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Riftogenic processes were widespread in the Middle
Paleozoic history of the Earth. They produced several
rift systems and regions in the Siberian Craton. The
Vilyui rift zone (VRZ) or paleorift (~800 km long and
450 km wide [1, 2]) occupies a special place among
them. The VRZ represents a blind offshoot of a three-
member rift system. The other two offshoots of this sys-
tem split the Siberian paleocontinent in the Middle
Paleozoic and defined its present-day boundary [3].
The paleorift has a complex structure with dike belts
extending along its walls. The internal structure of the
paleorift represents a system of longitudinal depres-
sions separated by uplifts. The depressions are filled
with Upper Devonian-Lower Carboniferous sedimen-
tary, volcanic, and volcanosedimentary rocks. The
northwestern wall of the rift incorporates the Vilyui—
Markha mafic dike belt with the Mirnin and Nakyn dia-
mondiferous kimberlite fields (Fig. 1). In terms of some
essential parameters, such as the huge area (n - 10° km?)
of volcanic fields, the presence of large dike belts and
thick dikes, and the development of thick sills and kim-
berlites in the riftogenic complexes, the VRZ matches
superplume-related provinces [4]. Therefore, Devonian
rifting and associate magmatism in the eastern Siberian
Craton can be attributed to the influence of a large
plume on the continental lithosphere [S]. However, the
compositional parameters of the plume could not be
estimated until recently because of the absence of infor-
mation on the geochemical and isotopic characteristics
of the volcanic rocks that make up the major volume of
igneous rocks in the paleorift. Based on original Sr—Nd
data and the ICP-MS determination of trace elements in
volcanic rocks of the VRZ, first estimates of the com-
position and geochemical specifics of deep-seated man-
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tle sources of magmatism responsible for rifting of the
region are reported in the present paper.

OVERVIEW
OF THE GEOLOGICAL SETTING

The stratigraphy, tectonics, and distribution of vol-
canosedimentary sequences in depressions of the VRZ
are scrutinized in [1, 2]. Basalt sheets are developed
both within rift depressions (intercalation with Devo-
nian terrigenous and carbonate rocks) and beyond the
depressions. The productivity of volcanism increases
distinctly from southwest to northeast along the strike
of the Vilyui rift. The total thickness of the volcanic-
hosting terrigenous—carbonate sequences also shows a
similar trend. Generally, volcanic sheets prevail in the
lower sections of Devonian sequences. However, the
volcanics also dominate at some upper levels, indicat-
ing the multistage manifestation of volcanism. Volca-
nosedimentary sequences are usually dislocated by
numerous low-angle faults.

The initial (Middle Devonian [2]) stage of the VRZ
evolution was marked by the appearance of a flat
depression filled with carbonate—clayey sediments at
the site of the future Vilyui syneclise. The second stage
(first half of the Frasnian) promoted the formation of a
large dome, which occupied a significant area of the
syneclise, and the synchronous development of grabens
and depressions. These processes were accompanied by
large-scale effusions of basalt lavas that made up sev-
eral sequences (or formations) of volcanic rocks. This
stage was most likely also characterized by the
emplacement of sheeted and crosscutting basic bodies
that made up dike belts on offshoots of the rift. The final
(terminal Frasnian—-Famennian) stage was marked by a
drastic reduction of the large-scale effusion of basalt
lavas in the course of the intensification of contrasting
tectonic movements in the rift. In the western part of the
rift, this stage was characterized by the development of
the amagmatic Kempendyai Depression (major rift val-
ley) filled with sedimentary rocks (3—7 km thick) and
several smaller depressions (Fig. 1). The Early Carbon-
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Fig. 1. Geological scheme of the Middle Paleozoic Vilyui rift system. (/) Basic dikes; (2) kimberlites; (3) massifs of alkaline ultra-
mafic rocks and carbonatites; (4) faults; (5) effusive—sedimentary sequences of rift depressions; (6) relatively uplifted areas (relicts
of paleodome); (7) Siberian Craton; (8) Verkhoyansk fold system; (9) areas of igneous rock sampling; depressions: (Y) Ygyatta,

(K) Kempendyai; Kimberlite fields: (M) Mirnin, (N) Nakyn.

iferous history was marked by attenuation of tectonic
displacements and volcanic activity. Processes of rifto-
genic gave way to the formation of the syneclise begin-
ning in the Upper Paleozoic.

We investigated the isotope—geochemical character-
istics of igneous rocks from the northwestern and
southwestern areas of the VRZ (Fig. 1). The igneous
rocks can be divided into two series corresponding to
two lava sequences. The early series includes rocks of
the Namana Formation confined to the Saran and Bere-
zov depressions in the southwestern Vilyui rift. The late
series is composed of basalts of the Appain Formation
(Ygyatta Depression and Markha River Valley) and the
Khaialakh Formation overlapping the Namana Forma-
tion in the southwestern Vilyui rift area. According to
our opinion, the late series also includes pre-kimberlite
dikes developed in the Vilyui—-Markha dike belt at the
northwestern framing of the rift system. The dikes are
compositionally similar to basalts of the rock forma-
tions mentioned above. Thus, rocks of the late series

characterize the magmatic stage manifested over the
entire rift zone.

Volcanic rocks of the Namana Formation are repre-
sented by a differentiated series with composition vary-
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ing from trachybasalts to trachyandesites. The total
thickness is as much as 750 m, and the igneous rocks
account for ~60-90% of the section [1]. The Namana
Formation also includes trachybasalts, basaltic tra-
chyandesites, and normal trachyandesites. Rocks of the
series are characterized by the presence of dissemina-
tion of plagioclase, clinopyroxene, and hornblende
(including overgrowths on pyroxene grains). Olivine is
confined to basalts. Basaltic trachyandesites and tra-
chyandesites include ore mineral, biotite, and apatite.

The Appain and Khaialakh formations are charac-
terized by 20- to 60-m-thick sheets of more or less
homogeneous basalts. They are separated by thin units
of terrigenous and carbonate rocks. The thickness of
these formations varies from 107 to 200 m. Their Late
Devonian age is based on paleontological data. Volca-
nic rocks of the sequence are represented by tholeiitic
and moderately alkaline porphyritic basalts with phe-
nocrysts of olivine (replaced by bowlingite) and plagio-
clase. The matrix includes plagioclase, clinopyroxene,
titanomagnetite, ilmenite, single biotite flakes associ-

ated with titanomagnetite, and occasional accessory
apatite.
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PETROGEOCHEMICAL
AND ISOTOPE-GEOCHEMICAL
CHARACTERISTICS OF IGNEOUS ROCKS

The table presents representative analyses of igne-
ous rocks of the Vilyui paleorift. Basalts of the Appain
and Khaialakh formations have similar petrochemical
characteristics. They belong to the petrochemical series
of tholeiitic and moderately alkaline rocks with the fol-
lowing contents of major oxides (wt %): SiO, 46.5-50;
TiO, 1.7-2.6; Al,0; 14-16; MgO 5.5-8; Na,O + K,O
2.2-3.3. In some plagiophyric basalts, the Al,O; con-
tent increases to 19% and that of MgO decreases to 4%.
In general, the TiO, content (1.8-2.5%) in basalts of the
Appain and Khaialakh formations is similar to that in
dolerites in the sill (probably coeval to effusives) of the
Mirnin district. However, the TiO, content is much
lower than that in younger (pre-kimberlitic) dolerite
dikes (~3.33%) and rocks of the Namana Formation
(2.4-3.3%). Relative to basalts of the Appain and Kha-
ialakh formations with comparable SiO, contents,
rocks of the Namana Formation are enriched in K,O +
Na,O (6.2-7.5%) and P,0Os (~1%), but they are
depleted in CaO and MgO. Rocks of these formations
also differ in terms of the parameter Mg# = Mg/(Mg +
Fe?*). This parameter is 0.6-0.5 in the Appain and Kha-
ialakh basalts and 0.35-0.23 in the Namana basalt. The
contents of indicator compatible elements in these for-
mations show the following variation range: Ni 15040
and 25-10 ppm, respectively; Cr 380-45 and 23-8 ppm,
respectively. Therefore, we believe that primary mantle
melts were significantly differentiated owing to the
fractionation of olivine and pyroxene and, probably,
contamination with lithospheric material in the course
of the exhumation of melts. The latter assumption is
mainly based on the isotope data given below. The pres-
ence of porphyric segregations of olivine, clinopyrox-
ene, plagioclase, and Ti-Fe oxides in lavas suggests
that fractionation was related to crystallization of these
minerals.

Regularities in the distribution of incompatible ele-
ments in igneous rocks of the Vilyui rift are shown as
spidergrams (Fig. 2). The compositional spectra of
basalts of the Appain and Khaialakh formations are
similar and identical to those of moderately titaniferous
(TiO, <3%) basic rocks of the Nakyn dike belt [6, 7] at
the northwestern boundary of the VRZ. The concentra-
tions of LREEs are lower (La/Yb 10-16) than in the
OIB, probably due to the involvement of granite in the
process of melting.

In contrast to basalts of the Appain and Khaialakh
formations, rocks of the Namana Formation are gener-
ally enriched in incompatible elements, relative to the
OIB [8] and high-Ti basic rocks of the Nakyn dike belt.
The concentrations of the incompatible elements are
maximal in trachyandesites, presumably due to frac-
tionation of the primary melt. These igneous rocks are
characterized by a higher degree of LREE fractionation
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(relative to the Appain basalt) and the consequent rise
of the (La/Sm), value from trachybasalts (4.0-4.5) to
trachyandesites (5.6-6.1). At later stages of the melt
evolution probably accompanied by an increase in the
water content, the pyroxene—plagioclase fractionation
gave way to amphibole—plagioclase (oxides and apa-
tite) fractionation. This assumption is supported by the
lower concentrations of Fe, Ti, and P in the tra-
chyandesites than in the trachybasalts (table).

Not only tholeiitic and transitional basalts of the
Appain and Khaialakh formations, but also rocks of the
trachybasalt—trachyandesite series demonstrate surpris-
ingly similar Nd and Sr isotopic compositions (table).
In the gyy(1.8-2.2)—€4,(4.6-7.7) diagram, data points of
igneous rocks make up a compact cluster in the upper
part of the mantle array, suggesting the involvement of
a sufficiently uniform mantle source. Its composition
was defined by combination of the moderately depleted
PREMA-type mantle and the Sr-rich EM II-type mantle
(Fig. 3). The relatively higher Sr isotope ratio (0.70581,
€y = 25.2) in one basalt sample (K-159) of the Kha-
ialakh Formation can be provoked by contamination
with carbonate material. The isotopic compositions of
igneous rocks are distinguished markedly from those of
subvolcanic intrusions of the Markha dike belt by lower
€nq Values and smaller variation ranges of €g. These dis-
crepancies are caused by the following fact [6, 7]: the
formation of melts involved the participation of subvol-
canic intrusions of an enriched source (probably car-
bonate—evaporite material) characterized by high con-
centrations of LILE elements (K, Ba, and Sr) and rela-
tively lower concentrations of REE and other elements.

Thus, igneous rocks of the Vilyui rift represent a part
of the huge (600 x 1000 km) region of basaltic magma-
tism. The igneous rocks are confined to maximal exten-
sion zones (rift depressions and their nearest surround-
ings). The available isotope—geochemical data suggest
a link between magmatism and plume activity. The
geochemical specialization of igneous rocks was pre-
sumably governed by different degrees of melting in
the source with a uniform isotopic composition. In
terms of indicator ratios (Zr/Nb 4-14, La/Nb 0.6-1.6,
Th/Nb >0.21, and Th/La <0.15), the source was similar
to the enriched mantle source that controlled the forma-
tion of oceanic islands [9].

The earliest manifestation of basaltic magmatism is
represented by a small area of trachybasalt-tra-
chyandesite lavas of the Namana Formation in the
southwestern part of the Vilyui rift. A mantle source
with a considerable amount of the fluid component and
alkali metals could participate in the formation of this
area. The lavas are characterized by concentrations of
incompatible elements 3-5 times higher relative to
rocks of the Appain and Khaialakh formations. There-
fore, we assume that the specific geochemistry of the
lavas mentioned above was stipulated not only by the
higher degree of melt fractionation, but also by the
lower degree of melting.

DOKLADY EARTH SCIENCES Vol. 415 No.5 2007
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Fig. 2. Contents of PM-normalized incompatible and rare earth elements (according to [8]). (/) Basalts of the Appain Formation;
(2) basalts of the Khaialakh Formation; (3, 4) trachybasalts and trachyandesites, respectively, of the Namana Formation; (5) OIB.

The later phase of basaltic magma generation was
manifested as large-scale effusions of tholeiitic and
moderately alkaline basalts (Appain and Khaialakh for-
mations), as well as intrusions of dolerite sills and dikes
at offshoots of the Vilyui rift. The relatively lower alka-
linity of these igneous bodies could be related to the
higher melting degree of mantle sources. The isotope—
geochemical homogeneity of volcanic products reflects
the homogeneity of magmatic sources beneath the
entire rift system. In terms of the isotopic composition,
intrusions of the Vilyui-Markha dike belt show some
distinctions from the cognate igneous rocks, probably
because of the contamination of the latter rocks with the
carbonate—evaporate material.

The terminal stage of basalt magmatism has been
established only in the Vilyui-Markha dike belt at the
northwestern offshoot of the Vilyui rift. Here, Ti- and
K-rich basic dikes intrude kimberlites of the Nyurba
Pipe in some places [7]. These rocks could form during
the cooling of the plume head, resulting in subsidence
of the magma formation level and decrease in the melt-
ing degree of the mantle substrate.
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Fig. 3. eng—€s, diagram for igneous rocks of the Vilyui pale-
orift. Mantle sources: (PREMA) moderately depleted man-
tle, (EM) mantle enriched in radiogenic Sr. The gray area
shows the compositional field of mantle rocks (mantle
array). Lines show mixing hyperbolas corresponding to dif-
ferent Sr/Nd values in sources. (/) Effusives of the Appain,
Khaialakh, and Namana formations; (2) basic rocks of the
northwestern offshoot of the Vilyui paleorift; (3) Middle
Paleozoic basalts of the Altai—Sayan region [7].
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Thus, the data obtained do not contradict the con-
cept of the genetic relation of the Vilyui paleorift sys-
tem with the impact of a huge mantle plume upon the
lithosphere. Centers of magmatic activity shifted from
the south to the north in the course of evolution of the
rift system. The initial stage of magmatism was marked
by local centers of eruption in the southwestern part of
the study region. Such eruptions gave way to large-
scale magmatism in the entire rift region. The latest
stage of magmatism was characterized by the formation
of kimberlite pipes and postkimberlite dikes at the
northwestern offshoots of the rift system.

ACKNOWLEDGMENTS

This work was supported by the Russian Founda-
tion for Basic Research, project nos. 05-05-64043,
05-05-64000, and 06-05-64841.

REFERENCES

1. V. L. Masaitis, M. V. Mikhailov, and T. V. Seliva-
novskaya, Volcanism and Tectonics of the Patom-Vilyui
Aulacogene (Nedra, Moscow, 1975) [in Russian].

2. V. V. Gaiduk, The Vilyui Middle Paleozoic Rift System

(YaF SO AN SSSR, Yakutsk, 1988) [in Russian].

3. L. P. Zonenshain, M. 1. Kuz’min, and L. M. Natapov,

Tectonics of Lithospheric plates in the USSR Territory
(Nedra, Moscow, 1990) [in Russian].

4. D. H. Abbott and A. E. Isley, J. Geol. 34, 265 (2005).
5. R. E. Ernst and K. L. Buchan, Am. Geophys. Union.

Geophys. Monogr. 100, 297 (1997).

6. A.I Kiselev, V. V. Yarmolyuk, K. N. Egorov, et al., Dokl.

Earth Sci. 396, 641 (2004) [Dokl. Akad. Nauk 396, 660
(2004)].

7. A. L Kiselev, V. V. Yarmolyuk, K. N. Egorov, et al., Petrol-

ogy, No. 6, 588 (2006) [Petrologiya, No. 6, 680 (2006)].

8. S. S. Sun and W. F. McDonough, Geol. Soc. Am. Spec.

Pap., No. 42, 313 (1989).

9. B. L. Weaver, Earth Planet. Sci. Lett. 104, 381 (1991).

DOKLADY EARTH SCIENCES Vol. 415 No.5 2007




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


