Earth
silicate shell — its mantle. If we compare theiatigeochemical heterogeneity of
meteorites with the Archaean lithosphere heteragenge shall find out that the
degrees of the Sm/Nd variations in the oldest radkfie Earth and in meteorites
are similar (Fig. 9). Furthermore, if we use theERdata for the mantle magmas
dominating in the Archaean that are representeddmgatiite and basalt of the
greenstone belts, we shall see the directed decréasthe geochemical
heterogeneity degree in the series from the ArahdeaProterozoic complexes.
This allows the existence of continuous processésmogenization in the Earth’s
mantle in the range of 3.9 102.0 Ga. There is an alternative interpretatiosumth
regularity — probable working by secondary process®l repeated superposition
of contamination. These processes are well disglagethe oldest rocks, for
instance, in the complex of mantle and crust rookSreenland [10 — 12 etc.]. At
the same time, it is in these oldest rocks in desehthat the signs of the
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preserved positive anomaly fof“Nd were discovered. The anomaly was inherited
from the Earth accretion stage [22-24 etc.] andgests the initial depleted
composition of the Earth’s mantle.

This is evidence of the limited homogenization loé tsilicate shell in the
oldest rocks and allows one to support the ideaitalaoge-scale homogenization
at the successive stages of the mantle existence.
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Fig. 9. Two development trends of the lithosphere heterogeity on evidence from
variations of the Sm/Nd ratio for peridotite xenolths and mantle magmas.

Meteo — chondrite, eucrite, chondre and its misersilicate inclusions in iron meteorites [8, 9124
komatiite-basalt complexes of the greenstone laeltand zones: 1 — SW Greenland, Isua (3810 Ma), 2 -
SW Greenland, Isua (3750 Ma), 3 — South Africa, @macht (3510 Ma), 4 — Canada, Lumdy Lake and
Uchi, Balmer £ 3000 Ma), 5 — Karelia: Koikara, Palaselga, Sovdoznd Hautavaara structures (
2940 Ma), 6 — Karelia, Kostomuksha structure (288§, 7 -Canada, Vizien (2786 Ma), 8 — Canada,
Abitibi (2718 Ma), Vizien (2724 Ma), Australia, Kdralda (2722 Ma), Australia, Yilgarn, Kalgoorlie
(2585 Ma), 10 — French Guiana, Dachine (2110 M&)~1South China, Northern Guangxi Province
(1900 Ma), 12 — Colombia, Gorgona Island (88 M&)-1P etc.], 13 — Australia, New South Wales (280
Ma), [8-14 etc.], 14 — agpaitic alkaline complexedtrabasic xenoliths and magmas of the Kola
Paleozoic province (380 Ma) [20], 15 — xenolithsspinel peridotites in oceanic basalts (Kerguelen,
Saint Paul Island, Zabargat) (155 Ma) [21 etc.].

For the younger lithosphere this effect is changgdppearance and increase
in the heterogeneity degree during the last 2.0 \@i#hin the Phanerozoic very
high fractionation in terms of Sm/Nd was found iantle xenoliths and magmas
of different composition. As a result gigantic moudithospheric heterogeneity
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was formed. It is recorded in peridotites and aquamying mantle magmas (Fig.
10).

Thus, cosmic heterogeneity of the chondrite-likgemal is only the primary
heterogeneity that affected geochemical relatiartbe early Earth’s mantle and in
its upper zone — lithosphere.
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Fig.10.Contrast of the Sm/Nd variation range between chatrites and modern lithosphere
(about double increase for the lithosphere).

The discovery of a two-stage evolution of the Igpbere heterogeneity
allows specific corrections to be introduced in tdeas about the history of
formation and interaction between the Earth’'s ghesgps. The discovery also
promotes new understanding of other adjacent geabggeodynamic and
geochemical problems.

The work was done according to NIR pl&a-2009- 2102 and was financially supported
by the Russian Foundation for Basic Research, gvadif-05-0057 2.
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ABSTRACT

System of the original monomineral thermobaromdt@rin modified variant llow to
reconstruct the structure of the mantle lithosphbeneath the Siberian craton (60
pipes)using original data, and Africa (30 pipesprtN America (20 pipes) using data from
literature and public domains. Original monominethermobarometers for mantle
peridotites for clinopyroxene, garnet, chromite dneknites for the mantle peridotites were
statistically calibrated on the TP estimates fomtlea peridotites were tested using the
mineral phases obtained in high pressure experaneith the natural peridotites (380 runs)
and eclogites (240 runs). Clinopyroxene barometee dhe correlation (k ~1) with
experimental pressure to 100 kbar (R~0.93) fordmtites and to 80 kbar (R~0.77) for
eclogites. Fe#Ol determined according to the ragpas equations found from the
compositions of the minerals from xenoliths (>9@0pw to receive very good coincidence
with the monomineral versions.

For the reconstruction of the equilibrium of theigetite minerals and details of the
structure of mantle columns the calculated with ribgressions the Fe#Ol coexisting with
each minerals and series of the TPF diagrams weat e layered structure of the mantle
suggested by the geophysical modelsis proved byTtheestimates. The influence of the
plume melts is shown by the rising of the Fe# @&f thinerals and temperatures which are
coinciding on TP diagrams with the position of th€ eclogites and HT diamond inclusions
and TP trajectories of the ilmenite trends leavgdiie protokimberlite melts. In mantle
sections it possible to determine several geotbestarting from the subduction (<35
mwtm-2) to conductive (35-40 mvm-2) and HT ones5»dwtm-2) associated with plume
melt rising. The deeper part of the mantle colurandath the Udachnaya show the presence
of the subadiabatic HT branch traced by HT pyroemnand deformed peridotites 65 to 40
kbar, which coinciding with the TP trajectories tbk ilmenites and deformed peridotites.
High scattering of the temperatures was followedhsymelting of peridotites and eclogites
due to the polybaric interaction with the plum reelnelt percolation and mantle diapirism.
Presence of the several branches of the geothesigsnees about the several stages of the
melt percolation.

Similar regularities were determined for the mamtdumns beneath the Mesozoic
pipes of Canada and South Africa. Due to the difiee in the diffusion rates for the
minerals they are tracing different stages of tierrhal history of the peridotites rocks.
Garnet gives the more deep seated conditions dndpgltoxenes marks all the stages
including most low temperature. Eclogites TP alsarkmuit different thermal conditions.
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Eclogite inclusions in damonds refelct as a ruleandT conditions. Different cratons reveal

their typical features of the TPXF diagrams of thantle sections beneath the kimberlite
pipe. The thicker the lithospheric keel the coldee the geotherms| gradients. Of craton
kimberlites and rifting zones as well as the yowhigepes demonstrate most shallow and
heated conditions of the mantle sections. Hot Bffigpare associated with the evolution of
the protokimberlite melts. Internal layering of tmantle keel is the controlling factor of the

protokimberlite

Keywords. Mantle, craton, monomineral thermobarometry, garmeyroxene,
ilmenite, chromite, lithosphere, kimberlite.

INTRODUCTION

Thermobarometric mantle reconstruction of the neantl South Africa [9, ,
10, 13, 15, 31, 46, 60, 61, 70], North Americag616, 20, 22, 24, 26, 33- 35, 43,
57, 67], Baltica [38, 54] and Siberia [3, 5, 7, 23, 29, 30, 55-57, 62- 64] using
common methods of polymineral thermobarometry ¢ amonomineral garnet
thermobarometry [19, 59] allow us to produce moddlghe composition and
structure of mantle keels beneath the continent&€hwbften correlate with the
seismic tomography and sounding [1, 2, 48, 49,51 ]

Recent studies have shown a layered structureeditbospheric mantle [3, 8,
20, 22, 24, 37]. It is divided into 3-7 major unitsccording to garnet
thermobarometry [19, 58], but a combination ofesal’ methods [3,7] yields
more detailed layering consisting of 9-12 unitsr fieantle beneath Udachanaya
and other pipes. The common model for subcontihemtantle lithosphere
(SCML) growth invokes the underplating of oceanitd gorobably continental
lithosphere beneath the continental keel of a aratibich, according to Re/Os ages
of the sulfides, was formed in Archaean times [[2Q]l, 28, 29, 30, 52, 53].
According to these models, only the craton coreseveeeated in Archaean time
[49] and the outer parts were formed in the Pra@mw and later time. Sharp
layering determined by pyroxene thermobarometryttiermantle column beneath
Udachnaya [5, 7] supports the common subductionemémt mantle layering
beneath Siberia at least for one Daldyn kimbefidlel. Zircon ages from eclogites
and lower crustal xenoliths suggest that plume &vewmere recorded during
underplating of melts which probably affected dalse peridotites in the mantle
column [52].Recent data show a more extended tirhefoomation during
Proterozoic and Phanerozoic time [51, 52] andraptex structure modified by
melt percolation [21, 48].

ORIGINAL MONOMINERAL THERMOBAROMETERS

For mantle peridotites for clinopyroxene, garnéiomite and ilmenites for
the mantle peridotites were statistically calibdaten the TP estimates for mantle
peridotites [3] were tested using the mineral phasietained in high pressure
experiments with the natural peridotites (380 ruans)l eclogites (240 runs). The
precision of the Cpx barometer for peridotites stdower then P.Nimis and W.
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Fig.1. Correlations between the determined pressures artémperatures with barometers
[3-7, 44, 45, 47] and thermometers [3, 7, 14, 36,47, 48, 69] and experimental conditions.

Taylor [44] barometer. But it allow to use it fdret wide spectrum of the mantle

rocks: peridotites , pyroxenites, eclogites togetfi@is may be applicated for the

reconstruction of the mantle sections using comatsg of the heavy fractions
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from the kimberlites. The other monomineral barsronanethods [4] give very
similar results though the amount of the experirmledata do not allow statistical
experimental test for garnets ilmenites and chresnitin new version of the TP
program compiling together >45 thermometers 4@iaters [14, 35, 43, 44, 46,
47, 58, 65] and modified monomineral barometricagguns [3-5] are used with
the best thermometersfor the mantle peridotiten. this version we calculate
Fe#0lg the regressions with Fe#Qbbtained by the correlations from the large
data set (~2000) xenoliths form the kimberliteft. allows us to use the Gar-Cpx
[36] and Gar-Ol [47] thermometers for garnet. Taeed have modifications more
strongly accounting for Ca-Cr variations which prod the coincidence with the
OPx methods [14]. For the chromites and ilmenites wged the monomineral
variants of the equations from the W. Taylor antleagues [69]. And for the
clinopyroxenes the regression with the G. Brey [¥2] and colleagues
orthopyroxene barometer was used to obtain thestifhates which are very close
to those received by the orthopyroxenes and otheenads. Addition correlation
was added for the high Al —Na pyroxenes from e¢ésgiwhich give a good
correlation for the Fe-Mg exchange Gar —Cpx theneter.

The following equations are used for the calcutatamf the monomineral
thermobarometry

GARNET

Three variants of barometer give similar resultse Tirst is published [3, 5].
The second is calculating the Al203 from Garnet@othopyroxene according to
procedure:

XCrOpx=Cr203/Ca0)/FeO/Mg0O/500

XxAIOpx=1/(3875*(exp(Cr20370.5/Ca0-0.3)* CaO /100@¥IXcrOpx

XAIOpx =xAlOpx*24.64/xx(5,4)**0.5*xx(5,8)**0.2/3.+x(5,5)*(ToK-
500)/900

xval=xval/((ToK-550)/850)-2.25*In(MgO-1.5)

IF(CaO.LE.4.0r. Cr203.ge.7) xAlI203=(xval/alog((T6&5*2000-
2.25*In(Mg0-1.5)))*1.07

And then it suppose using of the calculated xAl20Qpx barometer [43].

The third variant is transformation of the G. Geutt[25] method by
introducing of the influence of temperature.

P=40+(Cr203)-4.5)*10/3-

20/7*Ca0+(ToC)*0.0000751*Mg0O)*Ca0+2.45*Cr203*(7-%48)) -Fe*0.5

with the correction for P>55: P=55+(P-55)*55/(19/R)

Ttemperatureis estimated according to Gar-Cpx therater [36] where

T=(-6173.C4+6731.Ca+1879.+10.P)/(In(KD)+1.393)

KD=Fegar IMJcal1- Fe#x )IFe#py
Fe#=Fel/(Fe+MQ)
Fecpx= Fe#t/2+( T°K-1420)0.0001+(P-30)0.000015 +0.012Cr/Ca+0.013
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Fe#Ol=Fe#./2+(T(K)-1325)*0.000075+(P-35)*0.000375+0.00370* M&Ca’"
+0.0004*XTi*(P-25)

limenite

P=((Ti02-23.)*2.15-(T0-973)/20*MgO*Cr203 and nex¢=(60-P)/6.1+P

T°K is determined according to [69].

Fe#OIl_Chr =(Fe/(Fe+Mg) -0.35)/2.252-0.0000351*(T(K)-973)

Chromite

The equations for PT estimates with chromite contions

P=Cr/(Cr+Al)*T(K)/14.+Ti*0.10 with the next iteraiin

P=-0.0053*PA+1.1292*P+5.8059 +0.00135*T(K)*Ti*410-8.2

For P> 60 P=P+(P-57)*2.75

Temperature estimates are according to the [63].

The Fe#Ol values are estimated according to theeations

Fe#OIl_Chr=(Fe/Fe+Mg)/4.5-(P-32)*0.00115-0.03

Fe#OIl_Chr =( Fe#0Ol -0.074)*0.45+0.086

Fe#OIl _Chr= Fe#Ol -( Fe#OI -0.06)*(T(K)-1300)*0.a0%+0.01

Clinopyroxene

Pash2009=0.32*(1-0.2*Na/Al+0.012*Fe/Na)*RE*T °K/(1+Fe)-
35%In(1273/T K)*(Al+Ti+2.5Na+1.5Fe3+)+(0.9-Ca0)*10+Na20/Al203%*K/200

with the second iteration

P=(0.0000002* P+0.000002+P»0.0027*P*+1.2241*P)

Clinopyroxene barometer [3,4] give the correlat{kn~1) with experimental
pressure to 100 kbar (R~0.93) for peridotites an8lxt kbar (R~0.77) for eclogites.
Garnet barometer reveal the correlation 80 kbarldar Cr (<4) compositions
(R~0.54) and much better (R~0.76) for high Cr gacwnpositions determined
from the minals (40 runs). Chromite barometer alseeal a good correlation
(~0,87). In thermometers for garnets [46] for imte [69] and chromite [48]
Fe#Ol determined according to the regression egumtifound from the
compositions of the minerals from xenoliths (>9@Upw to receive very good
coincidence with the monomineral versions.

DATA AND RESULTS OF TP CALCULATIONS

Using the data set for the ~ 30 kimberlite pipesifiAfrica [9, 10, 13, 15, 31,
46, 60, 61, 70], ~20 from N. America [6, 8, 16, 2@, 24, 26, 33- 35, 43, 57, 67]
and ~15 from Baltica [38, 54] and 60 from Sibd8a5, 7, 12, 23, 29, 30, 55-57,
62- 64]we obtained the TP-X-FO2 diagrams. Here emasent the most typical
sections of the mantle sections with the most |gngaish data set. The other can
be found in WWWA\igc.igm.nsc.ru.ash.htm.

For Siberan cratonwe reported the TP diagrams or the 7 regions from
Siberan craton [3,5,7]. They all show mostly similaermal structure despite in
the different structures for the separate regiom$ @ven pipes. The common
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feature is relatively low geothermal gradient (88m-2), presence of several TP
paths and much hopper one for TIO2(HFSE) enrichesb@ations and sharp
layering to 9-12 horizons or 5-6 lager units. Tisisnore clearly seen on the PTX
plot for the Udachnaya pipe [3, 5, 7, 12, 23, 28,55-57, 62- 64] ( Fig.10). The
most depleted in Al Ca content peridotites occuasniyg in the lower part of the
mantle sections where they compile 5 layers witd gmowth of Ca content
upward. A similar arrays of the Fe increase witle thecreasing pressure are
possibly a result of the primary mantle layering/hile in the upper part of the
mantle section (<40 kbar) the trend of the P-@adivided on to two part. Those
with the pyroxenitic values is decreasing which nse#hat the pyroxenites are
saturating in MgO upward possibly are reacting witie Iherzolites or
differentiation.Eclogites are forming two branchédost of them are giving
conditions from 40 to 55 kbars but there many netht low pressure varieties
also. Those containing diamonds [29, 30] are ragk temperature and are close
in TP conditions to the ilmenites and chromite dvawhinclusions.

limenite TP conditions are tracing convective bhanithin 45-65 kbar
interval . They are close in Fe#Ol to the low Gnapbyroxenes.

Diamond bearing peridotites and diamond garneusichs [40, 62, 64, 65]
are mainly relatively low temperature giving in €Btimates near conductive cold
geotherms with the deviations in HT conditions i60-65and 70-75 kbar
intervals. The chromite diamond inclusions of refflthe conditions of the hot
convective branch at the lithosphere base.

Bulk rock of peridotites from the Eastern parthiétSiberian craton in Markha
block refer commonly to the very depleted composii But they are subjected to
the pervasive metasomatism with the high Na-Crokhpositions of the pyroxenes
probably due to the hybridization with the eclogite/Nhile in the Daldyn block
contain peridotites from fertile to the depletedrlvlites- harzburgites which are
very close to the oceanic peridotites. [12]. Thestmdepleted peridotites were
detected in the Anabar block where many xenolithes dose to the dunites
containing the nests of the garnets with the pymexems. The eclogites in the
Botuobinsky regions were found starting from 20 rkbahey are most frequent
there near the Diamond-Graphite boundary. But inddyda block the higher
amount of the eclogites was determined ner 50 &% Where they are forming the
lens relatively pure in peridotites. Most of themincides in the tP conditions
determined for the ilmenites wich reflect the TRhpaf the protokimberlite melts.

For South Africa there several kimberlite pipes ehhwere studied more
detail then the others, for example Jagersfontdimperly, and others wrom
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Kaapvaal craton [9, 10, 13, 15, 31, 46, 60, 61, F6t some pipes mostly eclogitic
xenoliths were stidied such as Roberts VictorrpZ¢ofifintain [10,13,46].
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Fig. 3 TPXF diagram for the mantle beneath the Jagersfonta pipe,
S.Africa [9,58,68].

Reported geotherms for the Kaapvaal craton baseth® xenoliths from
Mesozoic pipes are mostly tracing the 40 mvm-2 igrad [10, 46, 60, 61]. The
same were detected for mantle the more ancient pibe Premier [66]. All the
authors reported very smooth or straight line gawotis with the inflections only
near the 60 Kbars. These PT plots were obtainedlyrimg the pyroxene methods
with the estimation of the pressures by orthopynexd.D.McGregor [43]
barometer. Our monomineral barometers were albikd on this method .
Nevertheless the thermobarometry of G Brey and Rd€o[14] and coauthors
shows similar but more inflected geotherms possiblky to the complex mantle
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Fig. 4. TPXF diagram for the mantle beneath the Kimberly ppe S.Africa [46].

layering. Combining together the TP plots basedhenmonomineral methods for
all 5 the minerals and plotting together the PT&gdam. It easy to estimate the
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separate units of the mantle structures. Inflestiohthe Fe#OI determined for all
he minerals show that there are the clusters. WuGand his coauthors [21]
reported the gradual decrease of the Fe#Ol obtdupdlde Gaul's method [18]
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Fig. 5 TPXF diagram for the mantle beneath the Namibia,.WAfrica [17,39].

from the garnet compositions to the bottom of thkosphere. This may be
predicted because the pressures are determin&simethod by the projections
of the Ni temperatures on the geotherms and teatyres are using for the
calculationsof Fe#.

We also detected such a decrease but more corspiesisting some time from
separate several lines. Usually Fe# is coincidorgthe orthopyroxenes and
garnets but for the clinopyroxenes it is much highdis was suggested to be the
result of the fertilization [15,70]. Our estimatgive more higher pressure
conditions then 60 kbars as were reported in mastksv before. But this is
supported by the seismic data [49] detecting #epdoots of the lithosphere to
300 km for Kaapwaal and even to 400 km for the ©@oKgsai craton. For the
Kaapwaal the gentle gradients as were detectethérJagersfontain [9, 31, 46,
61] is not a result of the single event but is Hedent heating degree of the
separate units which are underlain by the hot &ayeated by the melts forming
the polybaric or polyasthenospheric system. Presehthe melts is evident by the
sharp increase of Fe# and TiO2. The polybaric eatirthe sheared peridotites
[31] are likely prove this suggestion. The lowertp of lithosphere very often
show the low heating degree to 35 mvmz2 or heteregesn heating which may be
interpreted as the presence of the cold depleteklsrand Magma feeders and
rocks heated by he interaction with the melts. $#rates for the eclogites also
show quite different TP gradients and conditions.
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Most of them also trace 40 mvm2 gradients. Rarelase to the 35 and some

especially diamondiferous are close to 45 or adi@dd path coinciding with the
ilmenite TP estimates.

For the most pipes from the Namibia and especihtige placed in of craton

environment the most Pt estimated are gngupear the Graphite —Diamond
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bay be found as deep as 220 km (65 kbars or mbney are tracing the adiabatic
TP gradient which was found recently not only floe Kaapvaal and for Siberian
and other cratons.
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TP Plots for the North America are varying and in a high degree. Despite on

the reported PT plots tracing all the graphite diachtransition we found most of
the lithospherin sequences beneath the kimbeditevery deep especially in the
Slave craton [8, 20, 26, 34, 35, 43, 57] which calas with the TP estimates with
the polymineral and orthopyroxene methods fromok#rs [6, 8, 16, 20, 26, 27,
33, 34, 42] despite on the previous TP estimatés pyropes of W.Griffin [22]
giving pressure values grouping near 40 kbar grequtkamon boundary[32].

The large data set for the xenoliths from Ekatntbad [43] mine in the SE

part of the Slave craton allow to calculate thesgeRT plot showing mostly the
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cold (35 mvm-2) geotherm branch from the top ofentle to bottom according
to OPx PT estimates. The complex twice kinked aab0 60 kbars branches is
determined according to both Opx and Brey & Koljlet, 42] barometersas well
as the clinopyroxene and garnet. The clinopyroxegarnets and more rare Opx
estimates also mark the advective hot PT path. pposite garnet diamond
inclusions give mostly cold and deepest TP eséméhough some of them are
located near the 40 mw/m2 geothern.

Well studied peridotite, pyroxenite and ecloginoliths from the Jericho
pipe from the northern part of the Slave cratof, 26, 34, 35] also show a bit
more complex geotherms and layering, We determiwedyeothermal kinks in 60
and 70 kbars which may be regarded as the interawatith the plume melts . But a
cold geothermto 35 mvm-2 and less was detecte@ td@r and more. In the upper
part of the geotherm the Fe- enriched peridotiigs the TP path more hot then
the common conductive gradients.

The TP estimates for the lower Paleozoic kimbexliteom Montana like
Kelsey Lake 1 [6,16, 66] also give the TP pathtspg in to convecting and
conductive branches. The heated conditions werztel also between 50 and 60
kbars and even near 40 kbar. But the colder paheofjeotherms is determined up
to 75 kbar with the deviation to the heated coondgi The garnet diamond
inclusions [61] refer to the lower part of mantleltonn there.  This did not
support the seismic evidence for the absence ofntbes deep roots of the
lithosphere as 60 (180 km) kbar found for modemet{39]. Possibly in Paleozoic
time it was strengthening lower to 300 km or more.

The MesoCenozoic pipes in Montana[27] show thentlaérstructure of the
lithosphere similar to the of craton in Africa [11I7, 39]. Most of the TP estimates
are concentraiting withi 45-35 kbar interval reveglthe irregular heating. More
deeper part are represented by the relic colddpghere or by the the heated and
Fe-rich peridotites.

In Baltica there are data for the Upper —Paleopipes from Finland and
[38,53] for the Archangelsk province. Combiningether the data for the studied
xenoliths and mantle xenocrysts frin the we deteedlithe thermal regime and
layering in the mantle lithosphere. Peridotitesegie geotherm which is close to
the 38 mvm2 but with the deviations to the 45 mvigedtherm. Thhe heating is
higher in the lower part of mantle section. Thee at least four levels of the joint
increase of Fe# and temperatures to 208t 40 kbars and to 14W at 70 kbar s
but the highest is detected between 60 and 65 klars can determine about 9
different levels in the mantle lithosphere of thml&nd [35, 51] and similar
structure was found for the Arkhangelsk provincke Teclogites are determined
according to the TP estimates at the lower parthef mantle sequence. The
diamondiferous are close to the 40-45 mvm-2 geother
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Fig. 10.TPXF diagram for the mantle beneath Fennoskandia 38, 54].

Regularities for the PT diagrams for the mantle berath the kimberlite
pipes from different regions

The combined PT, P-Fe#Ol and P m{compositions of minerals) diagrams
were used to detect variations of thermal conditiand layering of the mantle
columns beneath the kimberlite pipes (Fig.2-10).our interpretation we have
used the common division between depleted andledicocks according to the
CaO and GOs; contents in garnets [67]. Enriched Fe#Ol and,Taé regarded as
signs of melt metasomatized associations [3, 64ther megacrystalline series
[33]. Al-Na content in clinopyroxenes is used towidé rocks into eclogites,
peridotites and pyroxenites [8, 56, 63]. Simultaumse rise of Cr and Fe# for
ilmenites results from polybaric AFC detected famm pipes from North America
[65], while Cr-free varieties are formed by uncontaated protokimberlites [67,
71]. Cr-rise and Fe# decrease is typical for metatizc trends. Similar Ti-rich
chromites are formed due to interaction with mahd most Mg-rich chromites are
from dunites and other diamond-bearing rocks [60] .

In general there are several types of the mantigctstre in the mantle
columns of the kimberlite pipes which reflect thprimary layering and the
interaction with the different melts of the subdoct and plume nature including
basalts, and kimberlites and possibly komatiatdsest simple geotherms with one
inflection at the base of the craton were detefdedhe some kimberlites from
Lesotho [46]. But some pipes reveal more complexnial structure with several
inflections. But it seems that the lower and tb&ler part of the lithosphere is
also represented by the xenocrysts sometimes mhaythe diamond inclusions.
The 40 mvm-2 geotherms [10] referred to the higat iew for the South Africa
was found starting from the Proterozoic times Fer Premier pipe [70]. The thick
lithospheric roots [45,46] like beneath the Slagd,[30, 39, 53], Congo Kasai
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craton [60] and Siberia corresponds to the coléetlgerm [3 ,11] .But even here
the kimberlites rifting zones and so cold of cratbn, 26, 39] area show the heated
geotherm started from the 40 kbar usually. Butdbleler and deeper relics are
determined in each case. Monominineral thermobatmynie this case mark the
advective branches formed likely by the diapiriavefling or by the interaction
with the plume melts.

The vast perturbations in the mantle column stmestuwvere made during the
interaction with the protokimberlites during thevdmping of the magmatic
channels before the eruptions.

Less inclined (P/T) geotherms like those determif@d mantle column
beneath the Jagersfontein pipe in Lesotho &nidlLake [24] pipe in Canada are
possibly a result of the stepped heating fromktbgtom. Sometimes the middle
parts of the geotherm are n more heated like intldéeneath the Udachnaya pipe
where two horizons hear 40 kbars are traced byTiReestimates fro heated
pyroxenites [37, 56] and ~ 50 kbar [3] by the etk subjected by the heating
from protokimberlites. Presence of the heating rkar60-65 kbar found in the
most mantle columns is not a result of the intmisid covective asthenosphere
[46] but a result of the melt intrusion in this &vThe stress and the shearing of
mantle peridotites [51] is accompanied the meltrusibn. Presence of the
polybaric shearing zones in the mantle columns [B8ay be result if the magmtic
fracturing or an opposite penetration of the meitdo deformed zones in the
mantle.

CONCLUSIONS

Different cratons reveal their typical featurestltod TPXF diagrams of the mantle
sections beneath the kimberlite pipe. The thickerlithospheric keel the colder are the
geothermsl| gradients,

Of craton kimberlites and rifting zones as wellths youngest pipes demonstrate
most shallow and heated conditions of the mantidmes.

Hot PT paths are associated with the evolutiomefgrotokimberlite melts. Internal
layering of the mantle keel is the controlling farodf the protokimberlite movements and
interaction with the peridotites.

Grant RBRF 09-05-00116, 09-05-90002.
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ABSTRACT

The authors' database (which includes data fromentiman 17500 publications on
fluid and melt inclusions in minerals) was used ¢émegalize information on the principal
physicochemical parameters of natural mineral-fognifluids (temperature, pressure,
density, salinity of aqueous solutions, and the gasposition of the fluids). For 21
minerals, data are reported on the frequency ofuroeoce of the homogenization
temperatures of fluid inclusions in various temp@etranges, which make it possible to
reveal temperature ranges most favorable for tiistalfization of these minerals. Data on
5260 determinations were used to evaluate the démmu of occurrence of certain
temperature and pressure ranges of natural fluittinwihe temperature intervals of 20—
1200°C and 1-12000 bar. Within these intervalsjUescies of occurrence were evaluated
for water-dominated and water-poor or water-fre@finclusions in minerals. The former
are predominant at temperatures below 600°C arsspres below 4000 bar, whereas the
latter dominate at temperatures of 600-1200°C aesispres of 4000—12000 bar. lllustrative
examples are presented for visually discerniblemag water that exists as an individual
high-density phase in melt inclusions in mineratsrf various rocks sampled worldwide (in
the Caucasus, ltaly, Slovakia, United States, Uzkerk, New Zealand, Chile, and others).
Attention is drawn to the fact that extensive dastify to fairly high (>1000-1500 bar)
pressures during hydrothermal mineral-forming psses. These pressures are much higher
not only than the hydrostatic but also the lithtistaressures of the overlying rocks. Data on
more than 18000 determinations are used to evalbatéequency of occurrence of certain
temperature and salinity ranges of mineral-fornfingls within the intervals of 20-1000°C
and 0-80 wt % equiv. NaCl and certain temperatacedeensity ranges of these fluids at 20—

1000°C and 0.01-1.90 g/éninformation is presented on the gas analysis ousthmost
commonly applied to natural fluids in studying fluitlusions in minerals in 1965-2007.
The average composition of the gaseous phase ofahanclusions is calculated based on
more than 3000 Raman spectroscopic analyses (trst frequently used method for
analyzing individual inclusions).

INTRODUCTION

The problem of the composition and physical andnebal properties of
natural fluids and their spatiotemporal evolutionpigoting for the theory of
mineral- and ore-forming processes. One of the oustlable to provide reliable
quantitative information on natural fluids, crystaltion processes of minerals,
and conditions under which rocks and mineral deépomie formed is studying
inclusions of mineral-forming media. Finding an ewggowing application in
geology, these techniques enable the researchéeriee necessary information
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which is needed for the solution of a great diwgrsif problems, ranging from
evaluating physicochemical parameters of minerahiiog processes (a key
problem in the theory ore-forming processes) tba@iating prospecting guides for
the exploration of mineral deposits. The onrushiezhnologies for the physical
and chemical analysis of tiny Table 1 shows tharblepronounced tendency in
the inclusions (microinclusions) and the contindguenhancedoossibilities for
obtaining more and more reliable (and often uniciegp resulted in the fact that
most modern publications comprehensively coverirgumal mineral-forming
processes necessarily report data on and micraiocs. This is coupled with the
growth in the number of publications presentingadat inclusions in minerals
(Table 1), a process triggered in the mid-20th wgnby the publication of a
specialized monograph by Ermakov [1]. While theakobhumber of papers
published worldwide since 1822 (when the first eixpental study of liquid
inclusions in quartz samples was accomplished by Ddvy) amounts to
approximately 17600, the number of papers publigsheat the past 15 years alone
was close to 5300, i.e., 30% of the total. It isttwanentioning that a significant
role in the development of this new avenue of nalwgy, geochemistry, and
petrology was also played by Lemmlein [2, 3], Raadd, 5], Kalyuzhnyi [6, 7],
Dolgov [8, 9], Poty [10, 11], Clocchiatti [12, 13odnar [14, 15], Sobolev [16,
17], and many other researchers.

Table 1 shows the clearly pronounced tendency ie thclusions
(microinclusions) and the continuously studies mélusions in minerals: such
studies in the 19th century were carried out mdsglyone researchers, and 90% of
the papers

Table 1.

Number of papers presenting data on inclusions in merals and published in various

periods of time, percentage of papers with variousumbers of authors of a single
publication, and the number of publications in natonal and foreign journals

Number of Number of author of a single Percentage of
publications publication publications
Years Total
during Per 1 2 3 >3 National| Foreign
the year
period
1822-1900 101 ~1 90% 8% 1% 1% 4 96
1901-1950 147 3 87 9 3 1 25 75
1951-1960 306 31 75 20 5 0 73 27
1961-1970 1236 124 53 32 10 5 75 25
1971-1980 3471 347 38 32 19 11 70 30
1981-1990 5530 553 29 31 22 18 30 70
1991-2000 3896 390 17 28 25 30 20 80
2001-2007 2884 412 9 18 23 50 19 81
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have a single author; the latter figsystematically decreased in the 20th century
to 75% in 1951-1960, 38% in 1971-1980, and 17%9&112000. In the early
21st century, as little as 9% of these publicatitvas a single author. The
mushrooming of new methods in recent years resultéduat more than half of the
studies were carried out by research teams (corgsist four or more persons),
each of them being a professional in a certaimstiefield.

The first significant review of data on the principphysicochemical
parameters of mineral-forming fluids was published9$80 [18] and was based on
our database (stored on a punch card media) on #odd melt inclusions in
minerals. The database, which we started to compil&964, included all our
results on microinclusions plus those published 700 papers. Each punch card
usually contained information on a single mineral & single population of
minerals. Hence, one card commonly provided datseweral (often even dozens)
microinclusions. The database contained generalisBtmation on the phase
state of mineral-forming fluids (6670 determinatioms 32 minerals), their
temperatures and densities (1015 determinations)tdmperatures and salinities
of fluids (1124 determinations), and the temperataed pressures of fluids (880
determinations). The most favorable formation terapges were determined for
ten most typical minerals of ore deposits.

In 1994 we began to gradually transfer this dat@bato the Paradox for
Windows PC data-entry and database managementmsyetel continued to
append the base with newly obtained informatione Himain principle used in
appending the database was as follows: if extendata were obtained on the
homogenization temperatures of inclusions or tlgstatlization temperatures for a
single sample, and the difference between the rextrealues were greater than
50°e, only the minimum and maximum values were tinguhis difference was
less than 50°e, an average temperature value dasde the salinity of aqueous
solutions, we used an average value if the range less than 5 wt % and the
minimum and maximum values at ranges greater thagwal to 5 wt %. For the
pressures of natural fluids, if the difference betwehe extreme and average
values for a single sample was no higher than 10#,the average pressure value
was fed into the database, and the minimum andmanri values were recorded
when this difference exceeded 10%. Data obtainedhleywidely used mass
spectrometric, chromatographic, and Raman speadpasctechniques were
compiled from publications devoted to the analggigaseous components. If the
same samples or fluid inclusions were examined aatyzed by various methods,
all data on them were filed. For the sake of uniftynthe concentrations of
volatile components were input into the databasehm form of mol %. If
concentrations of volatiles were expressed in otineits, these values were
recalculated into mol %; otherwise no data wereng®d in the database.

Table 2 presents data on the number of publicaBoisdeterminations of the
principal physicochemical parameters of naturaldBuand melts derived by
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studying inclusions in minerals during various pds of time. Note that all data
on the temperatures (approximately 2900 publicatiamd more than 38700
determinations) pertain only to the homogenizatemperatures of inclusions. Of
these temperature values, approximately 8% arelatar;, and the rest are compiled
from

Table 2. Number of publications and determinations of the
principal physicochemical parameters of natural fluids deter-
mined in inclusions in minerals in various periods of time

Years | publicuions | % [verminations | %
Temperature
1900-1949 16 1 52 0.1
1950-1959 89 3 503 1.3
1960-1969 351 12 2235 58
1970-1979 710 24 6824 17.6
1980-1989 713 25 8974 232
1990-1999 555 19 9124 23.6
2000-2007 46() 16 10998 28.4
1900-2007 2894 100 38700 100.0
Pressure
1953-1959 6 1 11 0.2
1960-1969 40 5 148 2.7
1970-1979 179 21 1021 18.9
1980-1989 240 28 1501 278
1990-2007 387 45 2724 50.4
1953-2007 852 100 5405 100.0
Salinity
1960-1969 16 1 47 0.3
1970-1979 182 14 1625 88
1980-1989 381 29 4837 26.2
1990-1999 385 29 4837 26.2
2000-2007 361 27 7089 38.5
1960-2007 1325 100 18435 100.0
Gas composition
1965-1969 5 2 5 0.1
1970-1979 12 5 85 1.6
1980-1989 57 21 838 15.8
1990-1999 111 41 2163 40.8
2000-2007 85 32 2209 41.7
1965-2007 279 100 5300 100.0

the literature. Of the 5400 determines, ~15% isdata, and ~5% of the salinity
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values (of 18400 determines) is also our data. 8\imbst papers published in the
19th century quote only microscopical descriptioh$luid and melt inclusions in
minerals, the 20th century was marked by the beginof their experimental
studying with the use of more and more diverseyaical techniques. This made it
possible to reliably determine the principal phgsitemical parameters at which
certain minerals crystallize in natural. As canseen from Table 2, initially only
the homogenization temperatures of fluid inclusiovexe measured, and then
methods were proposed for evaluating the pressi®s.advent of cryometric
techniques made it possible to determine the tesmpes of eutectics in the
aqueous solutions of fluid inclusions, to evaludteirt salinity, and to identify
gases (CQ CH,, and N) contained in these inclusions. The extensiveiegubn

of methods for the analysis of gaseous componérfiisia inclusions was started
Table 3.

Number of determinations of the principal physicockemical parameters of natural fluids in
fluid inclusions in various minerals (I is the temgrature, 1l is the pressure, Il is the
salinity, and IV is the gas composition)

Mineral Number of determinations | Mineral Number of
determinations
I Il 11 v | I 11 v
18144 | 3728 | 10868 | 4232 88 2 19 2
Quartz Antimonite
Fluorite 3327 | 137 1735 64 | Magnesite 74 3 64 -
Calcite 2494 | 80 1331 65 | Disthene 54 49 - -
Sphalerite 1983 | 34 1356 | 143 | Cryolite 52 8 20 -
Barite 770 10 530 14 | Celestine 46 - 7 -
Dolomite 587 16 405 23 | Spodumene 45 13 3 -
Cassiterite 468 25 201 29 | Halite 41 8 5 29
Pyroxenes 423 | 284 52 8 Amphiboles 40 16 10 3
Feldspars 376 178 89 37 | Vesuvianite 38 2 25 -
Garnets 332 | 107 93 22 | Scapolite 34 10 7 -
330 26 225 13 | Rhodochrosite 33 5 12 -
Scheelite
Apatite 318 72 94 2 Axinite 29 4 6 6
Beryl 299 49 147 19 | Realgar 27 7 8 _
Anhydrite 292 15 213 43 | Orpiment 26 1 20 B
Topaz 260 55 98 7 Zircon 25 4 4 -
Olivine 234 232 - 37 | Datolite 20 - 13 6
Tourmaline 173 30 65 24 | Corundum 17 13 - -
Cinnabar 152 4 12 - Sodalite 16 5 1 3
Nepheline 132 18 4 3 Spinel 14 12 - -
Ankerite 120 6 46 3 Sillimanite 11 11 - -
Wolframite 118 4 63 1 Danburite 10 - 5 9
Siderite 118 9 56 - Galena - - - 7
Epidote 113 20 51 - Gold - - - 24
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after 1965 (Table 2). The total number of analydethe gas composition of fluid
inclusions had doubled by the end of 2007 and aexe5300 (in 279
publications). The material contained in our dasabdy the end of 2008 is
generally highly representative.

Table 3 summarizes data on the total number ofruatations of the
principal physicochemical parameters of mineraiffimg fluids (temperature,
pressure, salinity, and gas composition) curreatigilable for a great variety of
minerals. The table reports such data on 46 miserdhe number of
determinations in six minerals most widely spreadhyalrothermal ore deposits
and occurrences exceeds 1000 (36972 for quartz3 5@6 fluorite, 3970 for
calcite, 3516 for sphalerite, 1324 for barite, &@fiB1 for dolomite). The total
number of temperature measurements in fluid inchssim 44 minerals (all
minerals in Table 3 except galena and gold) is 3822@&ith these data
characterizing more than 5000 localities worldwid@ur database contains
information on the crystallization temperatures2@®2 minerals. A list of these
minerals and the number of measurements for eatheof is given in Table 4.
Note that the table does not include any data erhttmogenization temperatures
of silicate melt inclusions, neither does it prdsemy information on the
decrepitation temperatures of inclusions in mirgerBublications provide data on
the crystallization temperatures of some mineraby of which are opaque.

These data were usually obtained by studying flndusions in transparent
minerals (quartz, calcite, fluorite, barite, and es#f) that contain the opaque
minerals as syngenetic crystalline inclusions. Ryeg recently achieved in the
development of IR spectroscopic techniques andpegemt makes it possible to
observe inclusions in many opaque minerals and eweduct thermometric and
cryometric experiments with them. Fluid inclusiomgere examined in, for
example, antimonite [19-21], wolframite [22—25]ukmannite [26], hematite [26,
27], pyrite [28-31], and enargite [28, 32].

Estimates of the pressure for the mineral-forminglfl (5312 determinations)
were obtained for 41 minerals from 1200 localitiesrldwide. The salinity of
hydrothermal solutions (17963 determinations fat@#bcalities worldwide) was
calculated from the temperature of ice meltingront the dissolution temperatures
of daughter minerals in fluid inclusions; such measwents were made for 39
minerals (Table 3). The data on the gas compostionatural fluids comprise
4878 determinations in 29 minerals from 460 locsditvorldwide.

Below we discuss results successively obtained emaio parameters of
mineral-forming processes.

TEMPERATURES OF NATURAL MINERAL- FORMING FLUIDS

Table 5 presents data on the frequency of occugrénc) of certain ranges
of the homogenization temperatures of fluid inclasiwithin the interval of 20—
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Table 4. List of minerals and data on the number of temperature determinations in fluid inclusions in these minerals

Mineral n Mineral n Mineral n Mineral R
Actinolite 11 Chalcostibite 1 Hackmanite 3 Pistomesite 2
Adularia 80 Chkalovite 4 Halite 41 Pitchblende 4
Aepirine 9 Chlorite 9 Halloysite 1 Plapioclase 63
Alabandite 2 Chromite 2 Hastingsite 7 Pollucite 10
Albite 89 Chrysoberyl 2 Hausmannite 2 Powellite i
Allactite 4 Cinnabar 152 Hedenbergite 12 Prehnite 6
Almandite 2 Cleavelandite 1 Helvite 3 Proustite i
Alunite 6 Clinohumite 4 Hematite 30 Pumpellyite 1
Amazonite 1 Clinopyroxene 95 Heulandite 1 Pyrargyrite 5
Amblygonite 4 Clinozoisite 7 Holmquistite 1 Pyrite 66
Amethyst 13 Cobaltite 2 Homblende 26 Pyrochlore 3
Amphibole 40 Coesite 1 Huebnerite 40 Pyroxene 423
Analcite 8 Colemanite 6 Hyperstene 5 Pyrrhotite 14
Anatase 1 Columbite 3 Tlvaite 4 Quartz 18144
Andalusite 3 Copper 1 Inyoite 1 Ralstonite 4
Andradite 4 Corundum 17 Jadeite 1 Rammelsbergite 2
Anhydrite 292 Cosalite 1 Jamesonite 1 Realgar 27
Ankerite 120 Creedite 2 Kainite 2 Rectorite 7
Anorthite 3 Crddleite 1 Kalaverile 1 Rhodochrosite a3
Anthophyllite 1 Cryolite 52 Kaolinite 15 Rhodonite 4
Antimonite 88 Cubanite 1 K-feldspar 15 Rhoducite 1
Antimony 2 Danburite 10 Kyanite ] Riebeckite 1
Apatite 318 Dashkesanite 3 Langbeinite 3 Roscherite 1
Apophyllite 6 Datolite 20 Laumontite 2 Rubellite 1
Aragonite 14 Desmine 3 Lazulite 3 Rutile 6
Argentile 2 Diaspore 1 Lollingite 2 Safflorite 4
Armenite 1 Dickite 15 Magnesite 74 Sarabauite 1
Arsenic 3 Diopside 73 Magnetite 1 Sarkinite 4
Arsenopyrite 10 Disthene 54 Malayaite 6 Scapolite 34
Astrakhanite 1 Dolomite 587 Manpanhedenbergite| 12 Scheelite 330
Augelite 3 Donbassite 1 Marcasite 4 Seinajokite 1
Axinite 29 Dumortierite i Melilite 1 Selenite 1
Babingtonite 1 Elpasolite 2 Mpg-Fe carbonate 2 Selenium 1
Barite 770 Emplectite 1 Microcline 18 Sellaite 7
Bastnaesite 29 Enargite 33 Milarite 1 Sepiolite 2
Berlinite I Enstatite | Millerite 1 Sericite 2
Berthierite 1 Epidote 113 Mirabilite 1 Shortite 2
Bertrandite 6 Epsomite 1 Molybdenite 21 Siderite 118
Beryl 209 Eschynite 1 Monazite 1 Sideroplesite 1
Biotite 2 Euclase 2 Montebrasite 6 Sillimanite 11
Bischofite 2 Eucryptite 1 Monticellite 4 Silver 2
Bismuth 4 Fahlore 4 Montmorillonite 10 Skutterudite 3
Bismuthinite 3 Famatinite 1 Mordenite 1 Smaltite 1
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Table 4. {Contd.}

Mineral # Mineral " Mineral fl Mineral #
Bornite 2 Fassaite 2 Muscovite 24 Smivihite 2
Boulangente ! Feldspar 376 Nephelins 132 Sodalite {3
Breunnerite 2 Fluorite 33 Neptunite 3 Sorensenite 1
Britholite 2 Forsterite | Nickeline 3 Sphalerite 1983
Bromelite | Gagannite B Mifontovite 1 Sphene 10
Brookite 2 Gahnile 2 MNyererzile 1 Spinel 14
Buslamile 3 Galena 14 CHivine 234 Spodumene 45
Cahnite 1 Gamet RE COmphacite 17 Subiotantalite 1
Calcite 2494 Genthelvite 9 Opal 2 Swronalsite 1
Cancrinite 10 Gersdorffite 3 Crpiment 26 Sulfur 7
Carnallite | Gibbsite B Crrthite 1 Sylvite 3
Cassiterite 468 Gocthite 25 Paravauxite 1 Syngenitc 1
Celadonite | Gold 1% Parisite 1 Tamalite 2
Celestine 45 Goldticldite | Petalite 1 Tantalo-columbite 2
Celestobarite 2 Glasernite 1 Phenakite 28 Tennantite 4
Ceorussite | Grossular & Phlogopite 16 Tetrahednte 2
Chalcopyrite 19 Gypsum 46 Picromerite 3 Thenardite 2
Thomsonite 2 Tugtupite 2 Wairakite ] Wurtzite 4
Thorite | Ussingite 2 Wavellite 1 Xenotime L3
Tilasite 4 Valentinite 4 Whewellite 7 Yurosynchisile 1
Tomsenaolite | Wariscite | Willemite 7 Leolite 4
Topaz 260 Yauxite | Witherite 2 Zinkenite 1
Tourmaline 173 Vesuvianite 42 Wodginite 4 Zinnwaldite 1
Tremolite 5 Vivianite 2 Wolframite 118 Zircon 25
Triplite 9 Wagnente 1 Waollastonite 16 Zoisie 6

1000°C. As can be seen from these data, such nsnesaquartz, garnets, beryl,
tourmaline, topaz, scheelite, fluorite, and cale&ibit a broad range of possible
crystallization temperatures from hydrothermal sohs. This range can be as
wide as a few hundred centigrade degrees. For drampartz, garnets, fluorite,
and calcite can crystallize at both low and fainigh temperatures, which can
reach 800-1000°C. At the same time, it should bentioeed that most

hydrothermal minerals are formed at temperatur&s\b&00°e.

High, higher than 400-500°e, homogenization tentpeza are observed in
fluid inclusions that contain one—two, up to 5-8amgasionally, up to ten—twelve
daughter minerals at room temperature. Daughtestaltyne phases often occupy
up to 50% of fluid inclusions by volume. Figure loals micrographs of such
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inclusions in various minerals (quartz, beryl, fitmrand scheelite) from various
geological objects.

As follows from the data of Table 5, some minerals characterized by quite
similar ranges of their most favorable crystalli@at temperatures. The high-
temperature interval of 500-300°e is typical of stasite (81% of the 468
determinations) and topaz (64%). Temperatures 0+200°e are favorable for the
crystallization of wolframite (95% of all measurem®), scheelite (78%), beryl

Table 5. Frequency of occurrence (%) of homogenization temperatures of Muid inclusions in various minerals within various
temperature ranges

Temperature, *C
Mineral n
20-100 | 100200 | 200-300 | 300400 | 400500 | 500600 | 600700 | 700800 | 300000 [G00—1000
Quartz 13087 26 221 3638 235 6.4 34 23 20 0.7 0.2
Gamets 332 - 04 124 201 16.1 12.0 13.3 16.1 6.3 2R
Beryl 299 = 54 298 43.1 120 6.7 2.0 1.0 . -
Tourmaline 173 = 16 346 378 119 7.0 i.1 - - -
Topaz 260 - 04 112 456 185 18.8 42 1.3 - -
Spodumene 45 = = 289 333 15.6 6.7 155 = - =
Cassilerite 468 = L7 13.0 58.1 228 4.3 = - - -
Scheelite 330 0.6 75 392 39.2 9.9 30 0.6 = = =
Wolframite 118 = 38 58.1 371 1.0 == = = - =
Fluorite 3327 12.6 515 172 3.6 24 05 0.6 0.3 02 0.1
Calcite 2494 | 249 422 243 69 03 03 04 0.1 al T
Dolomite 587 26l M6 150 27 0.7 = o7 0.2 - =
Ankerile 120 7.5 56.7 225 17 - = 08 0.8 = =
Magnesite T4 27 62.1 257 8.1 1.4 ™ = m = m
Siderite 116 78 39.7 49.1 34 - - = - = =
Anhydrite 292 12.3 18.8 384 271 27 0.7 - 23 = =2
Celestine 46| 295 432 182 23 - o 23 o = -
Barile 760 | 259 48.0 226 32 03 - = - = =
Sphalerite 1983 157 426 323 9.2 02 = B 23 . -
Cinnabar 152 | 320 607 1.3 - - o = = =1 -
Ohrpiment 26 192 616 132 - - - - - - -

(73%), anhydrite (66%), tourmaline (72%), and spodne (62%). The
relatively low-temperature range of 300-100°e &fable for the crystallization
of sphalerite (75% of 1983 measurements), fluor&4), many carbonates (88%
for magnesite, 89% for siderite, 79% for ankerit€% for dolomite, 67% for
calcite), and orpiment (81%). The lowest tempers(xk200°C) are typical of the
origin of
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Fig. 1. Multiphase inclusions with davghter crystals in various minerals.

(a) Quartz from a miarole in granite, Industrial noe Sn deposit. North Eastern Russia. The homogenization temperature Ty, = 820°C,
see [33. 34] for other data; (b) beryl from Mount Sherlovava, Eastern Transbaikalia. Ty, = 613°C; (c) topaz from pegmatite in Vol-
hynia, Ukraine, T, = 480°C; (d, e) fluorite from pyroxene—gamet skarn, Tyrnyauz deposil, Northern Cavcasus, Ty = 6557C (gas dis-
appears al 630°C, magnetite dissolves at 6557°C [35]; ([) quartz, Eldzhurta granile. Northern Caucasus, dissolution lemperatures:
200°C for the anisotropic erystal, 330°C for halite; 750°C for the ore mineral, 820°C for the gas [36]; (g, h) quariz from pegmatite,
Vitosa, Bulgaria, T, = 505°C (magnetite did not completely dissolve); (i) quartz from pegmatite. Kenl, Karakhstan, T = 610°%C; (j)
scheelite from Lhe Chorukh-Dairon wolframite deposit, Northern Tajikistan [37], Ty, = 330°C; (k) guartz from a vein of rock crystal
in the Western Pamirs, Ty, = 440°C [38].
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cinnabar (99%), celestine (73%, and barite (74%)stdgrams of the
homogenization temperatures of fluid inclusions ame minerals are shown in
Fig. 2.

The most favorable ranges of the crystallizatiomgeratures of certain
minerals identified will likely not be modified in @hcourse of further studies
because of the good representatives of data orhwhese ranges are based. The
following example illustrates the validity of thisonclusion. By 1980, 529
measurements of
the homogenization temperatures of fluid inclusionsphalerite were obtained,
and the temperature range of 300-100°C comprisétl gf6all measured values
[18]. The number of measurements of these tempesatdor sphalerite
significantly increased by late 2007 (1983 measungshe but the temperature
range of 300—-100°e included practically the sameqrgage of the values: 75%
(Table 5). In 1980, 80% of 84 measurements obtainederyl fell within the
temperature range of 450-250°e [18]. The numbeh@imeasurements currently
increased to 299, but the same temperature rarfgdes 75% of them (i.e., a
closely similar percentage).
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Fig. 2. Histoprams for the homogenization temperatures of Auid inclusions in some minerals. Numerals in parentheses show the
number of determinations.

Analogous examples for two other minerals (fluoatel calcite) are also similar.
The temperature range of 250— 50°e includes 81%2G8 measurements for
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fluorite and 80% of 795 measurements for calcitmeting to [18]. Now this most
favorable range of crystallization temperatureduides 80% of 3327 values for
fluorite and 81% of 2494 measurements for calciesuRs close to earlier data in
[18] were also obtained for other minerals (Table 6

PRESSURES OF NATURAL MINERAL-FORMING FLUIDS

Pressure is one of the most important parametersrsdral-forming systems.
Now the main source of quantitative informationtbea pressure of natural fluids is
inclusions in minerals. While as few as 160 pressueasurements derived from
information on fluid inclusions had been publishgd1972 [39], the number of
these measurements increased to 470 by 1977 [80]p§ 1980 [41], and now
reaches 5400 (Table 2). Note that dataflamd inclusions make it possible to
characterize all geological processes: magmaticammaphic, pegmatite, skarn,
greisen, hydrothermal, sedimentary, and diagenetic.

Table 6. Comparison of the most favorable temperature
ranges for the crystallization of certain minerals reported in
1980 in [18] and in this publication

As of 1980 | As of 2007
Mineral Te;;nn;;iia‘)tére

n % n %
Cassiterite 450-300 190| 78 | 468| 75
Beryl 450-250 84| 80 | 299| 75
Tourmaline 400-250 84| 78 | 173| 65
Wolframite 350-250 76| 80 | 118| 68
Sphalerite 300-100 529| 76 | 1983| 75
Fluorite 250-50 1278 | 81 |3327| 80
Calcite 250-50 705 | 80 |2494| 81
Barite 200-50 182 82 | 770| 74
Antimonite 150-50 52| 84 88| 75
Cinnabar 150-50 77| 87 | 152| 82

Note: n is the total number of measurements, % is the percentage
of measurements within a given temperature range.

Table 7 shows data on the frequency of occurreanc®) of temperatures and
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pressures of natural mineral-forming fluids withamges of 20-1200°C and 1-
12000 bar. As follows from this table, more thaif lod the 5262 measurements
fall within the temperature range of 200— 500°C%$)mand the pressure range of
1-2000 bar (57%). Figure 3 presents all availabdasurements of temperatures
(20-1400°C) and pressures (1-13000 bar) of natuidk (the current number of
such determinations amounts to 5390). This figureesdmot display 15
measurements with pressures >13000 bar, among wimcmaximum values of
fluid pressure reaches 21000 bar [42]. This figus® ahows that the best
thickening of the data points occurs at temperatiieow 400°e and pressures
below 2000 bar. At the same time, only very few suegaments occur within the
range of 500-900°C and pressures of <1000 bartheregion characterized by a
low density of the fluid (this region was previousiferred to as pneumatolitic) is
unfavorable for the crystallization of minerals.

T, °C

1200 0 = %g s Fopilgr et e T pan e e ot

800

400 Py

7= 5390

Fig. 3Pressures of natural mineral-forming fluids within the ranges of 20-1400°C and 1-
13000 bar.

The composition of fluid within such broad temperatand pressure ranges was
proven to vary: the regions of high temperatures6@®—-700°C) and pressures
(>4000 bar) are dominated by,®ree CQ, CH,, N,, and CO fluids, whereas
fluids at temperatures below 600°C and pressure® kd0 are typically aqueous.
The variations in the component composition of Bui@e shown in Fig. 4a
(predominantly HO-free fluids) and 4b (predominantly aqueous fluidayl Table

8 reports data on the frequencies of occurrencéaofirof these fluid types within
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Fig. 4. Pressures of natural mineral-forming fluids within the ranges of (a) 600—-1400°C and 1-13000 bar and (b) 20-600°C and
I—8000 bar.

(1) Fluids of predominantly aqueous composition, (2) water-poor and water-free fluids (COy, CHy, N
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temperature range of 20—-1200°C and the pressuge @il—12000 bar.
Water-poor high-temperature (>1000°C) fluids commarnsist of carbon
dioxide, which is provided mostly by basaltic magmdhe ascent of these
magmas to the Earth’s surface is associated wiin tegassing and the origin of
an individual egfluid phase. The major fluid component of deep xérIn alkali
basalts and kimberlites that represent the uppettlenas also eg and these
inclusions sometimes also contain up to 8-12 m@®s N,, or minor amounts of

S-bearing gases. A generalized characteristic ep deiids and a review of all
currently available data was published in our earlpaper [43]. It was
demonstrated that the studies of syngenetic matt fand inclusions provide
evidence of the widespread degassing of naturalnmaagwith the release of
volatile components in the form of an individualagk. It was also shown that the
composition of this volatile phase differs for vars magmas: this is C@r mafic
and ultramafic melts and ,8 for acid melts. Data obtained after the

aforementioned paper was published completely curtfiese conclusions.

The temperature range of 600-1000°C, at which matainic processes are widespread, is characterizegter-poor fluids also
dominated by carbon dioxide. Pre dominantly,@Gids are most typical of rocks of the granulitetemorphic facies.

Figure 4a shows that the high-temperature (>600f€)ion includes
numerous measurements of high fluid pressures (=).kiAs was mentioned
above, these fluids are dominated by,d@ numerous recently published papers,

data on inclusions in minerals point to fluid pressthigher than 10 kbar [42, 44—
60]. Note that a pressure of 5 kbar correspondshéolithostatic pressure of
overlying rocks at a depth of 18-20 km, and a pmesef 10 kbar occurs at 35-40
km. It is thus reasonable to conclude that fluidpreflominantly CQcomposition
can exist as an individual phase at significanttteptithin the crust (20— 40 and
even 70-75 km, according to [43]) at high tempeestand pressures. These deep
fluids of magmatic or metamorphic genesis can belwed in hydrothermal
solutions when ascending to the surface and forendeposits. In this situation,
they control the movements of the solutions.

Figure 4 also shows that many measurements at 800>C correspond to
aqueous fluids. One of their principal sources amé aagmas, whose water
concentrations are often as high as 5-8 wt % am@si@nally reach 13.9 wt
%.[61]. Studies of inclusions in minerals make dsgible to visually observe a
high-density liquid agueous phase in acid meltscdaoduct thermometric and
cryome tric measurements, and to calculate theerdrations and pressures of
volatile components in magmatic melts [36, 61— 7&jgure 5 presents
micrographs of melt inclusions with high-density gnatic water in quartz,
sanidine, and anorthoclase. The degassing of sabtérauch acid melts results in
the liberation of high-temperature aqueous fluiddeurhigh pressure (from a few
to 10-15 kbar). These fluids can undoubtedly padiel in hydrothermal ore-
forming processes [75].

Here we do not analyze the role of magmatic fludghe genesis of ore deposits;
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some aspects of relations between rare-metal oneeralization and acid
magmatism were considered in our earlier publicatif/6, 77] based on data
obtained on inclusions in minerals.

Fig. 5. Silicate mell inclusions with high-density magmatic water. {a—e) Quartz. from topaz rhyolile, Spore Mountain, United States
[67, 68]: {a) 8-shaped fluid segregation at room temperature, the gas phase (G) on the left-hand side has Ty, = 270°C, (b} same inclu-
sion after its heterogenization, a gas phase appeared on the right-hand side, (c) inclusion after homogenization in a bomb under a
pressure of 3.1 kbar and a temperature of 700°C, (d, ) inclusions at room temperature, the homogenization temperatures of the Awid
constituents of the inclusions are {d) 255°C, () 136°C; (f) quariz in rhyolite from central Slovakia [66, 71]; {g) sanidine in thyolite
from central Slovakia [66, 71]; (h) sanidine in andesite from central Slovakia [69, 72 (i, j) anorthoclase, Pantellera Island, fluids
of the inclusions homogenized at (i) 3057°C and (J) 235°C [65]; Gl is silicate glavcophane. G is a gas phase, L is the liquid water
phase.

The depths at which ore deposits are formed usualyot exceed 3-5 km
[78], which corresponds to a lithostatic pressur8G®—1300 bar. As follows from
Table 7 and Fig. 4b, the pressures of mineral-fognfiuids at temperatures lower
than 400°C quite often exceed 1500—-2000 bar. Inyn@stances when the depths
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of ore formation were evaluated from geologicaldevice and the pressures were
calculated from data obtained on inclusions in matse the actual values of the
latter parameter turned out to be significantlyhieignot only than the hydrostatic
load but also than the lithostatic pressure [18,488 76, 77, and others]. This
means that the excess pressure is exerted by flamdsg from greater depths, and
these fluids can be either CO2- or H20 dominated é&bove). This is illustrated
by the following example. We thoroughly examinedidl inclusions in quartz
samples taken at various depths (up to 3100 nfeaKblar gold deposit in India
[79]. It was determined that the fluid pressuredggats varied from 0.33 to 6.07
bar/m (at an average value of 1.35 bar/m) and fstgntly exceeded the pressure
gradient of 0.27 bar/m due to the lithostatic lodthe overlying rocks. This led us
to conclude that the CO2-dominated fluids could ednom a fairly deep source,
which maintained the high pressure gradients duthegy lengthy evolutionary
history of the deposit.

SALINITY AND DENSITY OF NATURAL MINERAL-FORMING FLU IDS

Studying inclusions in minerals is a reliable atightforward method for
evaluating the chemistry, salinity, and densityfieral-forming fluids. Table 2
illustrates the tendency in the accumulation oftdak data (publications and
analyses) on the salinity of natural fluids. Cuthem@vailable information on the
chemical composition of fluid inclusions indicatésat, in spite of the great
diversity of endogenic mineral-forming media, theemmon major components,
along with water, are alkali systematic evolutioh their composition with
temperature.

Solutions richest in CO2 (with CO2 concentrationarying in these
solutions from a few dozen to a few hundred graersljkg of H20) are typical of
intermediate temperatures (200-3%0). The presence of such high CO2
concentrations results in the fact that these sichs at room temperatures contain
both aqueous solution and carbon dioxide as awitheil phase. Some examples
of multiphase inclusions with liquid CO2 in varionsnerals are shown in Fig. 6.

High-temperature (>300—35(L) solutions contain notably more chlorides of
Na, K, and other elements, and the total salifithese fluids may reach 50-80 wt %
equiv. NaCl (Fig. 7). Such high-salinity fluids che regarded as chloride melts;
inclusions can occasionally contain sulfate mé@.|

Based on 18378 determinations, Table 9 lists thguencies of occurrence of
temperatures and the salinity of natural hydrotl@@rmineral-forming fluids
within the ranges of 20-1000C and 0-80 wt % NaCl equiv. It is interesting to
note that as few as 1124 such determinations wesdable as of 1980 for a
narrower temperature range of 20-7@ [18]. As follows from Table 9, more
than
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half (53%) of all salinity determinations in hytlermal fluids do not exceed 10
wt %.

When captured in minerals and cooled to room teatps¥, such fluids
form two-phase inclusions consisting of gas andiidig Examples of such
inclusions in

various minerals are shown in Fig. 8. The overwlammajority (84%) of
determinations in Table 9 are constrained to thg&rature range of 100-40C.
Although the information available in 1980 was mumhbre scant, the percentage
of measured values falling within the same tempeeatange of 100—-400C was
the same: 84% [18]. This means that the number edsorements obtained by
various researchers and exceeding 1000 is adeguepeesentative.

C, wt %

n= 18400

60

40

0

600 800 T, °C

Fig. 7. Distribution of temperature and salinity (wt % equiv. NaCl) values of natural mineral-forming fluids.

Data on inclusions in minerals provide quantitatstearacteristics of the
density of hydrothermal fluids. The density of twbase (gas + liquid) inclusions
is calculated from the salinity of the solution atsdhomogenization temperature.
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The density of multiphase inclusions (gas +liquid cttystalline phases) is
calculated based on the experimentally determiretity of the gas, liquid, and
solid phases at room temperature. Upon determithiegdensity of each of the
phases, one can calculate the density of the fhaiptured when the mineral
crystallized. The procedure is discussed in muctailden [92]. Our database
contains information on 18437 determinations ofdeasity of natural fluids, and
these data arshown in Fig. 9, while Table 10 presents data enfiaquency of the
occurrence of temperature and density values ofdtlgdrmal mineral-forming
fluids within the

Fig. 6. Mulliphase inclusions with liguid CO- in various minerals.

{a) Quartz from a rock crystal-bearing vein in the Western Pamirs [38]; {b) beryl, Spokoinoe W deposit, Eastern Transbaikalia, Ty, =
2957C |80]; (c) topaz, Modoto wolframite deposit, Mongolia, Ty, = 317°C [80, 81 (d) siderite. Ivigtul cryolite deposil, SW Green-
land, Ty, = 285°C [R2, 83]; (&) Auorite from fluorite—-muscovite preisen, Belukha W deposit, Eastern Transbaikalia [80, 84]; 1) halite,
Devonian rock sall, core of a borehole, depth 1380 m, Dnepr—Donets depression, Ukraine, microgragh at —7°C, Raman spectro-
scopic data: COy =79.1 mol %, CHy =209 mol %; (g) orpiment, Minkyule deposit, Verkhoyansk Range, Yakutia [85]; (h) quartz,
rock crystal-bearing veins in Southemn Urals; (i) quartz, Berezovsk gold deposit, Urals, T;, = 288°C [Ba].

(76%) of the determinations span the density rasfg@.81.2 g/cm3, i.e., natural
fluids mostly have very high density values. Noteatt when the 1015
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determinations available as of 1980 were analy#esl, density range of 0.8-1.2
g/cm3 included practically the same percentagbedda determinations: 75% [18].

GAS COMPOSITION OF NATURAL MINERAL-FORMING FLUIDS

One of the most important factors of natural mik&yeming processes is the
chemical composition of solutions from which mirdsrerystallized. An important
role in evaluating this composition is played bg #tudy of fluid inclusions. The

exact knowledge of the gas composition of a fllotanly provides direct
- - - - ‘s

Fig. 8. Two-phase (gas + liquid) fluid inclusions in various minerals.

(a. b) Sphalerite: {(a) Dzhida wolframite deposit, South Western Transhaikalia, Ty, = 230°C, C = 9.5 wt % equiv. NaCl [88].
(b} Sadovoe base-metal deposit, Southern Russian Far East, Ty, = 350°C, C = 3.6 wt % equiv NaCl, (c, d) topaz: (c) Svetloe Sn—W
deposit, Chukotka, T}, = 329°C. C = 4.8 wt % equiv. NaCl [89]. (d) Yugodzyr Mo—W deposit, Eastern Mongolia, Ty, = 376°C.
C =72 wt % equiv. NaCl [90]; (e) barite, Abagatui fluorite deposit, Eastern Transbaikalia, T}, = 142°C, C = 3.5 wt % equiv.
NaCl: (f) Auorite, Lastochka deposit, Russian Far East, T, = 152°C, C = 4.7 wt % equiv. NaCl; (g) huebnerite, Tumen-Tsogto wol-
framite deposit, Eastern Mongolia, T, = 272°C, € =7.2 wt % equiv. NaCl [80, 81]; (h) quartz, Banska Stiavnica Au—Ag—Pb—Zn
deposit, Central Slovakia, T, = 305°C. C = 2.7 wt % equiv. NaCl [91]; (i) cassiterite, Svetloe Sn—W deposit, Chukotka, = 330°C,
C =43 wit % eguiv. NaCl [89].

evidence on the concentrations of certain compaeneahd their
spatiotemporal evolution but also makes it posstioleremarkably widen the
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characteristics of mineral-forming fluids with tlag@plication of thermodynamic
methods.
The very first direct determinations of gas compusén fluid inclusions

were accomplished in the second half of the 20thturg (Table 2). In 1950
Ermakov [1] described in much detail the technigagplicable for studying
inclusions in minerals. The publication of this paptimulated the development of
more advanced techniques and methods, with massr@metric techniques [93—
100 and others] finding the widest application. 8lt@aneously gas
chromatographic
methods were more and more widely used after théqgation of [101-104]. The
advantages and disadvantages shared by all of thed®ds are underlain by the
fact that they provide data only dme bulk composition of inclusions [99, 105,
106]. The analysis of the gas phases of indivigoeusions was first conducted
by.

d, g!cm:"

n= 18400

1.0 ™

0.5

1
o0 200 400 e00 80O T, °C

Fig. 9. Distribution of temperature and density values of natural mineral-forming fluids.

Maslova [107], and this technique was later mo@edh by Shugurova [108] but
eventually has not found wide use because of gb labor intensity and low
accuracy. The most reliable data can be obtaineddans of the direct analysis of
the material of fluid inclusions. Because of this publication of [109] in 1976
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marked the onset of a new phase in studying michasions and displayed the
potentialities and outlooks of the application @nian spectroscopic techniques in
studying individual fluid inclusions without theiopening. The continuous

modernization of these techniques resulted in thedad utilization at various

laboratories worldwide [110-115 and many others]

"H,S CHy - B

Fig. 10. Diagrams showing proportions of gas components in natural mineral-forming fluids.
Numbers of determinations: (a) 1200, (b) 376, (c) 313, (d) 683, (e) 770, () 641.
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Table 8. Frequency of occurrence (%) of (I) H,O-dominated and (IT) H;O-poor or H,O-free fluid inclusions in minerals with-
in the ranges of 20-1200°C and 1-12000 bar

Temprmure, ol g Nonter L .
I 1 I 1]
20-100 59 76 24 1-1000 1642 04

100200 176 g1 19 10002000 1373 a1 ]
200300 1342 a2 8 20003000 7 g1 19
300400 1090 85 15 30004000 462 T0 N
400-500 441 18 22 40005000 330 47 53
500600 410 71 29 S000-&000 246 35 65
600700 415 45 55 GOO0-T000 212 40 &0
TO0-800 415 48 52 TOO0—2000 177 40 &l
200900 187 46 54 FO00—2000 133 40 &l
9001000 160 16 a4 Q00010000 47 45 55
10001100 159 4 96 1000011000 by 45 55
1100-1200 215 1 o9 1100012000 10 20 a0

Table 9. Frequency of occurrence (%) of temperature and salinity values of natural hydrothermal mineral-forming fluids at
20-1000°C and 080 wt % equiv. NaCl (based on the data of 18378 measurements)

Salinity, wt Temperature, °C

= 20100 | 100-200 | 200300 | 300400 | 400500 | 500-600 | 600-700 | 700300 | 300-900 |900-1000| 201000
0-5 1.61 10,17 | 1433 5.80 048 0.09 0.08 004 - - 32.60
510 0.83 5.50 7.82 4.98 069 028 0.06 0.04 - - 2029
10-15 0.89 386 368 228 057 020 0.02 0.04 - - 11.54
15-20 1.33 381 167 1.23 032 011 0.08 0.0m 0.01 - 8.57
20-25 1.90 5.33 139 0.85 041 0.06 0.03 002 - - 0.99
25-30 0.83 236 090 0.67 029 0.10 0.02 001 0.01 - 519
30-35 0.20 0.87 158 0.89 033 0.13 0.03 0.01 - - 4.04
35-40 0.08 0.26 0.80 0.93 035 0.16 0.02 0.0 - - 261
40-45 0.0 0.08 022 092 034 0.14 0.02 002 0.01 0.01 1.77
4550 0.0 0.02 0.11 0.34 047 014 0.02 0.m - - 1.12
50-60 - 0.0 0.08 0.26 0.60 025 0.05 0.0 0.01 - 127
&0-T0 - 0.01 0.03 0.08 019 034 0.07 0.02 0.01 - 0.75
TO-80 - - - 0.m 0.03 012 0.06 0.03 0.01 - 026
0-80 769 | 3237 | 326l 19.24 507 212 0.56 027 0.06 0.01 100.00
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The variations in the number of publications andsueements by techniques
predominantly utilized in the analysis of naturklids and applied in studying
fluid inclusions in minerals with time is shown irable 11. Although Raman
spectroscopic techniques were applied to studymadusions in minerals much
later than other techniques, the former have agti@ad in this field and now

Table 10. Frequency of occurrence (%) of temperature and density values of natural hydrothermal mineral-forming fluids at
20-1000°C and 0.01-1.90 g/cm® (based on the data of 18437 measurements)

Density, Temperature, “C

gfem” 150100 | 100-200 | 200300 300-400 | 400-500 | 500600 | 600-700] 700-800 | 800-900 [000-1000] 20-1000
001-020| - . = 001 | 001 | 001 - - = - 0.03
020040 | - iz 003 | 038 | 007 | 002 | 001 - 0.01 u 0.52
040060 | - - - 177 | 0% | 013 | o004 | o004 - - 2.88
060070 | - - 002 | 421 | 062 | 015 | 003 | o4 " - 5.07
070-080 | - - 601 | 560 | 073 | 020 | 006 | 0.02 * - 12.71
0.80-0.90 | - 228 1641 | 227 | 058 | 038 | o011 | 005 = = 22.08
090-1.00| 139 | 1475 | 531 | 178 | 067 | 041 | 010 | 003 | o001 - 24.45
1.00-1.10| 250 | 936 | 328 | 220 | 067 | 025 | 005 | 003 | o0 2 18.35
110-1.20 | 344 | 554 | 124 | 068 | 039 | 019 | 004 | o0.01 " 001 | 11.54
120-1.30| 034 | 026 | 018 | 018 | 022 | 015 | 004 | 002 = - 1.39
130-140| 001 | 001 | 002 | 006 | 010 | 010 | 003 | o001 " < 0.34
1.40-150 | - 001 | 001 | 001 | 006 | 012 | 004 | o001 - - 0.26
150-1.60 | - - " " 005 | 008 | 003 - " - 0.16
160-1.70 | - - - " 002 | 004 | 003 | 002 | 001 : 0.12
1.70-1.80 | - = = - 001 | 001 | 001 | 001 | 001 . 0.05
1.80-1.90 | - - - - 001 | 001 | 001 | 001 | 001 - 0.05
001-1.90 | 768 |3221 |3251 | 1924 | 511 | 225 | 063 | 030 | 006 | 001 |100.00

Table 11. Methods and techniques most frequently used to analyze the gas composition of natural fluids and applied in study-
ing fluid inclusions in minerals in various periods of time (I is the number of publications, IT is the number of measurements)

19651990 19912007 19652007
Method II 1 I
I | I
n % n % n %

Gas chromatography 23 214 19 44 569 13 67 783 15
Mass spectrometry 22 184 17 31 740 18 53 924 17
Raman spectrometry 49 490 45 1422 2550 61 171 3049 58
Other methods 9 214 19 18 330 8 27 544 10
Total 103 1111 100 215 4189 100 318 5300 100

account for more than 60% of all measurements. Kewébulk-analysis”
techniques are still widely used, results obtamél various approaches to the
analysis of the same samples are still activelgudised in the literature, and
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conclusions are drawn concerning the advantagesdiaadvantages of such
techniques [99, 105, 106, and others].

The authors of numerous publications devoted toctiraparison of a great
diversity of analytical techniques concur that Rarspectroscopic techniques are
accurate enough to determine the composition avishaal inclusions but the data
thus obtained can sometimes be not representdtitreeaverage composition of
fluids in the sample as a whole. This pertainsst fof all, to the analysis of
inclusions of heterogeneous phase compositionhande, it is pertinent to stress
here once again that the analysis of fluid inclasies not a routine operation but
involves assiduous research. Table 12 lists th@ageecomposition of the gas
phase of natural mineral-forming fluids obtainedRaman spectroscopic analysis.
Already very early in the course of studying flurttlusion, it became obvious
enough that CO2 is one of the predominant gas coemie of most mineral-
forming fluids. For example, CO2 was identified 1881 analyses (66%) (Table
12) of the 3049 analyses of the gas compositioflusd inclusions by Raman
spectroscopy (Table 11), with CO2 accounting fo0%0of the filling of the
inclusions in 223 analyses (no othgaiseswere identified in them). An ever
growing number of determinations indicates thatuuoedl carbon-bearing species
(such as CH4) can broadly participate in naturadlgurring processes, as was first
emphasized in [93]. Methane was identified in 1886 the 3049 Raman
spectroscopic analyses

Table 12.Average composition (mol %) of the gas phase
of natural fluids (Raman spectroscopic data

Number Range of Averagg

Com- - composi-
of concentrations )

ponent tion of gas

analyses | and average values

phase

CO2 1881 0.00-100 (63.65) 61.46
CHa 1835 0.00-100 (19.91) 19.23
N2 1508 0.00-100 (16.76) 16.18
H2S 463 0.00-75.0 (2.25) 2.17
CnHm 111 0.00-12.0 (0.75) 0.72
H2 70 0.00-3.20 (0.12) 0.12
CcO 54 0.00-4.30 (0.12) 0.12
SO 19 0.00 0.00
Total 5941 — 100.0

(65%) (Table 11), and the methane camtrations in 71 of the analyses reach
100%. The third most widely spread and most abuncamponent is nitrogen, as
was first noted in [104] and was confirmed by imfation accumulated later.
Nitrogen was found in 1508 of 3049 analyses of gas composition of fluid
inclusions (53%) (Table 11) and accounted for 100%26 of these analyses.

Figure 10 illustrates the relations between theceatrations of various volatile
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components in natural mineral-forming fluids. Feample, when H20 and other
major components were analyzed (Fig. 10a), 51% hef 1200 data points

corresponds to the presence of all of the threem@mponents, and 36% are
diverse combinations of two-component systems. d&mmonent systems account
for 13% of the total number of the analyses. Systemh H20 (Figs. 10d, 10e)

are most commonly three-component: H20-CO2-CH4 (@6%20 analyses) and

H20-CO2-N2 (72% of 683 analyses).

CONCLUSIONS

1. We compiled a database comprising materials froare than 17500
publications on fluid and melt inclusions in minlerand generalized the results on
the major physicochemical parameters of naturalemalrforming fluids (the
temperature, pressure, salinity, and density ofdtyermal solutions and the gas
composition of fluids). Data on the frequency otweence of certain ranges of
the homogenization temperatures of fluid inclusiatiswed us to identify the
temperature ranges most favorable for the crysédibn of the host minerals of the
inclusions.

2. The frequencies of occurrence of H20O-dominatetl20O-poor inclusions
were determined for the ranges of 20-1200°C an@Q64l bar. Mostly aqueous
inclusions are predominant at temperatures beld®¥®@nd pressures below 4000
bar, while water-poor and waterfree inclusions date at temperatures of 600—
1200°C and pressures of 4000-12000 bar. The pam=mems examples of
inclusions with visually observable water, whichis¢x as an individual high-
density phase in melt inclusions in minerals ceddovorldwide.

3. Extensive data indicate that pressures durimigdtiyermal mineral-forming
processes can be very high, up to 1000-1500 bah @essures are much higher
not only than the hydrostatic pressure but alsa tha pressures of the overlying
rocks. This means that the excess pressures aredxsy fluids coming from
greater depths; the composition of these fluids baneither CO2- or H20-
dominated.

4. The frequencies of occurrence of the temperstuaed salinity of
hydrothermal fluids are calculated based on momn th8000 determinations
within the ranges of 20-1000°C and 0-80 wt % eqii&Cl. More than a half
(53%) of all determinations of the salinities ofdngthermal fluids correspond to
values no higher than 10 wt %, and the great ntgjdB84%) of temperature
measurements
for hydrothermal fluids falls within the range o®@-400°C. The frequencies of
occurrence of the temperatures and densities ofollyermal mineral-forming
fluids are calculated for the ranges of 20-1000f@ &.01-1.90 g/cm3. Most
(76%) of the determinations corresponds to densityes of 0.8-1.2 wt %; i.e.,
most natural mineral-forming fluids have a veryrhagnsity.
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5. The paper discusses the most commonly useditegmused to analyze
gases in natural fluids in application to studyinglusions in minerals of various
age. More than 3000 analyses made by Raman spmmtsogthe most widely
utilized technique) are used to calculate the aee@mposition of the gas phase
of natural fluids.
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Spatially united continental associations thatedifrom ordinary continents
only in size are referred to as supercontinentdottumately, we failed to find a
clear and justified definition for the term “supermo@ant” in the literature, and that
Is why we will use in this work the above-mentiorsthple definition. If it is true,
then all features of continents, except their siaes retained in supercontinents as
well. Evidently, the main feature of such globalstural elements of the Earth is
the presence of the continental crust in them. Whil understanding that the
supercontinent Pangea, which was ascertained byWagener and which
incorporated almost all principal continents, whe tast supercontinent on the
Earth and incorporated nearly all the main contiménat existed at the boundary
between the Paleozoic and the Mesozoic, we shatrdoduce one more constraint
on the term “supercontinent”. precisely, incorpmnat of the majority of
continents. This follows from the fact that, acengdto [1], Pangea did not
incorporate such continents as Amuria, North andtfs&hina, Malaysia, and
other smaller continental blocks separated fromgPanby the Tethys and
Paleotethys oceans (Fig. 1a). Hence, it shoulddoepded that supercontinents
incorporate most of the continental blocks, butmetessarily all of them.

In the present-day structure of the
Earth’s lithosphere, considerable
fragments of Pangea turned out to be
interrelated in one way or another. This
is true of the set of continents (Fig. 1)
that unites Eurasia, North and South
America, and Africa. Only Australia
and Antarctica appear to be separated
from this part of Pangea.

200 Ma
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Fig. 1. Position of continents on the modern surface ohe Earth (0 Ma) andin the Pangea
structure (200 Ma ago)[1].

One may find an answer to the question whether tbpa#ally close Pangea
fragments can be attributed to a recent contirfest,of all, from the structure of

the Pangea northern part and especially the Aretigon [2—6], since even the
above-mentioned continental blocks such as Amuxarth and South China, and
others not incorporated into the Pangea struchaee amalgamated with Eurasia
at present.

Figure 2 demonstrates the map of spatial distwoudf the continental and
oceanic crusts, as well as manifestation of regelzanism [7] on the territory of
the Northern Hemisphere. The map clearly fixes tiesalence of the continental
crust in these spatially contiguous remains of lie Paleozoic Pangea. In the
region of contiguous continents, the oceanic cstupies a limited space,
probably, in areas of the Canada Basin (the oceemist formed there in the
Cretaceous [8]) and Amerasian Basin representipgobbngation of the Atlantic
Ocean. In this connection, the continental areth®fNorthern Hemisphere can be
regarded as a retained northern part of Pangeahwhiunder destruction on the
side of the Atlantic Ocean (expansion of the Ailartb the Arctic regions,
according to the terminology suggested by Yu.M.hebarovskii [4] and E.V.
Shepilov [6]). However, Fig. 2 also shows that ¢femeration of the Atlantic and
its oceanic crust changed only the shape and gteuof the supercontinent as due
to separation of Eurasia and America these cortSn@malgamated in the region
of the Chukchi Peninsula and Alaska. Therefores gart of Pangea has retained
all features of a supercontinent up to the predesttus consider this inference in
detail in light of the geodynamic and magmatic atioh of North Pangea.

During the formation of Pangea, collision of numexderranes at the base of
Western Siberia from Spitsbergen to the eastermdmy of the Laptev Sea
resulted in consolidation of the Arctic shelf asiagle continental block by the
Middle Triassic. In that epoch, a vast shallow-wat®ntinental basin with
numerous islands separated by rifts with an intemseifestation of trap volcanism
occupied the place of the Arctic Ocean [8]. ThetBdAnyui Sea, the lithosphere
of which was subducted under eastern Eurasia irEtrey Cretaceous and from
which only the South Anyui suture zone remaineds Wee only sea basin with
oceanic crust which separated the Eurasian anchMarterican plates and which
joined the Pacific Ocean [8].

The Canadian abyssal basin, which is a constitaktliie Amerasian Basin,
opened in the Early Cretaceous in the Arctic regemd the Franz Josef major
volcanic plateau is generated. The plateau isaelst time to Cretaceous vast dike
belts and volcanics in Canadian Arctic Islands @mndenland, which are referred
to the high Arctic large igneous province (HALIP), [LO]. Reconstructed for the
moment prior to disintegration of Greenland, Svalband Franz Josef Land, the
center of these radial dike belts is located on ribetheastern edge of Queen
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Elizabeth Island and is related to the mantle plueftect. According to
preliminary data, these dike belts formed in thet@reous and Tertiary. At nearly
the same time, the Makarov Basin opened with spmgad the axial part and

Fig. 2. Lay-out scheme for continents of the Northern Hemishere (pole view).

(1, 2) Continental plates: (1) continents, (2) sleéltontinents; (3) oceanic plates; (4) areas of
late Cenozoic magmatism; (5) convergent plate bares|, (6) microplate boundaries.Structures
of the Arctic Basin: (Can) Canada Basin, (Am) Anséaa Basin, (M) Makarov Basin, (FJ)
Franz Josef Islands,(SA) South Anyui Suture.

subduction in its eastern part, which were accongoarby island-arc volcanism.
According to N.A. Bogdanov’s data [8], the Alpha—ieleev volcanic plateau originated above
the subduction zone at the end of the Cretaceaus,irdraplate basic rocks formed on the
continental shelf of Eurasia, Hyperborean dome I(Dega Dome [11]), in the Arctic
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Archipelago, and in the region of Cape Washingtoarthern Greenland). In the Paleocene,
about 53 Ma ago, the spreading in the Gakkel Rskgfein, and the Eurasian oceanic basin
opened [12]. The basin with MOR-type tholeiitic ib@svolcanism has been under spreading

with a low rate through the present time. Figurean?2l 3 demonstrate that the geodynamic
position of North Pangea is determined by two déifely directed processes:

Fig. 3.Calculations for plate burial for the last 180 Ma,after [13].

(1) Subducted plates; (2) the same, subducted Ubdiersia; (3) vectors and linear values for
lithospheric plate motion. The origin of arrows glsoa trench edge at the onset of convergence,
the end of arrows shows its modern position. Nuteetanote the time interval (Ma) for plate
motions. According to reconstructions, trenchesrateyl towards the Pacific Ocean, and within
the Tethys, northwards.

subduction of lithospheric plates on the wWestthe side of the Pacific Ocean),
south (on the side of India and the Arabian Pem@sand southwest (on the side
of the Mediterranean Sea) which results in conatibah of Laurasia,and spreading
of oceanic plates on the.side of the Atlantic O¢edrich results in the wedging of
the supercontinent.

Subduction processes are not typical for the Angéic of the supercontinent,
and the geodynamics of active areas of the Ar@rtip close to local spreading.

When comparing the northern and southern parts efjaffer's Pangea, we
should infer a weakness of even local spreadingher northern part of this
supercontinent compared to its southern part incthese of the evolution from
the late Paleozoic to the present (Fig. 1), espigaidhen the now-predominant
continental part of the Arctic Ocean is considetadhe southern part of Pangea,
practically all present-day continents separatethduhat time (Figs. 1, 3). In the
northern part of Pangea, the Gakkel Ridge origthatdy in the Cenozoic on the
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extension of the Mid-Atlantic Ridge (MAR) as a rksof the above-mentioned
Atlantic “expansion” into the Arctic region, whichin the opinion of some
researchers, is likely to lead in the future toirailar, like in southern Pangea,
breakage of North America and Eurasia. The breakag®t occurring at the
moment, and the effects of rifting in the Arctiogien are of local rather than
global nature. This was, in particular, emphasire®] and noted that rifting and
spreading in the Arctic region were of incomplesgune with numerous “jumps-
over” of the spreading axes. Distinctions in thedygamics of North and South
Pangea seem to indicate a general retention adupercontinent nature of North
Pangea that is possible only in the case of aivelat cold (and heavier)
asthenosphere and mantle in general, in the arednich lithospheric plates have
remained like in a trap during the time intervadnfr the late Paleozoic to the
present. As many researchers have shown, these areaocated in zones of
lowering of the geoid surface. In this case, unagadshed rifting in the Arctic
region accompanied by spreading represents a refieat local “breaks” of the
hot mantle through the predominant cold mantle.nSaic¢break-through” of the
hot mantle to the Arctic region is likely to havilgal consequences only on the
side of the Atlantic (Fig. 3), and the rest of thet mantle plumes caused by
subduction were “suppressed.” In general, the Canohistory of the Arctic
region is more akin to the last stages of the d@wwiwf supercontinents [14], and
the Arctic Ocean itself represents an intracont@esedimentary basin typical of a
developed supercontinent [14]. The formation ofidmsvith the oceanic crust
within it, and the connection of them first (in tkiwetaceous) with the Pacific
Ocean and later (in the Cenozoic) with the Atla@mean, the separation of North
America and Greenland are indications of the Ibcadkage of this supercontinent
which did not result in the prevalence of spreaditng Atlantic tendency) over
compression (the Pacific tendency). Data on theodmismanifestation of the
breakage in the Arctic part of the supercontineam probably be related to the
presence of the mantle plume in its base, the igctf which was most likely
suppressed by subduction on Laurasia boundariesh 8a assumption follows
from ideas presented in [15], according to whichemoof lithospheric breakage are
formed between mantle plumes. This suggests ther@we of such an Arctic
plume near the eastern flank of the Gakkel Ridge. ddcturrence of this plume in
the region of the De-Longa Rise is highly probdt. This inference is in good
agreement with the distribution of recent high-afi@ volcanics in the Arctic
region. The rocks occur in continental areas altmgy Gakkel Ridge margins
beyond the sphere of the spreading center effestt ga analogous rocks have
formed along margins of the Red Sea and Gulf ofmAdéhich are opening above
the Afar plume.

The model of generation of recent volcanism in Anetic region resides in
shorthand form in the following (Fig. 4). Subductiof lithospheric plates under
Eurasia (and its different parts), as well as uidiath America (Fig. 3) resulted in
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its collision with the continents of India, Africand Arabia and the formation of
numerous microplates along their boundaries (Fig. RQue to stability of
subduction processes over hundreds of millionseafy, a great volume of the hot
mantle material accumulated under the continente Phnocesses initiated a
compensated removal of the hot mantle material c@avergent plate boundaries
and caused the appearance of numerous mantle plumiesources of basite and
alkaline magmas within convergent boundaries ofagkiar (in the Far East and
within the Alpine—Himalayan belt) [7]. Since theng of the break-up of Pangea,
which little affected the supercontinent part lechin the Northern Hemisphere
(North Pangea), a sea basin began forming in greepf the Arctic Ocean with

North America Eurasia o
. . Pacific Superplume
Amerasian Basin

Ex )TQ = %}
ol 8%/ |\ D
b

km
1| i ) 3 | 4 | |5 o

T

Fig. 4.Model of geodynamic processes resulting in the foration of the North Pangea
supercontinent.
(1) Continental lithosphere;(2) transitional mantéger; (3) hot (low-velocity) mantle; (4)
standard mantle; (5) subducted lithosphere and (badgth-velocity)

generation of the oceanic crust in the Cretacenddle Cenozoic. The generation
of the oceanic crust of the Cenozoic Arctic Basihkely to fix the breakage of the
supercontinent of the Northern Hemisphere underetfiect of mantle plumes
evolving in the course of their migration northwarfiom the central Atlantic
region (the Iceland, Jan Mayen, and probable Apitimes).

Such a long retention (over 200 Ma) of the tectatability in Laurasia and
the supercontinent status of North Pangea is nkasy I[determined by subduction

processes along its boundaries (Figs. 2, 3). Theegses inhibit major breakages of the lithospirethis part of the Earth as they cause the

compression regime within it. The supercontinedtunre is built up along these
convergent boundaries (Fig. 4), and long-term stalbduction of lithospheric
plates under Eurasia and North America resultedaacumulation of cold
lithospheric material and cessation of hot mantievection in the interior of the
region (Fig. 4). It is likely that these processappressed the activity of the mantle
plume which has been active in the polar regiothef Earth since the terminal
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Triassic right up to the present time and regultotged its way toward the Earth’s
surface.
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ABSTRACT

Three pipes from the Angola- South West of Congsd{araton Caquele, Camitongo
1 and 2 reveal close mineralogy of the xenocry$tshe deep-seated mantle minerals:
garnets clinopyroxenes and ilmenites.

PT estimates reveal also close geothermal condit8h- 40 mvm-2, slightly higher
then the determined for the biggest pipe in thelWGatoca locate data the same region. But
this is lower then thermal gradients beneath SdAftiica kimberlites which may be
explained by higher thickness of the subcratotimfipheric mantle(SCLM)beneath Congo-
Kasai craton (to 400 km) then beneath Kaapva#bigra50- 30Gm.

The layering and major horizons the 5-9 is clmseCamitongo 1-2 pipes as well as
the mantle lithology despite on close general nailogry. The heating in the basement from
75 up to 55 kbar is a general feature of the mdittiesphere beneath this kimberlite pipes.

Mantle columns have individual geochemical featuoésthe minerals suggesting
pervasive metasomatism from the lower part of nean@aquelle CPx patterns reveal
Iherzolitic REE are LILE — enriched with the Ba gealue to Plh melting while Camitongo
1-2 show Ta-Nb enrichments possibly due to intevas with the protokimberlites and Pb
dips.

lImenite trend tracing the mantle column from bott up to shallow mantle evolve to
Fe- ilmenites and correlates with the abundanabetlinopyroxenes enriched in Fe in the
mantle as well as the abundance of TREE in ilneeshite to AFC differentiation.

INTRODUCTIONG

Africa kimberlites are the most investigated foe t[85] nevertheless the
information about the some large kimberlite fiel#® in Angola is rather scarce
[10,51]. Largest in the World and less eroded kirliteepipes like Catoca [17, 41,
53] that were found in Angola are of the greatnesé not only for the prospecting
and industrial geologist but for the petrologisézduse it is the most modern and
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representative information about the compositiontlod upper mantle in the
Central Africa [27, 53] which is studied less tharKaapvaal craton [18, 23, 30,
31, 34, 36] and other parts of Africa continentn@o - Kasai craton have the most
deep root in the Africa to 400 km [38]as the othech craton may have another
thermal regime more typical for those with deeptsdike Slave [5] or Siberian
craton.

GEOGRAPHIC LOCATION

Kimberlites from Angola [16] are distributed on thast territory of the
Congo —Kasai craton. Most of them are located iIRNE belt. Some kimberlites
fields and form separate groups scattered in Wegtart of Angola in 50-150 km
from the coast. In this paper we give some inforomafor the kimberlites from
Camitongo (8 57' 00 'S - 19 08'E) ~ 250 km frommndemand Caquele (12° 7' 0S, -
14° 6' 60E) ~250 SE from Luanda. The largest invifeeld kimberlite pipe Catoca
(10° 9' 0S -14° 55' OE) is located at the samedrarias previous 200 to the south.

SAMPLES.

All the data were obtained from the mineral concdpt— natural from the
laterite soil and the drilling samples. Climaticnddgions in Angola allow only
several minerals to be preserved in the kimbeniitatrix. We used garnet,
ilmenites and clinopyroxenes to recognize the wanaof geochemistry and major
elements. The grains used had the typical dimeadlos-1 mm and some larger
grains and intergrowths were taken as the micrdkbsoto determine the
associations. The grains were mostly taken fromstrely tuff kimberlites. All of
them are rounded most likely during the eruptionewtthey were in the hot
explosion cloud.

ANALYTICAL METHODS

From each pipes about 100- 150 grains of the egmhdf the minerals were
taken. The populations for the analyzed grainsaoheconcentrate exceed 700.
After the estimations of the variations for majangponents the representative
varieties were analyzed by LAM ICP method.

All the analyses were obtained in the Analytic CernGM SB RAS. The
EPMA data were determined by OS Khmelnikova andtien Camebax Micro
mass spectrometer. With the 20 mv accelerationageltand 15 ma in epoxy
mounts of the polishes mineral grains ~500 -60€&ich cassette.

The LAM ICP data were obtained on Finnegan Elenmeass spectrometer
with the Nd UV laser on Laserprobe. The laser diamdoes not exceed 10-20
microns with the scanning of the surface — 30 schors samples. The
concentration 33 trace elements were determinedyusi 3 isotopes for the most
complicated elements (48 isotopes together) ancgpaced to chose better values.
The scanning time for the
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each grain do not exceed 3 minutes. Analyst of tAM ICP analyses
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Palessky S.V., establishment and developing ofntle¢hod in IGM SB RAS -
A.l.Saprykin.

MAJOR ELEMENT CHEMISTRY OF THE MINERALS

Garnetsfrom the kimberlite pipes of Angola [17, 43] reveather unusual
compositions. Most of the compositional variati@amcentrate within the Iherzolite
field at Cr203-CaO discriminant diagram [47, 4%c¢king 14 %Cr203 for those
from Caquele and Camitongo kimberlite pipe (Fig1his is high comparing to
the variations from Chicuatite, Chikolongo, PalwM@iaty and Ochinjau pipes
from the NE zone [16] traced by kimberlites. Denatto the harzburgite field [13,
19, 23, and 47] was found only starting from 12%C0203 and several points of
sub-calcium garnets were found within the 5-7%Cr2@8rval. For Camitongo 1
kimberlite pipe the major trend is restricted byd@r203 which is close to those
found for garnets from Catoca [50]. The later latgend most productive Catoca
pipe [14] (under the exploration) reveal a largeoanm of the harburgitic and
dunitic garnets constituting about half of the véhplbpulation. Eclogitic garnets
[24, 29] are more typical for Camtingo 2 pipe tHen Camitongol and then for
Caquele pipes.

¢
Cr;05

Fig. 1.Discrimination diagram for the Garnets from Angola pipes Caquile, Camitingo 1,
Camitingo 2, Catoca.

Clinopyroxenes.in the concentrate of the three studied pipesindar and
in the variation diagram are nearly overlapping the amount of the separate
groups in each pipe highly differs. One can recogrthree major groups of
clinopyroxenes (Fig.=2).
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Most of the typical Cr- diopsides with 2-3% FeO awmrespondent to the
compositions that are found at the middle parthef lithospheric mantle sections
worldwide [35, 47]. They are relatively low in AlBxontent from 0.5 to 4%. The
TiO2 concentration rise with the FeO content and@3 decrease but the most Fe-
rich compositions are divided from the main trendtbe break. Fe enriched
varieties of clinopyroxenes may be subdivided ithicee groups according to
Al203 content. Minor part of the Ti-low composit®rwith the high sodium
content refer to typical eclogites plotting in tGeoup B - C field in MgO-Na20
diagram. Some of them (C) are typical omphaciteth Wlo Na20 and 10-12%
Al203. The pipe Camitongo 1 containing less Crngés is characterized by the
higher Al content of the Fe- rich pyroxenes clas@tlogitic ones. An opposite in
Caquele pipe with the relatively scarce eclogitarngts in the concentrate the
practically do not contain typical omphacites [B2] or close compositions. It
possibly means that more deep interval is compdsad the hot garnet- low
pyroxenites that do not refer to the so calledgtds A — though are plotted in this
field.
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Fig. 2.Variation diagram for the Clinopyroxenes from Angola pipes: Caquile,

Camitingo 1, Camitingo 2.
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Tio2 % Tio2 %

Fig. 3.Variation diagram for the picroilmenites from Angola pipes: Caquile,
Camitingo 1, Camitingo 2.

The most ferriferous (to 8%FeO) and Cr-low with thgh TiO2 content are
close to the pigonite compositions but with relelyvhigh Na20O content (2-4%).
In CaO component decrease together with FeO risehwh an indication the hot
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interaction with Fe- rich magma with peridotites.

0 r r ————r—— ———— T
~ T°C Fe# Ol in equilibrium Variationa of .
Lesotho with Cpx, Opx, Gar, Chr, lim Cpx, Opx, Gar, Chr, lim ALogFo:
1 o 10 10 T10
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+ *
] o+ _ O\ SEA g + +
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" ofap/@e ‘0 ¢
1%, . ° 4
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Fig. 4.PT plots using xenoliths data set for Lesotho [3§jipe obtained using monomineral
thermobarometry.

1. orthopyroxene: IC[12] -P (kbar) [28]. 3. clinopyroxene®C [33 corrected] — P kbar [3];
Garnet: TC [26], monomineral- P (kbar) [2]; 4. chromit€’CT(O’Neil,Wall,1987 , monomineral
MT)- P (kbar) (Ashchepkov, Vishnyakova 2006,Chr)ilfenite: T°C [52]-
P(kbar)(Ashchepkov, Vishnyakova 2006, Ilm); 8CTand P (kbar) [12].

Rare richterite amphiboles were met in the conedémtfrom Camitongo 1
pipe.

liImenitesfrom these three pipes have diverse compositiorslapping only
partly in high MgO field. At the variation diagramO2- MgO -FeO they display
typical fractionation trends [22, 30, 31] but thenar components reveal the more
complicated trends and origin. Concentrations of GMdor Caquele and
Camitongol pipes are typical for cratonic kimbesit(6-14% MgQO) [46, 54]
(Fig.3). They are occurring more rarely in Camitordgpipe ilmenites where lower
in MgO concentrations are typical. The trend frone tComitongo | and are
complementally and together compile long fracti@mrattrends typical for the
Southern Africa [30].

The highest differences were determined for theG3r2oncentrations. The
larger concentrations of this element which aracglpfor the metasomatites [4]
were determined for the Comitongo pipes where st lhiamodal distribution with
the picks near 55 and 40% TiO2.

Study of the ilmenites from Catoca [42] reveal #edent groups including:
high Mg —type common for kimberlites and diamondrb®y associations [39], Fe-
rich ilmenites (enriched in hematite), Mn- ilmesiteand common Mg-low
ilmenites [46] as common for the groundmass kintesrlon any region. It was
found that sometimes Mg — rich ilmenites were perand surrounded by the Fe-
rich varieties. Such intergrowths were not deteatedhe studied kimberlites
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though the compositional varieties of ilmenitéom Catoca and studied
pipes are close.
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T°C Fet#t Ol in equilibrium Variationa of -
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Fig. 6.PT plots using xenoliths from Camitongo 1 pipe obtaed using monomineral
thermobarometry. Signs are the same.

THERMOBAROMETRY

TP conditions for the mineral from concentrate weatetermined for
clinopyroxenes garnet and ilmenites according itwoplyroxene [3] barometer and
[33] thermometer, thermometer methods for garri@taupd [79] thermometer and
iimenite [4] with the [52] thermometer. The configtion of the obtained
geotherms is specific for the all studied pipesn@dyroxenes geotherms for the
all studied pipes have typical inflection near &akat 12000C determined by [36]
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for Lesotho. (Fig 4).

We add for the calculations all the analyses framR.Nixon issue [35] and
some new and receive the more complex structur¢hefthermal state and
geothermal regime in the mantle using [12] thermolvetry. The monomineral
thermobarometry give close values (Fig.4).

The geotherms from the western part of the Angbia &outhwestern part of
Congo —Kasai craton reveal more colder conditiomsesponding to the South
Africa [9] an from Namibia. [27]. Unlikely to theprevious versions of
thermobarometry [20, 45] our version of garnet ni@varometry [3] give the
pressure conditions up to 80kbar. Previous versibrise garnet thermobarometry
[20,45] plot most of Lherzolitic garnets near 40akb or lower and then project
them on the geotherm for the reconstruction of tedayering [6]. Relatively cold
geotherms with the gradients higher then conduatiges obtained both with the
garnets and clinopyroxenes and even metasomaticad@rimenites (Fig.5-7).

0 T T T T T T T T T T T T T T T T ——T T T T T T

~ T°C Feit Ol in equilibrium Variationa of - ALogFOz
- Camitongo 2 with Cpx, Opx, Gar, Chr, llm Cpx, Opx, Gar, Chr, lim
10 ; . — 10 " T
+ SEA B d
2047 f""\»NAsﬂ 20 + v 204" + |"2°
-0 - ' Gr
. v + \ * v 4 b hd
0 Nt 30 0, 30 1 by + T
\‘\ > *g“ v & - - - |' |
40 1 % 40 1 ** Vlw. % *% I T*
: ap/,I e #vﬁqf + € i va;
50 4 *a/ao,o ~ 50 1 %& *vi*?* **M * 50 e * 3%*‘; F T %0
X
V45 mw/m2 “‘ b v** »* ** v’ m’ ‘I
60 Y+ x 601 ”* 60 Py, PN 1 60
\ v& iv ¢ é v" iy at ¢%* |
70 1 35 mw/m2 X % 70 1 70 * T™
* v WV' x T
P(kbar) , i ’*ﬁ *
80 - . *¥9 mw/m2 * 1

600 800 1000 1200 1400 005 0.10 0.15 020 00 20 40 60 8.0 100 -6.0 4.0 -2.0 0.0

Fig. 7. PT plots using xenoliths data set for Camitongo 2ipe obtained using monomineral
thermobarometry. Signs are the same.

Mantle xenocrysts from Camitongo 1-2 generally reéfe38 mvm-2 while pipes

Caquele (Fig.5) for the Catoca pipe the geotheny.§J are slightly higher then
those determined for the cratons of the northemtiwents (Siberian [11], Slave
[5], etc). The lower temperature conditions areedatned mainly for Na-rich

pyroxenes then for garnets. The lack of the pronednnflection on the geotherm
and the pipes give the conclusion about the lacthefpyroxenite lens which is
typical for the Siberian craton.
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Fig. 8.PT plots using xenoliths data set for Catoca pipettained using monomineral
thermobarometry. Signs are the same.

Thermal gradients of SCLM beneath two pipes Cargiwoh-2 (Fig.6-7) are
close to 38 mvm-2 at 60-55 kbar with the elevatiohthese gradients in the lower
pressure conditions. The mantle lithosphere isddwithere in to two parts.
Xenocrysts from the 1 one shows mainly the lowesspure conditions while
Camitongo 2 — the higher part. Caquele pipe retrealclose set of the pressures
for garnets clinopyroxenes and ilmenites which gike pressures 35-70 kbar.
Garnets and pyroxenes from Catoca give the TP tondiwhich in the lower part
are close to the 36 mvm-2 geotherm but this TRdtris more steeper then
conductive geotherm and cross 40 mvm-2 geothanth diamond stability
boundary [24] m near 35 kbar forming subadiabatambh.

Judging by the PT and the frequency of the powitgglwithin the diamond
stability field all studied the pipes should bendandiferous. The Camitongo 1
pipe is the most abundant in such grains in comatmnt

The Mesozoic mantle geotherm from Angola are colttean Mesozoic
(Fig.4) and Proterozoic [53] (Fig.9) geotherms fr8outh Africa.

GEOCHEMISTRY OF THE MINERALS

The trace elements were determined for clinopyregegarnets ilmenites,
zircons.

All clinopyroxenes from the studied pipes correspomo the garnet facies
with positive Gd/Ylh and negative La/Syratios which are varying from one pipe
to another and negatively correlates. Only oneefletd TRE spectrum in Caquele
pipe (Fig.10) corresponds to the garnet free pétedoThe clinopyroxenes
spectrums reveal specific features in each pip@as@hrom Caquele have the
hampered rounded REE spectrums conform each otpieal for peridotites and
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pyroxenites to -5-7% of garnet in modal rock abunodgs and Cpx/Gar ratios~1:3
according to geochemical modeling. They in genaral depleted in HFSE but
they al reveal very high Ba (Rb) peaks as thosendotor phlogopites in
metasomatites [17]. One has U peak and one moieipekh. This is not typical
for the clinopyroxenes from the Camitongo pipesctSpeaks may be sign of the
subduction related fluids or the hybrid melts ocedr due to melting of
metasomatites. Two of them have small positive Rinmelies the others more
TRE enriched sample negative ones. They reveal @imnimums and most TRE
rich show the Hf peak possibly referred to metastasavith ilmenite. Spectrum
‘?,f Cpx from spinel facie has U peak.
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Fig. 9. PTplots using xenoliths data set for Premier pipe [Sdobtained using monomineral
thermobarometry. Signs are the same.

Clinopyroxenes from Camitongo 1 pipe reveal 3 typespectrums (Fig.11).
First is Lherzolitic with the 7-9 % of modal gara¢he others are more enriched in
garnet and more deep seated. Two are correspotaéypical primitive garnet
peridotites similar to those from Caquele pipe.yraee depleted in LILE — HFSE
components, have strong Pb (as well as the othepglroxenes from this pipe)
and display the strong Zr minimum Two more richfTRRE (hump REE~10) reveal
enrichment in Th, U what may be the sign of thécoaatite metasomatism which
Is associated with the lack or negative Nb-Ta dipbnopyroxenes with REE
enrichment factor (hump REE) near 100-50 PM areadterized by Th — U peaks,
Zr dips and may refer to the metasomatism assaciatgh zirconium
precipitation. The Cpx from Camitongo 2 are dividedwo groups. One has REE
(~10) moderate level
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Fig. 10.Rare earth patterns and trace element spidergramfor the minerals from the
Caquele pipe.
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Fig. 11.Rare earth patterns and trace element spidergramfor the minerals from the
Camitongo 1 pipe.

and TRE nearly primitive spectrum with the Ba dépleand Zr minima for those
with lower TRE concentration. The three others mmech enriched (~100 PM)
with the HREE depletions. They reveal Ba-Th-U hampiee Pb dip and nearly
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flat HFSE except Zr — which is low as for the moksamples.

Garnets from the three pipes differ in REE levdlo3e from Caquele reveal
higher HREE level close to 10/PM (primitive mantiehe display the flexed
pattern with the depletion MHREE. The entire aredarately enriched in LILE-
HFSE — have Pb and Hf peaks. Those from Camitorgavé lower HREE ~1 and
reveal strong U-Rb peaks and heavy Ba-Sr miniman&s from Camitongo 2
reveal moderate HREE and low LREE (Fig.12) withitifkeected REE spectrum in
general. They display Rb peak higher then U andagdel in general left part of the
spider diagram, small Pb and Hf peaks and negdéep Ba- Sr dips.

Zircons from two pipes in general display rathepitpl elevated REE and
TRE distributions with the HREE enrichment strong Th-U Zr -Hf peaks and
saw — like spidergrams. Three zircons from CamitoBgpipe display fan- like
rotations of the REE spectrums on Sm. The Ce anomamnuch higher for the
pattern lower in REE in general.

limenites from all pipes also differ in TREE spectis. The spiderdiagram
for one ilmenite from Caquele pipe display ratharieghed TRE with quite
different inclination of REE spectrums and LREE iemment typical for melts
saturated in fluids.

It display high Nb Ta and relatively high Zr —-HfdaRb and low LILE and Sr.
limenites form Camitongo 1 display gently inflettté/-shaped low in REE (~0.2
PM) patterns very strong Nb-Ta and lower Pb andHZpeaks. llmenites from
Camitongo 2reveal U — shaped with LREE enrichmestridutions, they display
much enriched Nb-Ta lower Zr — Hf spiderdiagramarhlewithout or with small
Pb peaks. Comitongo 1-2 ilmenites display Y dipd arobably are referring to
depleted in Al peridotites

DISCUSSION

Interpretation of the composition of the mantle bereath western part of
Congo-Kasai craton.

General mineral chemistry of the garnets an pyregdrom S Western part of
the Camitongo craton reveal the rather enrichedpositions do nor differ much
from the other localities of the South Africa [6,19, 12, 13, 17, 26, 29, 30, 34, 35
52, 53]. Amount of the metasomatites should beerathigh judging by the
geochemistry of the minerals. This is Typical foe tmany pipes from South
Africa including Kimberly [17], for the depleted saxciations are much higher for
the Catoca pipe comparing with the other studiedlities.
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Fig. 12.Rare earth patterns and trace element spidergramfor the minerals from the
Camitongo 2 pipe.

Thermal structures and construction of the mantle columns.

Thermal gradients within the most of the South édrkimberlite pipes are
mainly correspondent to the 40 mvm-2 geotherms $mrne depleted rock
including diamond bearing associations reveal thlder conditions. The same is
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determined for some of the coldest eclogites. Theans that South Africa
lithosphere was heated probably during the lowtdPozoic — Paleozoic time by
the numerous plumes which caused the break up adinRoand Gondwana.
Thicker lithosphere of the Congo craton reachinghim central parts 400km [38]
were the reason of colder thermal state deternfimeithe studied pipes.

The TPX diagram allows determining the layeringtlod mantle. Layering
beneath the Catoca pipe may be determined byubwiétion of the Fe#. About 5-
6 layers exist in the 70=40 kbar interval and 3+4hie upper part. The lithosphere
beneath the Caquele may be divided from the tamaibe found three intervals to
40 kbars. The most enriched compositions were tegtdoom 40 to 50 kbar where
the pyroxenites are common in the mantle secti®)j. [Bhe layer ~45 kbar is
traced by the eclogites. IImenite trend stop né& kevels commonly [4]. Two
more layers may be roughly determined in more lie@@e 670 kbar and then 70-
75 kbars where two more eclogitic lenses are pte3é&e Cr —low pyroxenites are
tracing the trend of the ilmenite compositions.

For the Camitongo 1 pipe the sharper layering ehsen P-Fe#Ol diagram.
The Upper part from 15 to 35 kbar contain two Iaydpper from top to 25 kbars
contain pyroxenites and lherzolites / Te lowerhie wall rock of the magmatic
system where the Fe-rich ilmenites were crystallizéhey were surrounded by the
metasomatites where the clinopyroxenes became faorerous with descending
pressures as well as the ilmenites. The later ardypcontaminated with Cr. The
lower part from 35 to 55 kbars is represented rgaby the ilmenite bearing
metasomatites and peridotite s with the high vianat of the Fe#. And the lower
part from 75 to 55 kbar is represented by the ldeadeks forming convective
branch and surrounding the lower magmatic chambgstatlizing ilmenites and
Cr- less pyroxenites.

Mantle xenocrysts from the Camitongo 2 pipe mosgtjyresent the lower part
of mantle section. The Upper part probably is amib those from previous pipe.
Cr- Fe-rich metasomatites are found within the 85Kbar intervals. Cr-low
pyroxenites and eclogites in this part are mosindbant there. And the ilmenite
low —Cr fractionation trend is tracing the magmaystem probably responsible
for the heating mante. The more Fe-rich pyroxenikes#>0.15) should represent
more Fe-rich probably plume melts. And eclogites arore Fe- rich and are
situated in lowermost part near 75 kbar.

limenite trends as the indicator of the developmenof the feeding system
for the kimberlite eruptions.

The concentration of minor components (NiO, MnO2@8, V205, and
Cr203) is regulated by different phases accompaAld fractionation ilmenite:
Al203 is controlled by garnet, NiO by olivine, CrdaG- by chromite etc. These
phases may play role of assimilants or precipitates
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We assume the ilmenite fractionation trend in kirites to be produced in
the long vertical feeing system in the mantle samib augite trend in alkali basalts
[1]. The most simple crystallization scheme is ssgjgd for Camitongo 2. The HT
(P) conditions are correspondent to HT metasonsapiteduced by the interaction
of the hot plume magma with the peridotite substrafhe differentiation
assemblages are represented by the olivine andr garoet as well as ilmenite
itself according to modeling calculations. But matuilmenite assemblages are
mainly garnet pyroxenites [43]. llmenite peculigst are rather specific for the
field’s kimberlite fields [47] but the differencestween the populations of closely
located pipes CamitongO 1-2 is very high. For Cangb 1 pipe the dissolution of
Cr rich phase probably clinopyroxene and chrommtéhe protokimberlite magma
is negligible. For the Camitongo 1 volcano the tewels of the protokimberlite
magma — is pronounced. The HT (P) line is clostn¢éoCamitongo 2 but with the
minor garnet fraction. The upper floor is charazts by the new differentiation
and interaction accompanied by the crystallizattimine and garnet in different
proportions. Thus the brunching system seems tthbemost probable variant
explaining the dispersion of the ilmenite and ghipmxene in the middle part of
the mantle section.

But it seems to be that the enrichment in the ciuoms mainly regulated by
the dissolution of the Cr- bearing phases from sbeounding feeding system
peridotite substrate. Zonation and difference sa¢bmpositions of the porous and
hard grains [41] is common for the ilmenites. Zaoratin Cr may be of different
type [45]. IT should be noted that ilmenites arngstallizing within and near the
magmatic channels. The small xenocrysts or thenitmenush may be transported
by the magma at the upper horizons and there canemented by the Fe- rich
ilmenite aggregates.

Trace elements for the ilmenites from Caquele rieféhe metasomatites (W-
shaped and low concentration) and to differentaioREE enriched from melts
precipitated garnets) while for those from the Gango 1 mainly to the
metasomatites. The hydrous metasomatites are geceloainly within the middle
part of the mantle section.

The inflected in Eu-Gd patterns means of the garaetl clinopyroxenes and
garnets probably means the hybridization with tledtsrcontaminated in eclogites.

The difference beneath the Camitongo 1- and 2 maattions probably are
formed by the capturing. The pipe Camitongo 1 sthoefer to the first phase and
developing of the magmatic system. At the nexestigfferentiated protokimberlite
melts were migrated to the higher part to 50 kleael of the mantle section and
differentiated producing wall rock and vein metasatitas.

CONCLUSIONS
1. Mantle lithospere beneath the Western pert efGbongo Kasai craton is
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rather fertile and is similar to the Kaapwaal cnatblantle metasomatites here are
situated mainly.

2. The thick lithospheric mantle beneath in thetBaestern part of Congo
Kasai craton is responsible for his colder TP gradi

3. The mantle sections beneath the Camitongo 2 aoples represent the two
stages of the developing of protokimberlite meltdwhe migration of the magma
differentiation level from the lower part to 40kbahich was influenced to the
capturing of the mantle xenoliths.
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INTRODUCTION

The intraplate oceanic magmatism is one of theektrgeological processes
in geological history. There is a volcanic magnmatmeainly. Ore potential of these
type of magmatism depends on the other magmatye staplutonic facieses. The
hidden deep part of the volcanic structure on teaaic island there is the main
object for the search of the potential ore bodmis the magmatic cameras.

There are a lot of the ore deposit connected wigptate magmatic alkaline
magmas observed on the continental environmenteTikanainly a trace elements
deposit.

Therefore to make a prognostication of the depesdh connected with this
type of the magma in the ocean we must study plotorcks of the oceanic
islands.

Into the task of this work we developed the comjpmsal analysis of the
plutonic rocks, make their petrochemical classiiag estimated the prevalence of
different types and their rare-metal specializatibme attempt to compare oceanic
species with their continental analogs is made hen limited material on the
oceanic islands of Atlantic ocean.

INFORMATION RESOURCE

We developed the database for geochemistry of -pii@ oceanic
magmatism GIM (geochemistry of the intraplate maiigng. The database is
represented on the portal “Geology” (http://Easitciru/gim). In database in the
present moment are represented about 35 thousamddse of the chemical
analyses of volcanic and plutonic rocks of oce@lands and seamountains of the
Atlantic and Indian Ocean. In particular in theakstse are represented about 500
analyses in the main and rare elements of the mlutwcks of oceanic islands.
Using this data set we estimated the prevalenciffefent petrochemical types of
the intrusive rock.

CLASSIFICATION
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On the classification diagram the $i© sum of alkaline (Fig. 1) are
represented the compositions of plutonic rocks. t whole it is possible to
distinguish two groups of species. The first aresamples of the mantle substance
of different degree of melting and alteration -rafftasic peridotites, wehrlites.
These mantle nodules are the xenolites, raised ftempartial melting mantle
source to the surface.

The second group is the wide spectrum of basicaamd plutonic rocks and
being appeared, apparently, partly of cumulus witidimed during the
crystallization differentiation.

For the completeness of description should be mwead third group of
diverse subvolcanic bodies - dikes, stocks, sitid ather. Actually these are the
complete analogs of volcanic rocks, simply thewlog occurs more slowly, also,
due to these degree of crystallized state moeeggi@ins.
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Fig.1. Classification of the plutonic rocks from oceanicslands (Atlantic ocean)l- ultrabasic
foidite and gabbroid group, 2 — alkaline granitd goartz syenite, 3 —syenite and other alkaline
rocks, 4 — diorite and granite normal alkalinity.

Thus, for evaluating the processes of proceediripgmrmagma chambers and
determining the potential ore level of alkaline teeare most interesting the
alkaline plutonic rocks, which fall into the secogi@dup. Among these species it is
possible to discriminate three main groups of fiecees:
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1. gabbroids of different alkalinity,
2. alkaline syenite
3. alkaline granites.

Fist set also include rare local of foidite typetbé rock - iolite, turiate.
Gabbroids give a continuous series of the spedie®mnal alkalinity without the
breaks of compositions apparently connected wihptlocess of differentiation.

It is most interesting, the fact that most freqlerdre encountered the
intrusive rock with the high the content of sili¢ag.2). On the diagram of CIPW
normative minerals (Fig. 3) are given the composgiof these three groups in the
terms of the content CIPW norms. The analysis td davealed the lower content
dark-colored into the quartz normative group of tbheks in comparison with
nepheline normative species.
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Fig.2. Histogram SiO2 content in plutonic rocks from oceait islands (Atlantic Ocean).

From the figure 3 we can see that more part oftpazontains less than 10%
normative pyroxene and ore minerals (magnetitegrlite, perovskite, hematite) in
the rocks.

They make obvious the presence of such highlyesilis melts, that as a
whole the differentiation of mantle melting undke toceanic islands have a long
way of the differentiation, i.e., it is the evidenthat in the magmatic cameras
realize the conditions of complete fractionatingthe quite last stages of close
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ones to the points of eutectic composition — plelgige-feldspar, nepheline-

feldspar, quartz-feldspar.
This circumstance is contributory factor for theniicng of the ore body in the

magmatic stage.

The potential of ore productivity is directly pragionally from the volume of
magmatic cameras, the stability of magma chambeg(period for the process of
concentration ore components), the possibilityhefriealization of the processes of
the concentration of ore phases and forms the aniedns.
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Fig.3. Composition plutonic rocks from oceanic islands (Aantic Ocean) as abundances
CIPW minals: Fsp= Ort+Ne; Pl= Ab+An; Ore — Mgt+lim+He; Px= Wes+En.

As this is shown in the models of magmatic depofsthe apatite- rare-metal
body of Khibinski and Lovozero massive, lllimaussaalinskyi pluton, largest of
the deposite of Nb and Ta of alkaline apo-gramtéhie province of Nigeria and
Russian intrusive into Western Sayan (Ulug-Ttaremsd others).

Thus, the revealed special two features in macnoposition of the plutonic

rocks of the oceanic islands:
1. predominance of the leucocratic varieties of intrelscomagmate of

volcanic process.
2. lower abundance of the rock-forming dark phasesofmne, ilmenite,

perovskite) which concentrate the trace elements.
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All those makes it possible to expect that the eotration of incoherent
(trace) elements in the residual melts must irsréa sudden large amount.

Taking into account the total accumulation of ralesments up to the moment
of the forming of final differentiates, the contentthe liquid easily can reach the
level of solubility trace element in the melts vdeof the ore saturation, when the
own trace element ore phase will be crystallized.

TRACE ELEMENTS

Thus, the first analysis of obtained data testifésut the prospect of this
type of magmatism as the source of ore depositd,tl@ gigantic volumes of
magmatism make it possible to expect, the formihghe large or very large
volumes of ore deposit.
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For evaluating the level of trace elements commusitve calculated the
averaged values on the rare-earth elements fardpleeline and quartz syenite (fig
4) for the comparison of these given with the cosmpms continental alkaline
plutonic rocks analog. Fig 4 was built for the syemf Lovozero massif, largest
alkaline intrusion of Kola peninsula and trace (EW,-TR, U) metal deposit
(Gerasimovsky V.I. and others 1966).

The influence of the trace-metal mineralization reeeted with the plutonic
stage is reflected in the increased contents ofrdoe elements of the majority of
the dike and subvolcanic species of this massié dihomalous contents of trace
elements are the clear sign of the ore mineratimatdne should expect that also
the promising manifestations of oceanic alkalinggmatism will be characterized
by the high level of the contents of rare elemenie analysis of the graphs of the
distribution of rare-earth elements revealed thé#fickently unexpected fact.
Oceanic species proved to be substantially they wepleted with respect to rare
elements. l.e., in spite of identical macro is¢benposition (both there are syenite)
of the content of rare-earth elements in the oceartrusive rock almost two
orders lower than continental. This circumstandaetes our previous thesis about
the high ore potential of oceanic intrusive systems

DISCUSSION

The reasons for this paradox needs more attenfiod, it is extremely
important for evaluating the ore potential of allkalmagmatism as a whole. As
the draft hypothesis possible to assume that tiseee powerful process, which
exists into intermediate magmatic cameras by litilepand incoherent elements,
thus, that also cumulative species and eutectitsraet as a result impoverished of
trace elements. Possibly, such process is scajtarithe alkaline melts of rare
elements due to their high capacity with respectiréme cations, as this for
example realizes in the Mongolia from ongonite’dtmdowever, the appearance
of such enriched melts it is unknown on the oceaslends, although they are
known in the regions of alkaline volcanism on tlmmtments. The relatively not
high contents of volatile components in the alkalmagmas of the majority of
oceanic islands (weak prevalence of hornblende mrmhs in vulcanite) and
processes of the high-temperature metasomatic $simgein the oceanic islands
plutonic and volcanic complexes makes it imposs#dgsumption about the active
transfer of trace elements by fluid phase.

Thus, and this explanation does not make it pasgiblsolve problem. In a
number of island series are revealed the manifestatof the carbonatite
magmatism [Kogarko L.N 1993, Kai Hoernle et al Z)OBowever, these
manifestations are not characterized by the anambidigh level of the contents
of rare elements. But where is the trace elemémisére is the enormous volumes
of mantle trace elements accumulated in proces$srdiitiation of oceanic melts
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during the millions years of evolution, which musincentrate as a result of this
differentiation in relative small volume of the ichsal melts?
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ABSTRACT

Hendricksite and Zn-containing phlogopite were obse in the groundmass of
two types of dike peralkaline phonolites from thlergabrsky massif, Azov region,
Ukraine. These micas are associated with nephefiffeldspar, albite, sodalite, Zn-
containing Zn-kupletskite, aegirine, fluorite, Natapleiite, serandite, REE-rich
eudyalite, fluorapatite, cerite-(Ce), Na-REE-apatitJ-REE-pyrochlore, cryolite,
thorite, thorianite and mineral of the cancrinitewp. The fine-grained phonolite of
the Oktyabrsky massif is the first occurrence afdreeksite in peralkaline magmatic
rocks. The simplified formula of hendricksite frothis phonolite species can be
expressed asKZnzsMgoMn)[Al 2SisO20](OH)sF. This mica is variable in composition
(in wt.%): SIQ (37.7-38.7), TiQ (up to 0.3), AJO3 (10.1-10.9), Fe()0.3-1.4), ZnO
(21.5-25.8), MgO (6.9-9.7), MnO (6.4-7.7),® (8.4-9.1), REO (0.5-0.8), LiO (up
to 0.3), F (1.5-2.3) and 4@ (2.1-2.5 wt.%). Zn-Li-containing phlogopite wetaind
only in the porphyric phonolite Its simplified foula can be expressed as
K2(MgaZng 79MNng sLio 75)[Al 125516 75020]F2.5(OH)1 5, indicating that is Zn-Li-Mn-F-
bearing mica intermediate between phlogopite KMLEiz010)(OH)2 and tainiolite
KLIMg 2[Si4sO,]F>. Its composition is (in wt.%): SKX46.1-46.9), TiQ (up to 0.3),
Al,0O3 (7.5-8.4), Fe®(up to 0.3), MnO (4.0-5.0), ZnO (5.3-6.8), MgO (@-28.5),
K,O (10.2-10.5), RMD (0.2-0.6). The appearance 6fzn-containing minerals
(kupletskite, hendricksite, phlogopite) in the Qkbysky phonolites indicate |0;,
high fO,, high alkalinity (peralkalinity) and high contend$ volatiles during their
crystallization. These rocks represent the latesivdtes of the massif. They lack
sulphide mineralization and contain the high abucdaof HO- or F-bearing
minerals, all Fe as Peis mainly accumulated in aegirine.

Keywords. hendricksite, phlogopite, tainiolite, peralkalinghonolite, Oktyabrsky
massif, Ukraine

INTRODUCTION

Zincian trioctahedral micas occur very rarely iniuma. Hendricksite, ideally
K(Zn,Mg,Mn);3[AlISi30:0)(OH),, a Zn-dominant member of the mica group, was
first described by [10] and by [9] in the skarn esnof the Mn-Zn-deposit at
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Franklin Furnace, New Jersey, USA. Since then, raowg to the Internet
(www.mindat.org/min-1864.html) this mineral was alsdicated in Argentina
(mine no. 6, San Miguel Group, Cérdoba) and Tasa@Brieves Siding deposit,
Oceana mine area, Zeehan). Zn-rich mica from ttherlaccurrence was identified
by XRD and is not supported still by chemical dgiarsonal communication of
R.Bottrill, Mineral Resources Tasmania). Howevancian phlogopite and biotite
(up to 12.5 wt.% ZnO) are common of Mn-Zn skarnd ares of both Franklin
Furnace and nearby Sterling Hills [6,10,11;35]. Adarate Zn-enrichment (0.2-
1.5 wt.% ZnOQO) is also observed in biotite, protobhite and zinnwaldite from
some A-type granites [1,8,19,32,33,34].

Hendricksite has been found in peralkaline finarged phonolite of the
Oktyabrsky massif, Ukraine [31] that is the firatcarrence of this mineral in
igneous alkaline rocks. Later zincian phlogopiteswabserved in porphyric
phonolite of this massif. The aim of this studyasdiscuss the specific features of
chemical composition for Zn-rich micas in peralkali phonolites and the
behaviour of Zn in plutonic alkaline environments.

BRIEF DATA FOR THE OKTYABRSKY MASSIF

The Oktyabrsky massif (former name - Mariupol) recof the oldest and
largest alkaline complexes of the Azov see regigkrainian shield (age -1.8 Ga,
square~ 40 knf). The complex is mainly composed of alkaline sieniand
foyaites. Mariupolites and their pegmatites, sualatle gabbros and their derivates
(peridotites, pyroxenites and olivinites) are mind6-18]. Dyke rocks (aegirine
foyaites, phonolites and nepheline syenite porgsyrare also not abundant and
predominantly localized beyond of the massif in theuntry Proterozoic
granitoids. They are the latest differentiated patsl of the Oktyabrsky alkaline
complex [16,18]. The majority of alkaline syenitesd foyaites within the massif
show miaskitic features. Mariupolites are miaskit@ agpaitic and contain
accessory minerals (zircon, pyrochlore, britholtejmmon of miaskitic nepheline
syenites. Only melanocratic mariupolites indicateraikaline character with
(Na+K)/Al up to 1.5 due to the abundance of aegirand Na-foids. The dyke
rocks (aegirine foyaites and phonolites) show gfroagpaitic features,
(Na+K)/Al>1.1 and occasionally contain eudialyteatapleiite and the
astrophyllite-group minerals [7,16,18].

PETROGRAPHY OF PERALKALINE PHONOLITES

The studied peralkaline phonolites are localized ikm to the north of the
Oktyabrsky massif (gully Kamennaya, upper reacHeth® Kalka River). These
rocks are seemed to form a small plug (50x20 ngramites. [21] described them
as dyke mariupolitic phonolites.

Two textural species of phonolites occur on thealiy. The main species is

190



Deep-seated magmatism, its sources and plumes

fine-grained phonolite. This rock is holocrystaljinmassive and gray-colored.
Rare phenocrysts (up to 5 mm) and microphenociygis mm) of K-feldspar,
nepheline and Zn-kupletskite are set in the firmrggd groundmass composed of
leucoratic minerals (nepheline, K-feldspar, albéad sodalite), aegirine and
fluorite. The associated minor and accessory phasése groundmass are Zn-
kupletskite, Na-catapleiite, serandite, minerathaf cancrinite group, REE-Zr-Mn-
rich mineral of the eudialyte group, hendricksiteyolite, cerite-(Ce), fluorapatite
with Na-REE-fluorapatite rim, thorianite, thoritaca U-REE-rich pyrochlore [31].
The second rock type is porphyric and occasior@burs as small clasts (up to 2-
3 cm) in the fine-grained phonolite. It containsta®0% of phenocrysts (2-7 mm)
in finer-grained and more melanocratic groundmhbas that in the host phonolite
(Fig. 1). Besides textural signature, the porphyphonolite strongly differs from
the fine-grained phonolite in higher contents abdaring minerals. This species
contains abundant F-bearing phenocrysts (cerit¢-@ekupletskite and fluorite)
and groundmass phosphates (fluorapatite rimmed BYREE-fluorapatite). In
addition, copper as rounded inclusions in fluord@arzincian phlogopite and an
unidentified silicate containing Na, Ca, Y, Ti, Nind F (the gotzenite group ?)
occur in this phonolite. The appearance of two phiteaspecies strongly suggests
the two-stage emplacement or crystal fractionatiban initial phonolite melt in
an intermediate magmatic chamber before emplacement

Fig 1.Porphyric clasts in fine-grained phonolite, Oktyabisky massif (transmitted light).
K-feldspar, Zn-kupletskite, cerite-(Ce) and fluerdre the main phenocrysts in porphyric
phonolite. Symbols: Kpt = Zn-kupletskite; Kfs = Klfispar.

The variations of chemical composition of the fgrained phonolites are (in
wt.%): SiQ, -54.8-55.3; TiQ - 0.03-0.8; AJO; - 18.8-20.2; F#s; - 5.9-6.0; FeO -
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0.1-1.2; MnO - 0.5-0.6; MgO - 0.3-0.7; CaO - 0.9;INaO - 10.8-11.3; KO -
4.2-4.5; BOs - up to 0.1, F - up to 0.4, Peralkaline Index®211.25 [16,21]. The
average contents of some trace elements are (if: pm13; Rb - 405; Sr - 35;
Ba - 50; Zr - 3050; Nb - 532; Y - 243; La - 240; €890; Nd - 235 [18]. New
determinations (three analyses by ICP-MS, unpubdisbdata) also show high
concentrations of Zn (300-400), Ta (30-35); Th X); U (8-11); Pb (25-30) and
Be (15-20 ppm).

ANALYTICAL METHODS

Double-polished rock sections (~ 50-100 um in theds) were used for
optical examination of phonolite samples in traritediand reflected light. Zn-rich
micas very resemble Zn-kupletskite in optical andrphological properties, so
their preliminary identification was provided byezgy-dispersive spectra (EDS),
back-scattered electron (BSE) images and elemara@pping (EDS system), using
JEOL 6380LA and Leo 1430VP scanning electron mmopss at the V.S.
Sobolev Institute of Geology and Mineralogy (IGMNpvosibirsk, Russia. The
operating conditions were as follows: acceleratinjage of 20 kV and a probe
current of 1 nA, low vacuum of 40-60 Pa or highwao.

Electron microprobe analyses (EMPA) of Zn-micas evenade at IGM,
Novosibirsk, using a “CAMEBAX-micro” electron migpoobe. The operating
conditions were as follows: beam diameter of 1-2 patelerating voltage of 20
kV and a beam current of 15-25 nA, counting timd@fs (for all elements). Data
reduction was performed using a PAP routine. Oypedarrections for Si(K)-
Sr(La), Si(Ka)-Rb(La), Mn(Kp)-Fe(Ka), Mn(La)-F(Ka), Fe(lo)-F(Ka) and
Zn(La)-Na(Ka) were done. Precision for major elements was bttt 2 rel.%. A
total of 12 elements were sought following standasegtre employed: orthoclase
(K-Kao. and Al-Ka), diopside (Si-&, Ca-Koo and Mg-Ka), rhodonite (Mn-Ku),
synthetic ZnFgD, (Zn-Ka), pyrope (Fe-I§), synthetic RoNd(WG), (RbLa), albite
(Na-Ka), ilmenite (Ti-Ka) and synthetic fluorphogopite (FelX Also sought but
not detected by microprobe were Ba, Sr, Y, Th, Ca, Nd, Zr, Nb and Ta.
Microprobe analyses were performed on the gramgetahan 5-10 pum. Total iron
in Zn-mica compositions from the Oktyabrsky photeolis labeled as FeO.
However, the presence of B is not excluded because the rock-forming
pyroxene is dominant in Ee(aegirine). All manganese is suggested to b&"Ms
other Mn-rich minerals (Zn-kupletskite, serandtehtain only MnO.

The concentrations of some trace elements (BeBLRb, Ba, Sr and Cs),
water and F in the largest hendricksite blades (y20) were analyzed by
secondary-ion mass spectroscopy (SIMS), using aeCantMS-4f ion probe at the
Yaroslavl’ branch of the Physicotechnological Ingg (YBPTI), Yaroslavl,
Russia. The operating conditions were as followsnary &~ beam of 20 pm, a
beam current of 2—4 nA, energy offset of 100 eV amergy slit of 50 eV.
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Concentrations of elements were determined fromr#éies of their isotopes to
%9, using calibration curves for standard samplé&g. [Low background contents
of H,O (<0.03 wt.%) were due to the 24 h high-vacuunosxpe of the samples in
the mass spectrometer. The conditions for fluodatermination were described
by [26].

ZINCIAN MICAS IN PHONOLITES

Hendricksite

Hendricksite was identified in the fine-grained pblite samples. This Zn-
rich mica forms brown blades (20-40 pm), which camiy confined to Zn-
kupletskite phenocrysts and microphenocrysts, samset overgrowing those
(Figs. 2-3). Discrete small blades (up to 20 um)d alarger grains
(microphenocrysts, up to 15020 um) of hendricks#eely occur in the fine-
grained groundmass (Fig. 2). The strong chemictiérdnce between and Zn-
kupletskite is clearly shown on the BSE images @erdental maps (Fig. 3). Their
relationships indicate that Zn-kupletskite cryssall earlier than hendricksite.
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Fig. 2.Hendricksite in peralkaline fine-grained phonolite, Oktyabrsky massif.

a - large grain (microphenocryst) of hendricksite groundmass, reflected light (after
microprobe); b-d - small grains of hendricksiteagsociation with Zn-kupletskite, BSE images.
Symbols: Hdr = hendricksite; Kpt = Zn-kupletskitke = aegirine; Kfs = K-feldspar; Ab =

albite; Ne = nepheline; Ccn = a mineral of the camite group; Sdl = sodalite; Cpt = Na-
catapleiite; Cry = cryolite; Ap - Na-REE-rich fluapatite.

Zincian phlogopite
This Zn-rich mica is observed in porphyric phorelitlasts. It forms large
colorless blades (microphenocrysts, 20-50x100-200 im the groundmass (Fig.
4). The relations among groundmass minerals arevishihat Zn-phlogopite

i

cryallized after aegirine and fluorite and befor@ogether with Z-ku

)

pletskite.

Fig. 3.BSE images and elemental maps for hendricksite ovgrown on a Zn-kupletskite
phenocryst. Symbols see Fig. 2.

CHEMICAL COMPOSITION
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The EMPA data for hendricksite from the Oktyabrsike-grained phonolite
show high SiQ (37.7-38.7), ZnO (21.5-25.8), MgO (6.9-9.7), F5(2.3) and low
Al,O3 (10.1-10.9), TiQ (up to 0.3), FeO(0.3-1.4) and MnO (6.4-7.7 wt.%).
Representative analyses are given in Table 1. Namethese components, the
Oktyabrsky hendricksite strongly differs from theldtype of Mn-Zn-skarns at
Franklin Furnace [9,10,12].

Most grains of the Oktyabrsky hendricksite show atieely little
compositional variation. Pronounced chemical zonwas observed only in one
groundmass microphenocryst (Fig. 1a) indicatingnarease in ZnO and depletion
in MgO, MnO and F from the core to rim (Table 1iked Zn-kupletskite [31], the
Zn-mica from the fine-grained phonolite containspragiable RO (0.5-0.8

Fig. 4.BSE images of Zn-bearing phlogopite in the groundnes of porphyric phonolite.

a) in association with fluorite; b) in associatianth Zn-kupletskite. Phl = Zn-bearing
phlogopite; Fl = fluorite; Ap - fluorapatite withnn of Na-REEfluorapatite, other symbols see
Fig. 2.

The SIMS data confirmed the high concentrationfkbfand F obtained by
EMPA (Table 1, analyses 1-2) and showed high céesitehHO (2.1-2.5 wt.%)
and Li (1350-1390 ppm) and low amounts of othecdralements (in ppm): Ba -
<33; Cs - <66; Sr - <66; Be - <20; B - <1. In comgan, hendricksite at Franklin
Furnace contains lower 40 (0.04 wt.%, [9]) and higher BaO (0.3-1.3 wt.%,
[9,10,12]).

Unlike hendricksite, Zn-containing mica from therioyric phonolite is more
siliceous and magnesian compositions (in wt.%):,Si@6.1-46.9; TiQ - up to
0.3; ALO3 - 7.5-8.4; Fe©- up to 0.3; MnO - 4.0-5.0; ZnO - 5.3-6.8; MgO*.a-
18.5; NaO - up to 0.1; KO - 10.2-10.5; R}O - 0.2-0.6; F - 5.3-5.9. Chemical
zoning of individual grains is not indicated on B8E images (Fig. 4) due to weak
variations in ZnO, MgO, and ADs. The core-to-rim compositions of three
individual grains from the groundmass are givenTiable 2. Besides high
concentrations of Si) MgO and F, compositions show the 2-3 wt.% defigit
total 100 wt.%, that strongly suggests the presehétO and L}O.
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Table 1.
EMPA and SIMS analyses of hendricksite in fine-graned peralkaline phonolite
1 2 3 4 5 6 7 8
wt.% core rim
Sio, 37.8¢ 38.01 37.7¢ 37.4¢ 37.9( 37.8¢ 38.0¢ 37.8¢ 31.5¢
TiO, 0.11 0.07 0.24 0.10 0.15 0.18 0.1d 0.1y 0.32
Al,O3 10.00 10.19 10.15 10.44 10.14 10.1p 10.39 1011 7213.
FeG, 0.61 0.47 0.39 0.50 1.39 0.38 1.11 0.28 2.36
MnO 7.40 7.04 7.53 6.49 7.17 6.93 6.35 7.39 12.28
Zn0O 22.62 24.85 22.87 25.81 24.3( 23.10 24.46 2314 9722.
MgO 7.84 6.63 7.61 7.18 6.30 8.63 6.89 7.50 3.69
CaO 0.01 0.05 0.06 0.00 0.03 0.00 0.05 0.02 -
Na,O 0.00 0.00 0.00 0.02 0.04 0.02 0.07 0.04 0.24
K,0 8.94 8.78 8.79 8.68 8.65 8.65 8.44 8.78 7.91
Rb,O 0.73 0.77 0.74 0.75 0.70 0.73 0.74 0.74 -
Li ,0sims 0.29 - 0.30 - - - - - -
H,O* 2.62 2.34 2.82 2.72 2.46 2.74 2.55 2.2y 3.65
F 2.23 1.70 1.78 1.60 1.50 1.62 1.3§ 1.94 0.45
Sum 101.25 | 100.90, 101.04 101.78 100.Y3 100,97 100.60 0.220| 99.82
O=F -0.94 -0.72 -0.75 -0.67 0.63 -0.68 -0.58 -0.82 90.1
Sum 100.31 | 100.18| 100.29 101.1p 100.10 10029 100.02 .4099 99.63
SIMS
H,0, wt.% 2.13 2.53
F, wt.% 2.64 1.76
Rb,0O, wt.% 0.58 0.81
B, ppm 0.4 0.9
Be, ppm 13.7 19.6
Ba, ppm 32.9 16.5
Cs, ppm 66.2 40.5
Sr, ppm 25.7 65.8
Formulae based on 14 catir

Si 6.15¢ 6.28¢ 6.14¢ 6.13¢ 6.271 6.16% 6.261 6.26: 5.33¢
AV 1.841 1.714 1.854 1.866 1.723 1.835 1.733 1.737 622.6
T 8.000 8.000 8.000 8.000 8.00( 8.000 8.000 8.000 008.0
AV 0.076 0.272 0.092 0.148 0.25¢ 0.104 0.284 0.233 710.0
Ti 0.014 0.009 0.029 0.012 0.019 0.02p 0.013 0.0R2 410.0
Fe 0.083 0.065 0.053 0.069 0.193 0.05[L 0.1%3 0.089 340.3
Mn 1.020 0.985 1.037 0.900 1.00¢ 0.95b 0.885 1.034 581.7
Zn 2.717 3.034 2.748 3.119 2.972 2.77b 2.975 2.825 672.8
Mg 1.901 1.634 1.845 1.751] 1.555 2.098 1.689 1.848 290.9
Li 0.190 - 0.196 - - - - - -
M 6.000 6.000 6.000 6.000 6.00( 6.000 6.000 6.000 006.0
Ca 0.001 0.008 0.010 0.000 0.00% 0.001 0.008 0.004 -
Na 0.000 0.000 0.000 0.007 0.013 0.00[7 0.023 0.013 790.0
K 1.854 1.852 1.823 1.812 1.82§ 1.796 1.782 1.840 061.7
Rb 0.077 0.082 0.077 0.079 0.074 0.07p 0.079 0.079 -
x| 1.932 1.943 1.910 1.899 1.84¢4 1.87P 1.892 1985 2718
OH 2.848 2.583 3.065 2.966 2.718 2.97B 2.803 2504 1.1
F 1.146 0.889 0.914 0.828 0.78¢ 0.83b 0.720 1.016 410.2
@] 0.006 0.527 0.020 0.206 0.49¢ 0.19p 0.477 0.4[79 -
X cations 15.932 15.943 15.910 15.899 15.920 15.8[79 15.892 .93B5| 15.827
End-members, mole %
K ,Zng(AlSiz0;10)(OH,F), | 47.50 53.06 48.35 53.42 51.91 47.24 52.17 49017 6%8.
KoMng(AlISizOq¢),(OH,F) | 17.83 17.23 18.25 15.41] 17.57 16.26 15.52 18,00 8629.
K,Mgg(AlSizO4¢)(OH,F) | 33.23 28.57 32.47 29.99 27.14 35.6p 29.62 3216 7915.
K oFeg(AlSiz04)2(OH,F),4 1.45 1.14 0.93 1.18 3.36 0.88 2.69 0.6Y 5.67

Note: 1 - core and rim of a large grain (microphenodrystgroundmass; 2-4 - small blades around Zn-
kupletskite microphenocrysts; 5-7 - individual shiahdes in groundmass; 8 - holotype from Franidurnace
(Frondel and Ito, 1966). Total includes 0.65 wt.%(B(0.043 apfu Ba). Initial FeO (0.34 wt.%) and@£(2.25
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wt.%) are recalculated as FeO.d% = calculation on the basis of total positive de@and (OH+F+0)=4 apfu.

Table 2.

. EMPA analyses of Zn-bearing lithian phlogopite in mrphyric peralkaline phonolite

1 2 3 4
wt.% core rim core rim core rim ideal
Sio, 46.55 46.26 46.73 46.53 46.20 46.39 46.43
TiO, 0.28 0.21 0.26 0.28 0.19 0.2]]

Al,O4 7.92 8.25 7.59 8.07 8.48 8.36 7.3

FeO 0.18 0.05 0.23 0.12 0.10 0.17

MnO 4.34 455 4.39 421 4,72 411 4.06

ZnO 5.30 6.65 5.36 6.62 6.82 5.94 6.99

MgO 17.95 18.18 18.38 18.01 17.78 18.48 18.46

Na,O 0.07 0.00 0.05 0.00 0.09 0.109

K,0 10.33 10.31 10.39 10.4Q 10.40 10.36 10.yY8

Rb,O 0.55 0.30 0.29 0.21 0.27 0.25

Li,O* 1.32 1.09 1.19 1.18 1.15 1.17 1.2

F 5.80 5.53 5.93 5.76 5.84 5.55 5.44

H,O* 1.11 1.30 1.01 1.18 1.18 1.31 1.5%

Sum 101.70 | 102.68| 101.81 102.56 103.20 102/41 102.29

O=F 2.44 2.33 2.50 2.42 2.46 2.34 2.29

Sum 99.26 100.35 99.31 100.14 100.74 100/07 10d.00
Formulae based on 14 cations

Si 6.796 6.718 6.820 6.758 6.697 6.718 6.750

AlY 1.204 1.282 1.180 1.242 1.308 1.282 1.250

T 8.000 8.000 8.000 8.000 8.000 8.000 8.000

AlV! 0.159 | 0.129| 0.125/ 0.140 0.145 0.145

Ti 0.030 0.023 0.029 0.031 0.020 0.023

Fe 0.022 0.007 0.028 0.015 0.012 0.021

Mn 0.537 0.560 0.543 0.517 0.579 0.504 0.500

Zn 0.571 0.713 0.578 0.710 0.730 0.636 0.750

Mg 3.906 3.934 3.998 3.898 3.841 3.989 4.000

Li 0.775 0.634 0.700 0.689 0.678 0.683 0.750

M 6.000 6.000 6.000 6.000 6.000 6.000 6.000

Na 0.020 0.000 0.014 0.000 0.024 0.028

K 1.924 1.910 1.935 1.927 1.928 1.914 2.000

Rb 0.052 0.028 0.028 0.019 0.025 0.023

Xl 1.996 1.938 1.976 1.946 1.972 1.965 2.000

F 2.678 2.540 2.737 2.646 2.67Y 2.542 2.500

(0] 0.237 0.197 0.278 0.216 0.181 0.191

OH 1.085 1.263 0.985 1.139 1.142 1.267 1.500

X cations 15.996 | 15.938| 15.97¢ 15.946 15.9Y2 15.965 16.p00

Note: BaO, CaO are below detection limits (0.01 wt.%).
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1-3 - core and rim of individual grains from theogndmass; 4 - ideal

composition K (MgaZng 79Mng sLio 75)[Al 1 25516 758020]F2.5(OH)1 5
Li,O* = quoted from formula calculations on the basigl4 positive charges

zn2 1

Ilendricksite

(Mg, Fe)** St Mn2t
as Li (apfu) = 62M+1/3A1'. H,O* = calculations on the basis of total positive
charge and (OH+F+0)=4 apfu.

Fig. 5.Compositional variations of hendricksite and Zn-beang phlogopite from phonolites
of the Oktyabrsky massif in comparison with Zn- and Mn-rich micas from Zn-Mn
deposits. Open squares — hendricksite and Zn-bearing phlagdpom fine-grained and
porphyric phonolites, respectively, Oktyabrsky nifaddkraine (original data); solid squares -
hendricksite (holotype) and Zn-bearing phlogopFeanklin Furnace, NJ, USA [9,10,12,29];
open circles - Zn-bearing phlogopite and other 2aflmg micas, Sterling Hill, NJ, USA
[6,11,35]; solid circles - shirozulite (holotype)aguchi, Aichi Prefecture, Japan [14]; solid
triangles - Al-poor tetrasilicic Mn-mica (shirozidi ?), Mn-deposits of South Urals, Russia [3];
open triangles - manganoan phlogopite (mangandfg)ytind annite, worldwide Mn-deposits
and granites [4,5,34,36].

This mica seems to be an intermediate member ophi@gopite-tainiolite
series. However, no compositions strongly enrichiedZnO and MnO are

previously found elsewhere for this series ([23] agferences herein; [2]).

CRYSTAL CHEMISTRY
Crystal structure refinement were provided only foncian manganoan
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phlogopite (9.38 wt.% ZnO, 6.03 wt.% MnO) from tReanklin Furnace deposit
[29]. According to these data, all Zroccupies exclusively the octahedral sites in
the mica structure and there is no order amondodibed coordinated cations.

Calculations based on of 24(O,0H,F) for two conmelédEMPA+SIMS)
analyses of the Oktyabrsky hendricksite showeddl@wving formulae:

(K1.88R10.09(ZN2.72M02.0MN1 oF & 0d-i0.19T10.01Al 0.139 [Al 1.85516.17020] (OH2.391.1500 59)
(K1.83R 0 06C.01)(ZN2.7dM1g1.99MN1 0dF &0 0511 0.20T 10.09Al 0.12)[Al 1.84S16.16020] (OH2.76F0.900.33)-
These calculations indicate some cation deficief96-0.08 apfu) in the

interlayer site and minor presence of octahedrairl absence of tetrahedrafFe
In general, those are consistent with calculationsthe basis of 14 cations
(tetrahedral and octahedral sites) given in Tableldwever, the latter method is
also non-ideal variant to calculate formula for thktyabrsky hendricksite when
composition was determined by microprobe only (authLi,O). Even moderate
content of L3O (0.3 wt.%) which commonly occupies the octahedra in the
structure of the trioctahedral micas has an esdeinfluence on the contents of
octahedral Al and oxygen in the (OH,F,O) posititm.case of the Oktyabrsky
hendricksite, the absence of Li in formula caldolad does lead to some increase
of these components (Table 1).

The simplified formula of the Oktyabrsky hendridksmay be expressed as
K2(ZnsMgoMn)[Al ,SisO,0] (OH)sF, which strongly differs from that of holotype
K2(ZnsMgMny)[Al ,SisO,0](OH),4 at Franklin Furnace [9,10,12]. Both hendricksite
species can be related due to isomorphisnf'MgF* < Mn** + (OH)'. The
compositional variations of hendricksite are selarty on the ternary diagram
(Mg,Fef* - Zrf* - Mn?*, showing the ideal end-members (phlogopite-annite,
hendricksite, shirozulite) (Fig. 5). In generalngmsitions of hendricksite both
from the Oktyabrsky phonolite and from the Franldkarns are so far from ideal
K>Zng[AlSi304¢]2(OH,F), and are localized near medians of the hendricksite
phlogopite and hendricksite-shirozulite lines, extjvely. It generally reflects the
different isomorphic schemes for hendricksite:*Mg> Zn?* for the Oktyabrsky
specimen and (Mg,F&)— (Zn,MnY"* for the Franklin sample (Fig. 5).

In addition, mineral from both occurrences strongjiffers in the Si/Al ratio
in the tetrahedral site: 3.3-3.7 for the Oktyabrsipecimen and 2.0-2.2 for the
Franklin sample. Low-Ba zincian phlogopite and itgoat Franklin Furnace and
Sterling Hill indicate the Si/Al ratio in the rangé&2.1-2.9 [6,11,29,35].

In general, the appreciable high contents of $ShenOktyabrsky hendricksite
can be explained by following schemes of the hetdemt isomorphism!YAI** +
VInMZ + 2(OH,F)1'<—> Vgt L VIAIRY + 2O [31] or VAIT + VM o Vit 4+ VI
, where M* = Mg, Zn, Mn, Fe.

The undetermined k© and HO gave particular difficulties in calculations of
formula for Zn-containing phlogopite from the poyple phonolite (see above).
We used the following way: the 40 contents were estimated from formula
calculations on the basis of 44 positive chargds éspfu) = 6=M+1/3Al""; these
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values were quoted for calculations on the basid4fcations (tetrahedral and
octahedral sites); the,B contents have been obtained from charge balamte a
(OH+F+0)=4 apfu. Thus, the simplified formula oét@ktyabrsky phlogopite can
be expressed as,@1gsZng 79Mng sLio 75)[Al 12556 75020]F2.5(OH). 5 (Table 2), that
IS Zn-Li-Mn-F-containing phlogopite intermediate tlween phlogopite
KMg3[AlSiz010(OH), and tainiolite KLiMg[Si,O1F, via the isomorphisrf Al**
+ VIMg® + OH" & Vsi* + V'Li'* + F". The incorporation of Zn and Mn in the
octahedral sites is due to the scheme$'MgZn’* and Md* < Mn?",

Discussion

Behavior of Zn in alkaline magmatic system
The occurrence of minerals, containifign in the crystal structure (kupletskite,
hendricksite), in alkaline rocks indicate lo¥s,, high fO,, high alkalinity
(peralkalinity) and high fluid contents of enviroant [22,25]. Similar conditions
are most common of the latest crystallization potslwf the large peralkaline
magmatic complexes such as Khibini, Lovozero anchtViaint-Hilaire. In this
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sense, the peralkaline phonolites of the Oktyabrsagsif are also the remarkable

Fig.6. Si plotted against total Al (a.p.f.u.) for hendricksite, Zn-bearing micas and

shirozulite.
Symbols see Fig. 5. Zn-bearing micas with high Ba®wt.%, Sterling Hill) are not shown here.

example. These rocks represent the latest derizditdse massif. They lack
sulfide mineralization; Fe as ¥ds mainly accumulated in aegirine. There are also
significant amounts of silicates containifffzn (kupletskite, hendricksite), and
H,O- or F-bearing minerals (fluorite, cryolite, cerfCe), Na-catapleiite, serandite,
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REE-eudialyte, Na-REE-fluorapatite, U-REE-pyrockloand others). In case of
the fine-grained phonolite, hendricksite crystaltiZater than Zn-kupletskite, and
during crystallization a gradual increase®i@n and F is indicated. In particular,
®Zn in kupletskite occupies 12.5-18.7% of the octihksites, and F accounts for
14.5-20% of 5(0OH,F,0). In hendricksite, these valunerease up to 45.2-52% for
{Zn and to 18-32.5% of 4(OH,F,0) for F [31]. In pbypic phonolite the
increasing of F is more drastical, whereas theldmedance is near constant for the
kupletskite — mica pair. It should be noted thathbphonolite types of the
Oktyabrskii massif contain fluorite CaBnd cryolite NgAlIFs. However, the very
high abundance of F in crystallizing environmeng¢ras to be not promoted the
complete accumulation of Zn in phyllosilicates atids element may be
incorporated by other silicates. It is indicatedte porphyric phonolites which
contain higher amount of F-rich minerals than thee-jrained species. Both
kupletskite and mica in porphyric phonolite are goan ZnO. The phenocrystal
and groundmass kupletskite in this rock contaids54wt.% ZnO (author’s data),
whereas mineral from the fine-grained phonoliteigher in ZnO (6.3-7.9 wt.%,
[31]). Hendricksite with 21.5-25.8 wt.% ZnO is dorant mica in the fine-grained
phonolite, whereas phogopite from porphyric phdeaibntains 5.3-6.8 wt.% ZnO.

Stability of Zn- and Mn-dominant trioctahedral micas

Synthetic micas of the ideal end-members KE&I&i;O,0(OH), and
KMn3[AISi30,0](OH), were made by the hydrothermal crystallization from
stoichiometric gels and mixture (oxides +30s) at 1-3 kb and 250-650
[10,13]. [24] synthesized a Zn-containing phlogepdtt 55-83C from gels with
low ZnO concentration. However, [14] stated thagaldshirozulite composition
KMn3[AISi;0,0](OH), seems to be an unstable phase in natural consliierthe
octahedral layer is very larger in size than tetcmhl layer. The M ion
completely occupies the octahedral sites in th&csire, but its ionic radius (0.83
A) are significantly larger than common six-coomtied Mg* and F&" (0.72 and
0.78 A, respectively, [30]) in trioctahedral micaShere are no variants to
compensate the difference in the size betweendtahedral and tetrahedral layers.
Unlike the ideal composition, the holotype rehulite from Taguchi, Japan
[14] IS Mg-rich species with simplified formula
(Ko.sBao )(Mny sMgy oF€°%0 Al 0 9)[Al 1 S s01J(OH),.  The  additional VAl
increases the size of the tetrahedral layer, primgotinkage between the
tetrahedral layer and a large octahedral layerrebging amounts of sSix-
coordinated Mg, F&, Al and F&" have a similar effect diminishing the size of the
octahedral layer. The higher KMncontent (>>50%) in the octahedral site will
increase the disproportion between the octahedndl tetrahedral layers. [3]
proposed another way to compensate this dispropodile to incomplete Mh
occupation of the octahedral layer according to ittenorphic schemé&'R* +
2VAI*Y & V' + 2YSi** what is common of phyllosilicates. This isomorphiead
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to tetrasilicic composition KMy Si4O,0](OH),, which is an intermediate between
the trioctahedral and dioctahedral micas. [3] dbedr similar Al-undersaturated
mica from the Mn deposits of the South Urals asoghiite, but it seems to be a
new Mn-member of the mica family and close to montd
KF92+1.5Mn2+o.5Mgo.5[Si4010]F2 [20,27,28].

Thus, the numerous occurrences of manganoan phtegopanganophyllite)
and annite [4,5,34,36] and the discovery of magmeshirozulite [14] strongly
suggest the existence of limited solid solutionfogbpite (annite) - magnesian
shirozulite with miscible gap in the region close® the composition
KMng[A|S|30]_0](OH)2

In case of the composition KFAISizO,q(OH),, the octahedral ionic radius of
Zn (0.74 A) is intermediate between f@nd F& (0.72 and 0.78 A, respectively,
[30]) that does not lead to the disproportion betwéhe octahedral and tetrahedral
layers. Therefore, the complete solid solutionsvbeh phlogopite (annite) and ideal
hendricksite are highly possible. The Zn-containmgas from the Oktyabrsky
phonolites are intermediate members of the phlogd@ndricksite series. On the line
KZﬂg[AISlgOlo](OH)Z - KMng[A|S|30]_0](OH)2 it is Suggested the existence of the
limited solid solution hendricksite — manganesedhieksite — zincian shirozulite with
miscible gap in the region close to the compositikivins[AlSizO,q(OH),. The
Franklin hendricksite with the highest Mn contendimember of this series.
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