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Using free-boardmodeling, we examine a vertically-averagedmantle density beneath the Archean–Proterozoic Sibe-
rian Craton in the layer from theMoho down to base of the chemical boundary layer (CBL). Twomodels are tested: in
Model 1 the base of the CBL coincides with the LAB, whereas inModel 2 the base of the CBL is at a 180 km depth. The
uncertainty of density model is b0.02 t/m3 or b0.6%with respect to primitive mantle. The results, calculated at in situ
and at room temperature (SPT) conditions, indicate a heterogeneous density structure of the Siberian lithospheric
mantle with a strong correlation between mantle density variations and the tectonic setting. Three types of cratonic
mantle are recognized from mantle density anomalies. ‘Pristine’ cratonic regions not sampled by kimberlites have
the strongest depletion with density deficit of 1.8–3.0% (and SPT density of 3.29–3.33 t/m3 as compared to 3.39 t/
m3 of primitive mantle). Cratonic mantle affected by magmatism (including the kimberlite provinces) has a typical
density deficit of 1.0–1.5%, indicative of a metasomatic melt-enrichment. Intracratonic sedimentary basins have a
highdensitymantle (3.38–3.40 t/m3at SPT)which suggests, at leastpartial, eclogitization.Moderatedensity anomalies
beneath the Tunguska Basin imply that the source of the Siberian LIP lies outside of the Craton. In situmantle density is
used to test the isopycnic condition of the Siberian Craton. Both CBL thickness models indicate significant lateral var-
iations in the isopycnic state, correlated with mantle depletion and best achieved for the Anabar Shield region and
other intracratonic domainswith a strongly depletedmantle. A comparison of syntheticMg# for the bulk lithospheric
mantle calculated from density with Mg# from petrological studies of peridotite xenoliths from the Siberian kimber-
lites suggests that melt migration may produce local patches of metasomatic material in the overall depleted mantle.

© 2014 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The Siberian Craton occupies a significant part of northern Eurasia
and is one of the largest Archean–Proterozoic regions (Fig. 1a). Its tec-
tonic structure is very heterogeneous and includes the Archean–
Paleoproterozoic terranes separated by Proterozoic suture zones. Parts
of the Craton were reworked in Phanerozoic by rifting and several
pulses of magmatic activity, followed by differentiated subsidence
with the formation of intracratonic basins (Fig. 1b).

Similar to other cratons worldwide, the Siberian Craton is underlain
by a thick lithospheric mantle, which may reach, at least locally, a ca.
350 km depth (Artemieva and Mooney, 2001). Surface heat flow
measured in numerous boreholes does not exceed 25–30 mW/m2

over large interior parts of the Craton (Artemieva and Mooney, 2001).
The results of thermal modeling are supported by the P–T arrays from
mantle xenoliths, which indicate extremely cold (33–36mW/m2) refer-
ence geotherms for many kimberlite fields of the Anabar, Aldan and
Alakit terranes (Fig. 1b) (Ashchepkov et al., 2010, 2013).

Interpretations of the seismic refraction ultra-long Soviet PNE (Peace-
ful Nuclear Explosions) profiles (which provide seismic velocity structure
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down to ca. 700 km) show that the uppermantle of the Siberian Craton is
strongly heterogeneous,with the presence of a series of thinhigh-velocity
and low-velocity layers beneath someparts of Siberia (Fuchs andWenzel,
1997). Velocity anomalies associatedwith thesemultiple LVZsmay some-
times be interpreted as the LAB (Priestley et al., 1994), although many
profiles do not show any velocity change at ca. 200–250 km depth
(Egorkin et al., 1987; Suvorov et al., 2010). For example, in agreement
with regional heat flow and xenolith-constrained thermal models (which
suggest the presence of, at least locally, deep lithospheric keels), the PNE
profiles Craton, Kimberlite, Rift and Meteorite do not show the presence
of any LVZs beneath the interior Siberian Craton down to the transition
zone (Pavlenkova and Pavlenkova, 2006). Thermo-petrological interpreta-
tions of seismic Vp-velocity model along the PNE profiles Kimberlites and
Meteorite indicate a 300 ± 30 km thick lithospheric mantle in the central
part of the Craton (Kuskov et al., 2014) with a heterogeneous structure.

In contrast, large-scale (global or continent-scale) seismic tomogra-
phy models suggest that lithosphere thickness beneath the Siberian
Craton is ca. 250 km only (e.g. Priestley and Debayle, 2003; Priestly
and McKenzie, 2006; Kustowski et al., 2008), although recent high-
resolution tomographic models show a somewhat thicker LAB (ca.
250–300 km) (Schaeffer and Lebedev, 2013a). The discrepancy in the
lithosphere thickness based on the PNE seismic profiles, thermal
models and xenolith data, on one hand, and seismic tomography
V. All rights reserved.
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Fig. 1. Simplified tectonic map of the Siberian Craton (insert map in (a) shows location of the Craton). (a) Basement structure and (b) major magmatic and rifting events of the
Siberian Craton (sources: Milanovsky, 1996; Kuznetsov, 1997; Reichow et al., 2002; Rosen, 2003; Gladkochub et al., 2007). (a) Thin black lines— boundaries between basement
terranes; I–VI — Anabar subcraton with Archean terranes (I — Tunguska, II — Magan, III — Daldyn, IV — Markha terranes) and Proterozoic Olenek superterrane (V — Hapchan;
VI — Birekte terranes); VII — Aldan–Stanovoy subcraton. (b) Bold dotted line — outline of the Siberian Craton. For color figure, please refer to the web version.
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models, on the otherhand,may (at least inpart) be causedby lowraypath
coverage of the Craton (e.g. Kustowski et al., 2008; Schaeffer and Lebedev,
2013b)which hampers resolution of (possibly localized) deep lithospheric
root(s).

Petrological, seismic, gravity and geothermal data indicate the
existence of lateral and vertical heterogeneities in the lithospheric
mantle of the Siberian Craton. Petrological studies of the Siberian man-
tle (based onmantle-derived xenoliths, garnet xenocrysts, garnets from
heavy minerals concentrates and alluvial deposits) are spatially limited
by known kimberlite fields (e.g. Pokhilenko et al., 1993; Boyd et al.,
1997; Griffin et al., 1999b, 2005; Ashchepkov et al., 2010; Ionov et al.,
2010). They indicate that the Siberian cratonic mantle is formed by highly
depleted peridotites with a large amount of orthopyroxene as compared to
off-cratonic mantle (Boyd, 1997). The wide-spread presence of eclogites in
the Siberian mantle has been documented for several regions (Sobolev
et al., 1994; Beard et al., 1996; Snyder et al., 1997; Pernet-Fisher et al., 2014).

A composite geochemical profile across the north-eastern part of the
Siberian Craton based on petrological data (garnet concentrates) from
major kimberlite fields shows a strong heterogeneity of the lithospheric
mantle, with significant compositional variations over distances less
than 50 km (Griffin et al., 1999b). It shows a decrease in orthopyroxene
amount towards the Proterozoic terranes and rifted regions and an
increase in harzburgitic composition beneath the Daldyn–Alakit
kimberlite field. The vertical profile of the average Mg-number
(Mg#= MgO/[MgO+ FeO]) in the Siberian lithospheric mantle calcu-
lated from garnet compositions and bulk studies of mantle xenoliths
shows a significant decrease of Mg# below a ca. 180 km depth
(Agashev et al., 2013). In agreement with geophysical studies
(Artemieva, 2009; Kuskov et al., 2014), it indicates a significant
refertilization of the lithospheric mantle at depths greater than 180 km.

Separation of thermal and compositional anomalies in seismic to-
mography models shows that in the cratonic regions sampled by
kimberlite magmatism the base of chemical boundary layer (CBL) is
usually more shallow than seismic and thermal LAB (Artemieva,
2009). This led to the conclusion that kimberlite magmatism follows
the lithosphere weakness zones and composition of the lithospheric
mantle derived from xenoliths should not be representative of the
pristine cratonic mantle (Artemieva, 2009, 2011). Reduced depletion
in the basal part of the lithospheric mantle is interpreted to result from
melt-related metasomatism. Infiltrations of melts caused by various
tectono-magmatic events during a long geodynamic evolution of the cra-
tonsmay locally refertilize cratonicmantle andproduce bulk composition
typical of younger SCLM or even similar to ‘pyrolite’ composition (Griffin
et al., 2005; Artemieva, 2009). Given that large Precambrian cratons con-
tain terranes of different ages that have been differently modified during
their longhistory, onewould expect tofind significant lateral heterogene-
ity of the SCLM of the cratonic regions, including significant regional var-
iations in mantle density.

Existing estimates of bulk density of subcontinental lithospheric
mantle (SCLM) in South Africa (Jordan, 1979) and globally for litho-
sphere of different ages (Gaul et al., 2000; Poudjom Djomani et al.,
2001) are based on average mineral composition of cratonic mantle
(constrained by mantle-derived peridotite xenoliths and garnet–
xenocryst suites) and experimental data on densities of the mineral
end-members. These studies indicate that high buoyancy of the Archean
SCLM relative to the asthenosphere results from its depleted composi-
tion and that lithosphere depletion progressively decreases (and its
bulk density increases) from Archean through Proterozoic to Phanero-
zoic age. These correlations between lithosphere age and composition
(and hence density) are constrained from xenoliths and xenocrysts
from kimberlites and thus are limited by the areas of kimberlite pipes.

On a regional scale, density structure of the upper mantle in Siberia
has been studied primarily by gravity modeling (Artemjev et al., 1994;
Kaban et al., 2003), although some attempts have been done to convert
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P-wave velocities along some of the PNE seismic profiles to densities
(Romanyuk, 1995; Kuskov et al., 2014; Yegorova and Pavlenkova,
2014). However, given a large uncertainty in the correlation between
seismic velocities and densities (Barton, 1986) and different sensitivity
of velocities and densities to variations in mantle composition (c.f.
Artemieva, 2011), the results based on such an approach are question-
able. Global-scale gravity modeling for SCLM (Kaban et al., 2003) indi-
cates that the Siberian Craton is one of the areas with the largest
positive mantle residual gravity anomalies (calculated by the removal of
crustal gravity effect from the Bouguer gravity anomalies) and the most
significant negative residual topography, which indicate a very low den-
sity of the SCLM. However, this and other regional gravity models
(Artemjev et al., 1994) have low spatial resolution, due to restrictions
on land-gravity data and the absence at that time of a high resolution re-
gional crustalmodel. As a result, they could not resolve regional variations
in mantle density and thus cannot be directly compared to the peridotite
xenoliths dataset.

The availability of satellite gravity data and a new detailed seismic
crustal model for Siberia (Cherepanova et al., 2013) opens new possibil-
ities for regional gravity modeling (Herceg et al., submitted for
publication). Limited number of studies of mantle density of the
Siberian Craton and an importance of this information for understand-
ing structure and preservation of thick cratonic keels has motivated
our study. The approach is based on free-board buoyancy modeling
(Lachenbruch and Morgan, 1990) and is justified by near-zero free-air
gravity anomalies over most of the region, which indicate its nearly
complete isostatic equilibrium. In our analysis, we take an advantage
of a new high quality regional seismic crustal model (Cherepanova
et al, 2013), high resolution digital topography model ETOPO1
(Amante and Eakins, 2009), and regional thermal model (updated
after Artemieva, 2006). These datasets allow us to analyze relative
contributions of the crust and the subcrustal lithosphere in maintaining
surface topography and thus tomodel mantle density structure, both at
in situ and at room (SPT, standard pressure–temperature) conditions.
The former provides a possibility to compare mantle densities with
seismic velocities and to test the isopycnic condition for the Siberian
mantle, while the latter — to compare the results with xenolith data.

2. Geological setting

2.1. Precambrian tectonics

The basement of the Siberian Craton is formed by the assemblage of
Archean and Proterozoic terranes (Rosen et al, 1994; Rosen, 2003;
Gladkochub et al., 2006) (Fig. 1a). The collision (at 2.0–1.9 Ga) between
the Aldan and the Anabar blocks, possibly related to the assembly of a
Paleoproterozoic protocontinent (Meert, 2002; Rogers and Santosh,
2002; Zhao et al., 2002), completed the formation of the Craton and pro-
duced juvenile Paleoproterozoic crust along the Akitkan magmatic-fold
belt which makes a major intracratonic suture zone (Zonenshain et al.,
1990; Condie and Rosen, 1994).

The Archean and Paleoproterozoic basement rocks are exposed and
dated in few areas only: (i) the Anabar Shield in the north-central part;
(ii) the Olenek High in the north-eastern part; (iii) the Yenisey Ridge in
the west; (iv) two areas in the Biryusa block in the south-west; (v) the
Aldan Shield and the Stanovoy block in the south-east. The boundaries
between the terranes are defined entirely from geophysical data
(Rosen et al., 1994; Rosen et.al.,2000) as most of the Craton is covered
by a several km thick layer of Riphean–Phanerozoic sediments
(Cherepanova et al., 2013), including the Permo-Triassic flood basalts
which fill the Tunguska Basin (Reichow et al., 2009) (Fig. 1b).

2.2. Rifting and basin subsidence

In Proterozoic, the Siberian Craton was rifted along the southern
margins, while extensional events formed a series of intracratonic
sedimentary basins (Fig. 1b). The oldest rifts were formed at
~1.73–1.68 Ga at the south-eastern margin of the Aldan Shield (the
Ulkano–Billikcan Rift) and at the south-western part of the Biryusa
block (Gladkochub et al., 2007). Mesoproterozoic rifting formed the
Udzha and Majmecha rifts along the eastern and western margins of
the Anabar Shield (Milanovsky, 1996) and caused a rapid post-rifting
subsidence of the Craton at around 1.6 Ga (Zonenshain et al., 1990).
Overall, the Proterozoic rifting, possibly associated with the break-up
of Rodinia, led to the formation of ca. 1–4 km deep intracratonic basins
and 10–14 km deep basins along the cratonic margins (Pisarevsky and
Natapov, 2003; Cherepanova et al., 2013); the latter are interpreted to
have been formed at passive continental margins (Sklyarov et al.,
2001). Only few areas did not experience the Proterozoic subsidence:
the Aldan–Stanovoy and Anabar Shields, the Nepa–Botuoba block, and
some small areas in the western and north-eastern parts of the Craton.

A large-scale Devonian thermal event (possibly related to a mantle
plume) significantly affected the SE part of the Craton and formed (or
reactivated) the long and wide Viluy Rift system (Fig. 1b). It roughly
follows the Paleoproterozoic Akitkan orogenic belt and extends
sublatitudinally over 600 km across the Craton interior and plunges
under the Verkhoyansk fold belt. The rifting was accompanied by sub-
stantial mafic and kimberlite magmatism (Parfenov and Kuz'min,
2001; Courtillot et al., 2010) and was followed by a significant post-
rifting subsidence with the accumulation of 7–8 km of Devonian–
Lower Carboniferous sediments within the 12–14 km deep Viluy
Basin. In the Early–Middle Carboniferous, the Tunguska Basin became
amajor subsidence area of the Cratonwith accumulation of 8 kmof sed-
iments, but rifting as the cause of basin subsidence has not been proven.
The Devonian rifting formed the Kyutungda Rift at the north-eastern
margin of the Craton; the consequent Early-Carboniferous rifting has
further affected theOlenek block in the north-eastern part of the Craton.

2.3. Intraplate magmatism

The major phases of volcanic activity within the Siberian Craton in-
clude (i) a widespread Neoproterozoic (780–740 Ma by 40Ar–39Ar dat-
ing) mafic dike volcanism over the southeastern and southern parts of
the Craton, possibly related to the break-up of Rodinia (Gladkochub
et al., 2006), (ii) several pulses of Phanerozoic kimberlite volcanism
(420–380Ma, 380–340Ma, 245–240Ma, and 170–140Ma; no Riphean
kimberlite pipes are known), and (iii) the Permo-Triassic trap-basalt
volcanism (Fig. 1b).

The Devonian rifting of the Viluy Basin was accompanied by the
wide spread of mafic dikes. All of the Upper Devonian–Lower Carbonif-
erous kimberlites lie in the region between the Anabar Shield and the
Vilyui Rift, and form a nearly linear belt parallel to the strike of the
Viluy Rift. Major kimberlite fields (the Daldyn–Alakit, the Malo–
Botuoba, the Upper Muna, and several others) were formed by the
wide-spread Late Paleozoic (380–240 Ma) magmatism along major
pre-existing lithospheric sutures (Davis et al., 1980; Ilupin et al.,
1990). The Lower Triassic kimberlitic magmatism (245–240 Ma) took
place along the eastern margin of the Anabar Shield and locally at its
western side within the Majmecha Rift. The last pulse (170–140 Ma)
of kimberlite eruptions, which affected the western part of the Anabar
Shield and the north-eastern part of the Siberian Craton, may have
followed the pre-existing Majmecha Rift and the Devonian rift along
the eastern part of the Olenek terrane, correspondingly (Milanovsky,
1996).

The major Permo-Triassic magmatic event is the Siberian flood ba-
salt magmatism. The basalts, tuffs and near-surface intrusive rocks
cover approximately 40% of the Siberian Craton with an average lava
thickness of ∼3.5 km (locally N6 km) in the Tunguska Basin (e.g.
Wooden et al., 1993; Fedorenko et al., 1996) and thinning to a few
tens of meters towards the southeast (Vyssotskiy et al., 2006). The
presence of the belt of Lower Triassic (younger than the Siberian
traps) alkali-ultramafic intrusions with carbonatites to the west of the
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Anabar Shield suggests some extensional tectonics, although there is no
evidence for a Triassic rifting of the Craton.

3. Free-board buoyancy modeling

3.1. Method and model assumptions

Surface topography (Fig. 2a) is controlled by thickness, composition,
metamorphic state, and temperature of the crust and lithospheric
mantle, and dynamic contribution from the mantle (Artemieva, 2007).
Near-zero (in the range ±30 mGal, locally down to −60 mGal) free-
air gravity anomalies (Herceg et al., submitted for publication) suggest
that the region is in the isostatic equilibrium and thus the effect of dy-
namic topography is insignificant for most of the Craton (Fig. 2b).
Local positive anomalies (up to +30 mGal) are observed beneath the
Anabar Shield, the northern part of the Putorana Plateau and the
Aldan terrane. The strongest negative anomalies (−30 mGal, locally
−60 mGal) follow the Akitkan belt from the Viluy Basin towards the
Baikal, where they form a narrow belt located beneath the Baikal Rift
Zone.

In the absence of dynamic topography, surface topography is the
sum of the isostatic contributions of the crust and lithospheric mantle
(see Appendix A for details). Mantle density may be modeled by free-
board (buoyancy) mass balance calculations (Lachenbruch and
Morgan, 1990; Artemieva, 2003, 2007), which are based on the
following assumptions:

(i) the isostatic balance is achieved at the base of the lithosphere;
the validity of this assumption is supported by the near-zero
free-air gravity. Although the compensation depth is unknown,
in the absence of dynamic support from the mantle it should
not be deeper than the lithosphere–asthenosphere boundary
(LAB);

(ii) flexural rigidity of the lithosphere is ignored, i.e. it is assumed
that individual lithospheric blocks can move independently as
piano keys. This assumption is difficult to validate but it is
Fig. 2. (a) Topography based on ETOPO1 (Amante and Eakins, 2009) and (b) free air gravity ano
intracratonic basins. Stars—major kimberlitefields. Abbreviations: S1–D2= 420–380Ma,D2–C
the paper: Malo–Botuoba (MB), Daldyn–Alakit (D–A), Kharamai (Kh), Kuonamka (K), Upper M
partially supported by study of flexural rigidity of the lithosphere
of the Siberian Craton (Poudjom Djomani et al., 2003), which in-
dicates unusually low Te values (ca. 10–16 km in the kimberlite
provinces increasing to ca. 40 km in adjacent regions). These
low values typical of tectonically young regions rather than a
craton suggest that the cratonic lithosphere may be disrupted
into a series of individual blocks which thus cannot support
flexural rigidity of the Craton;

(iii) pressure-dependence of density is neglected; the validity of this
assumption in the absence of phase transitions and near-zero
rock porosity is supported by theoretical models and laboratory
data (Semprich et al., 2010; Yang et al., 2014);

(iv) density of sublithospheric mantle (asthenosphere) is constant.
We have adopted its value of 3.235 t/m3 (1 t/m3 = 1 g/cm3 =
1000 kg/m3) at in situ mantle conditions (T = 1300 °C), which
corresponds to density of 3.39 t/m3 at room (SPT) conditions
(Anderson, 1987; Irifune, 1987), assuming thermal expansion
coefficient of 3.5 × 10−5 1 / K.

Calculations of the isostatic contributions of the crust and litho-
spheric mantle require data on the surface topography, the thicknesses
and density structure of the crust and the lithospheric mantle, and the
lithospheric geotherms (the Moho temperatures) (Fig. A1). We next
discuss our choice of the model parameters and perform sensitivity
tests to examine the effect of the parameter choice on the modeling
results.

3.2. Input parameters

3.2.1. Topography
Surface topography is constrained from the ETOPO1 digital 1 arc-

minute global relief database (Amante and Eakins, 2009). These high
resolution data are interpolated on a 1° × 1° regular grid to achieve
the same spatial resolution as other model parameters (thermal and
crustal models). A long-lasting tectonic development of the Siberian
Craton as a stable platform has leveled its surface topography to an
maly based on GOCE satellite data (Pail et al., 2011). Dotted lines in (a)— outlines of major
1= 380–340Ma, T1= 245–240Ma, J2–K1= 170–140Ma. Kimberlitefields discussed in
una (UM). For color figure, please refer to the web version.
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average elevation of ca. 400m above sea levelwith regional undulations
within a 200–300 m range over much of the Craton interior (Fig. 2a).
Most prominent regional uplifts include theAnabar Shieldwhere the el-
evation reaches 700 m and the volcanic Putorana Plateau in the north-
west of the Craton with local highs up to 1250 m. The Aldan–Stanovoy
mountain region, which forms a major cratonic terrane in the south-
east, is uplifted to 700–1300 m a.s.l., with the highest elevation around
the volcanic Vitim Plateau at the eastern terminus of the Baikal Rift
Zone. The lowest topography is typical of the intracratonic rifted basins,
including the Viluy Basin (200–275 m a.s.l.), the Angara–Viluy Trough
in the central part of the Craton, and the Kansk–Taseev Basin in the
west, with the lowest topography (100–200 m a.s.l.) recorded in the
Lower Lena Basin to the east of the Anabar Shield.

Topography at the cratonic margins is highly variable and ranges
from depressions of the Yenisey–Khatanga–Lena Troughs to the north
of the Craton, to low-lands of theWest Siberian Basin in the west, to Al-
pine collisional belt of the Verkhoyansk Mountains in the east, and the
Altay–Sayans Mountains in the south-west. Regions with a high moun-
tainous topography show strong free-air anomalies. Given that isostatic
balance is an important assumption in the present modeling, we have
excluded these regions from the analysis, while the density structure
of the upper mantle beneath the West Siberian Basin is a subject of a
separate study (Cherepanova and Artemieva, subm.).

3.2.2. Crustal structure and the Moho depth
Crustal structure of the region is well constrained by a new high

quality regional crustal model SibCrust, which is based on compilation
of all available crustal-scale seismic profiles for Siberia and excludes
any gravity constraints (Cherepanova et al., 2013). The SibCrust model
is specified by 12 parameters which include thickness and Vp velocity
of 5 crustal layers (sediments, upper, middle, lower, and fast lowermost
crust), the Moho depth, and the sub-Moho Pn velocity. The model is
constrained along seismic profiles, which were digitized with a lateral
spacing of not more than 50 km; however, in some parts of the region
the spacing between the adjacent profiles may reach up to ca. 250 km.
To have a uniform coverage of the region by a crustal model, for each
of the model parameters the SibCrust model constrained along seismic
profiles has been interpolated with a 300 km search radius, chosen to
close data gaps, and saved on a 1° × 1° grid, which corresponds to the
spatial resolution of the thermal model.

The crustal structure is well correlatedwith the tectonic elements of
the Craton (Fig. 3b). Thick (43–46 km) crustwith a three-layer structure
typical for Precambrian platforms dominates most of the Craton
interior. Crustal roots down to a 50 km depth are present in the
Aldan–Stanovoy terrane, but information on the crustal structure of
this part of the Craton is limited to one sublatitudinal profile (for seismic
data coverage and the discussion of SibCrust resolution see
Cherepanova et al., 2013). The crust is thinned to ca. 40 km in the
intracratonic basins, with the smallest thickness (ca. 36–38 km) in the
central part of the Viluy Basin. Thickness of sediments varies from
near-zero in the Anabar and Aldan Shields to ca. 3–5 km over most of
the Tunguska Basin, to ca. 1–3 km at around the major kimberlite fields
in the Daldyn–Alakit province, and to 12–14 km in the Viluy Basin and
in the Lena foredeep along the eastern margin of the Craton.

Mass balance calculation requires knowledge on density structure of
the crust. First, for each crustal layer Vp velocities were converted
to densities, using the mid-point line between published conversion
velocity–density relationships as constrained by laboratory studies on
crustal rocks (Ludwig et al., 1970; Henkel, 1994; Christensen and
Mooney, 1995). The exception has been made for the sedimentary
layer, where the velocity–density conversion was chosen to correspond
to maximum, but not mean, densities. This choice is governed by re-
gional structure of the sedimentary cover which includes high-density
metasediments over all of the Craton interior. Due to compaction,
high-density sedimentary fill is also expected in the ca. 12–14 km
deep Paleozoic Viluy Basin. Finally, the average in situ density of the
entire crust was calculated as weighted average with account for
thickness of individual crustal layers (Fig. 3a).

Crustal density structure is highly heterogeneous with significant
variations (from ca. 2.75 to ca. 2.88 t/m3), which are only weakly corre-
lated with the Moho depth. On the whole, we do not observe any sys-
tematic relation between the basement age and the average crustal
density. The latter is clearly controlled by tectonic setting and
geodynamic evolution, although the Archean crust of Siberia apparently
has higher average density than Proterozoic crust. The highest bulk
crustal density (2.84–2.88 t/m3), in part due to the presence of a thick
(18–20 km) lower crustal layer, is typical of the Anabar and Aldan
Shields, where sedimentary cover is nearly-absent. Similar values are
typical of the Olenek basement high in the north-east. Low crustal den-
sity is characteristic of the Akitkan belt and deep rifted basins, which are
well expressed in crustal density structure.

3.2.3. Lithosphere geotherms and LAB depth
Ourmodeling is based on the assumption that the isostatic balance is

achieved at the base of the lithosphere (LAB), and thus knowledge on
the lithosphere thickness is crucial. The isostatic contributions of both
the crust and the lithospheric mantle also depend on their tempera-
tures, so for consistency of our calculations we define the base of the
lithosphere (LAB) as the base of the thermal boundary layer (TBL), de-
fined locally by the intersection of conductive geotherm and mantle
adiabat with temperature of 1300 °C. Thus knowledge of lithosphere
geotherms provides both, the lithosphere thickness and theMoho tem-
perature. The latter is used to calculate average temperature of the
SCLM, defined as mid-temperature between temperature at the Moho
(locally variable) and the LAB (fixed at 1300 °C). Density structure of
the crust is constrained by seismic velocities and thus refers to in situ
conditions. For this reason, we perform the analysis of the SCLM density
also at in situ temperatures, and then recalculate it to room temperature
to compare our modeling results with xenolith data.

The thermal structure of the lithosphere is based on the analysis of
regional heat flow data measured in a large number of 500 m to
3000 m deep boreholes (Artemieva and Mooney, 2001). Most of the
boreholes are located in the south-western part of the Craton, along
the Akitkan belt, in the major kimberlite provinces of Daldyn–Alakit
and Malo–Botuoba, the western part of the Aldan terrane, and in the
Viluy Basin and its vicinity. Some isolated heat flow measurements are
reported for the Tunguska Basin, the Anabar Shield, and the central
part of the Aldan terrane (here the boreholes are 100–500 m deep);
however no heat flow data are available for significant parts of the
Magan, Hapchan, Birekte, and Aldan terranes. To cover the data gaps,
the thermal model based on regional heat flow measurements
(Artemieva and Mooney, 2001) has been supplemented by statistical
values of lithospheric geotherms for terranes with similar basement
ages and tectonic evolution, further calibrated by world-wide data on
xenolith P–T arrays (Artemieva, 2006) (Fig. 3c).

The resultantmodel of the lithosphere thermal thickness is shown in
Fig. 3d. Thick (300–350 km) lithosphere forms a sublongitudinal belt in
the central part of the Craton where extremely low heat flow values
(18–25 mW/m2) are measured over a large territory from the Anabar
Shield in the north, across the Daldyn–Alakit and Malo–Botuoba
kimberlite provinces, and to the Irkutsk Amphitheater in the south,
where heat flow increases to 32–38 mW/m2. Very low surface heat
flow (22–28 mW/m2) is also reported for deep boreholes in the
Angara–Yenisey belt along the western cratonic margin. Very low heat
flow implies an extremely low lithospheric geotherm and a thick litho-
sphere, even when assuming a very low crustal heat production (ca.
0.4 μW/m3 typical of granulite terranes). In these regions the exact
thickness of the TBL is difficult to determine, since at depths greater
than 300 km conductive geotherm asymptotically approaches mantle
adiabat (Artemieva and Mooney, 2001).

In our model we have adopted the value of 350 km as themaximum
thickness of the TBL. This value is in agreementwith xenolith P–T arrays



Fig. 3. Input parameters for free-board modeling: crustal and lithosphere structure of the Siberian Craton. (a) Average crustal density (including sediments); (b) the Moho topography;
(c) temperature at the base of the crust; (d) lithosphere thermal thickness. Data sources: (a) and (b) based on the SibCrust model (Cherepanova et al, 2013); (c) and (d) — on the TC1
thermalmodel (Artemieva, 2006).White thin lines indicate themajor suture zones of the basement (see Fig. 1a for details). Density units: 1 t/m3=1 g/cm3=1000kg/m3. For colorfigure,
please refer to the web version.
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for the kimberlite fields of the Anabar, Aldan and Alakit terranes, which
indicate extremely cold (33–36 mW/m2) reference geotherms
(Ashchepkov et al., 2010, 2013) that imply the TBL thickness of at
least 300–350 km (Pollack et al., 1993). Similarly, the present-day
geotherms beneath the Siberian Craton, calculated from Vp-velocities
along two long-range PNE Soviet seismic profiles, and with account for
petrological data for peridotite xenoliths, fall close to 32.5–35 mW/m2
conductive geotherms and indicate the presence of, at least, 300 km
thick lithospheric keel (Kuskov et al., 2014).

3.2.4. Density structure of the SCLM
Similar to gravity modeling, the free-board modeling can constrain

only average density of the SCLM, which is integrated vertically over
its entire depth. It means that the depth distribution of density



Fig. 4. Two models of the chemical boundary layer used in free-board calculations. Top:
one-layer Model 1 (after Lachenbruch and Morgan, 1990). The unknown lithospheric
mantle density is the average density between the Moho and the LAB. Bottom: two-
layer Model 2, which assumes the presence of a nearly-fertile layer below a 180 km
depth down to the LAB with a fixed SPT density of 3.38 t/m3. The chemical boundary
layer with unknown density is between the Moho and 180 km depth. Thermal structure,
theMohodepth and the lithosphere thickness inModels 1 and2 are the same. See text and
Fig. A1 for explanation.
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variations within the lithospheric mantle may have any pattern. For the
sake of simplicity and in the absence of other data, we assume that, for
any 1° × 1° cell, the density structure of the SCLM is homogeneous
through the entire chemical boundary layer, CBL. In our analysis, we
examine two models for the CBL thickness. For both models, the calcu-
lations are based on the same crustal and thermal models as described
above.

One-layer Model 1 (Fig. 4a) is based on the assumption that the
bases of the thermal and chemical boundary layers (TBL and CBL) are
at the same depth. This model provides the density value for the SCLM
integrated over the depth from the Moho to the LAB.

World-wide and regional xenolith data indicate vertical stratifica-
tion of cratonic lithospheric mantle with a high Mg# in the upper
layer (from the Moho down to ca. 180 km depth) and a fast decrease
of Mg# to an essentially fertile composition below a 180 km depth
(Fig. 6.15 in Artemieva, 2011). Such a pattern with a fast drop of Mg#
in olivine at a 180 ± 20 km depth is well recognized for the Siberian
kimberlite provinces (Griffin et al., 1999a, 2005). We use this petrolog-
ical data as the basis for our Model 2.

Two-layer Model 2 (Fig. 4b) assumes a two-layer compositional
stratification of the lithospheric mantle, as reported for some parts of
the Slave Craton and the Baltic Shield (Kopylova and McCammon,
2003; O'Brien et al., 2003). In this model, we assume that the CBL ex-
tends from the Moho down to 180 km depth (and thus, on average
the CBL is ca. 135–140 km thick). Below this depth and down to the
LAB, the composition of the lithospheric mantle is assumed to be close
to fertile, but still slightly depleted as compared to pyrolite (primitive)
mantle. The latter is assumed to have SPT density of 3.39 t/m3 (equiva-
lent to in situ 3.235 t/m3).

The choice of the density value for the bottom SCLM layer is
constrained by petrological data from Siberia. Bulk rock studies of
deep, high-T peridotites from the Udachnaya pipe (Agashev et al.,
2013) indicate that the average bulk Mg# of the deep SCLM layer is ca.
89.5. Similar values for Mg# in olivine are reported in studies of garnet
concentrates from peridotites brought from depths of 180 km and
deeper (Griffin et al., 2005). Mg#=89.5 corresponds to averagemantle
density of 3.38 t/m3, when calculated from the isopycnic correlation
(Jordan, 1988). The latter value is adopted here as SPT density of the
deep SCLM layer in Model 2 (Fig. S1b). This value is ca. 0.02–0.04 t/m3

higher than the average SPT density calculated in Model 1 for the
parts of the Siberian Craton where the lithosphere extends deeper
than 180 km depth (Fig. S4a).

We find it possible that isopycnicity (if satisfied for the Siberian
Craton, in general, and for the region with the deep LAB, in particular)
may be achieved for the lithospheric column on the whole but not nec-
essarily at any depth between theMoho and the LAB (Kelly et al., 2003).
Due to low lithospheric temperatures in the bottom (up to 170 km
thick) SCLM layer in those parts of the Craton where the lithospheric
root is extremely thick (Fig. 3d), fixing SPT density of the bottom layer
in Model 2 at 3.38 t/m3 leads to a regionally high (3.24–3.26 t/m3) in
situ density of this layer (Fig. S1b). These values exceed the assumed
in situ density of thepyroliticmantle (3.235 t/m3), and at SPT conditions
correspond to the extreme values of 3.41–3.49 t/m3 in the bottom layer
in Model 2 which may be expected for mantle enriched in the garnet
and eclogitic modes.

3.2.5. Isostatic height of sea level
The calculation scheme includes a free parameter D, the constant

which is the isostatic height of sea level above the asthenosphere
(Figs. A1, S2). This constant is the easiest to calculate at mid-ocean
ridges, given that there the base of the lithosphere coincides with the
Moho. A commonly used value of D = 3.5 km is calculated assuming
the Moho depth of 5.5 km, the water depth of 3.5 km, and the average
crustal density of 2.8 t/m3 (Lachenbruch and Morgan, 1990). Although
the chosen values correspond to typical observations over mid-ocean
ridges, they do not guarantee that regions with these parameters of
crustal structure and bathymetry are in isostatic equilibriumas required
by the nature of the free parameter.

Thus, as thefirst step in ourmodeling,we have re-evaluated the con-
stant D by choosing the segment of the mid-ocean ridge where free air
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anomaly is near-zero (Fig. S2a). Surprisingly, the area around the triple
junction of the Pacific, Nazca and Cocos plates (around 0.5 S–1.5 S)with
the highest spreading rates is basically the only part of the global mid-
ocean ridge system which is isostatically compensated, with the free
air gravity anomaly of ±5 mGal (Herceg, personal comm.). In this
area, the water depth above the mid-ocean ridge is ca. 2.9–3.0 km in
the area with the near-zero free air gravity anomalies (Fig. S2b).

Fortunately, there is a seismic profile which crosses the ridge at ca.
1.9 N; it indicates the Moho depth of ca. 5–6 km (Zonenshain et al.,
1980). Given the uncertainty in theMoho depth and the average crustal
density, we calculated a family of possible solutions for the constant D
(Fig. S2c) by varying crustal density, the Moho depth, and the
bathymetry.

For further modeling we have adopted the value of D = 4.25 km
which, in agreement with data for the chosen segment of the Pacific
ocean, corresponds, for example, to a 6 km thick crust with 2.75 t/m3

density and 3 km bathymetry. Our analysis illustrates that for the re-
ported values of the crustal thickness and bathymetry observed in this
oceanic segment, the value of D = 3.5 km (Lachenbruch and Morgan,
1990) requires unrealistically high crustal density (N2.9 t/m3). The ef-
fect of the choice of the constant D on themodeling results is examined
in the sensitivity tests (Table 1), together with the effects of uncer-
tainties in other parameters.

3.3. Sensitivity tests

We run a set of sensitivity tests to examine how uncertainties in the
model parameters propagate to uncertainty in thefinal densitymodel of
the SCLM (Table 1). Major uncertainties are associated with the crustal
model, thermal model, and the choices of the constant D and the as-
thenosphere density. To test the sensitivity of the results, all parameters,
except for the one in question, are fixed at the values described in
Table 1 (reference model), and only the parameter in question is
modified to the maximum value of its expected uncertainty. We next
provide some comments to the choice of the tested parameters.

True uncertainties in the crustalmodel are difficult to estimate, since
significant discrepancies exist even in the Moho depth reported by dif-
ferent authors for the same parts of the region (Cherepanova et al.,
2013). These discrepancies exceed the uncertainty of seismic methods
used in crustal studies, and thus error bars for the resultant model can-
not be estimated. A comparison of the SibCrustmodel with global crust-
almodels CRUST1.0 and CRUST2.0 (Bassin et al., 2000; Laske et al., 2013)
for Siberia also shows significant discrepancies in all parameters that
specify the crustal structure.We thus ran sensitivity tests with common
discrepancy values for the Moho depth and the average crustal P-wave
velocity. Since crustal density is constrained from Vp, the test for crustal
density variations also inexplicitly incorporates the uncertainty in the
velocity–density conversion (e.g. Barton, 1986).

In our definition of the LAB (as the base of the TBL), testing variations
in lithosphere thickness also means testing the effect of the thermal
model uncertainty on the final results. The base of the thermal
Table 1
Sensitivity tests.
Tests are presented for the maximum values of expected uncertainties in the model paramete

Parameters Reference modela Param
refere

Crustal density (SPT) 2.80 t/m3 +0.0
Crustal thickness 44 km +5 k
LAB thickness 165 km +20%
Asthenosphere density (SPT) 3.39 t/m3 +0.0
Constant D 4.25 km 0 to −

a By reference model we mean here the average value of a parameter calculated for the enti
lithosphere constrained by heat flow data (Artemieva and Mooney,
2001) and xenolith P–T arrays (Ashchepkov et al., 2010) is resolved
with an uncertainty of 25–50 km, which is ca. 15–25% for the entire
range of the LAB depth values greater than 100 km. As mentioned
above, there is a large discrepancy in the LAB estimates for Siberia be-
tween thermal models, xenolith P–T arrays, and the Soviet PNE profiles,
on onehand, and large-scale seismic tomographymodels (Levshin et al.,
2001; Villaseñor et al., 2001; Pasyanos, 2010), on the other hand. Fur-
thermore, a recent seismic tomographymodel can resolve the presence
of N+3+4%Vs anomaly at 260±30kmdepth beneath the central part
of the Craton (Schaeffer and Lebedev, 2013a). It is outside the scope of
this study to address the nature of the discrepancy in the LAB estimates
for the Siberian Craton. We note, however, that the lack of seismic sta-
tions and events in Siberia (Schaeffer and Lebedev, 2013b) results in a
poorly resolved upper mantle structure of the Craton. The ambiguity
in amplitudes of resolved seismic velocity anomalies associated with
the choice of reference models (Priestley and Debayle, 2003) and
damping procedure in tomography inversions (Legendre et al., 2012;
Foulger et al., 2013), as well as the ambiguity in the choice of the
velocity-anomaly value as the base of the lithosphere (Artemieva,
2009) hampers straightforward use of seismic tomography models to
determine the LAB depth beneath Siberia. Nonetheless, we use the
results of some regional tomography models to test how the density
modeling results may change if, in the region with the lowest surface
heat flow, we fix the LAB at 220 km depth (Fig. S3a), with the
corresponding change in lithospheric temperatures (the coldest Moho
temperatures increase to ca. 500 °C, compare with Fig. 4c). We find
that in the region with the maximal imposed change in the LAB depth,
the maximum change in the SCLM density is 0.014 t/m3 (ca. 0.4%,
Fig. S3d).

We test the effect of the free constant D on mantle density and ex-
amine correlation between the resultant density and the lithospheric
thickness (Fig. S5). The choice of the D-value is most significant for
the lithosphere that is less that 200 km thick, where the difference in
density values calculated for D = 3.5 km and 4.25 km may reach
0.04 t/m3. If the lithosphere is more than 200 km thick, the maximum
observed density difference drops to 0.015 t/m3 and it reduces to
0.008 t/m3 for the lithosphere thicker than 270 km.

We expect that a typical uncertainty associated with any of the pa-
rameters is a half of the values presented in Table 1, where the tests
are presented for the maximum values of expected uncertainties in
the model parameters. Given that it is unlikely that, at any location,
the errors in all model parameters will sum up, we estimate the overall
uncertainty of the final density model as better than 0.02 t/m3 or ca.
0.6% with respect to primitive mantle. Since petrological data indicate
a 1.5–2.5% density anomaly in the Archean SCLM and 0.9–1.5% in the
Proterozoic SCLM as compared to primitive mantle (Boyd and
McCallister, 1976; Boyd, 1989; Hawkesworth et al., 1990; Griffin et al.,
1998), the approach allows for a reliable distinction of lithospheric
blocks with different tectonic evolution and their meaningful compari-
son with petrological data.
rs.

eter variation with respect to
nce model

Change in SCLM density with
respect to the reference model

t/m3 %

5 t/m3 0.02–0.03 0.6–0.8
m 0.03 0.8

0.01–0.02 0.3–0.6
2 t/m3 0.01–0.03 0.3–0.8
0.75 0.02 0.06

re study region. Density units 1 t/m3 = 1 g/cm3 = 1000 kg/m3.
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4. Results: density structure of the lithospheric mantle

Major result of our analysis is the density structure of the lithospher-
ic mantle beneath the Siberian Craton and the adjacent areas. We
present the results as four maps for lateral variations in the SCLM den-
sity: for one-layer Model 1 (Fig. 5a, b) and for two-layer Model 2
(Fig. 6a, b), and for both models the results are presented at in situ con-
ditions (that is at P–T conditions that correspond to geophysical remote
sensing, such as seismic modeling) and at SPT (standard P–T, i.e. room)
conditions (that correspond to laboratory petrological studies of
mantle-derived xenoliths). The results indicate the presence of a strong
lateralmantle density heterogeneity beneath the entire Siberian Craton,
well correlated with the tectonic setting.
4.1. Mantle density at SPT conditions

In cratonic lithosphere, the effects of thermal and compositional
(due to depletion in basaltic components) heterogeneity on density
tend to compensate each other (isopycnicity hypothesis, Jordan, 1975,
1988). To separate these competing effects and to extract mantle
density anomalies caused by compositional heterogeneity alone, we
recalculated in situ density anomalies to standard (laboratory)
pressure–temperature, SPT, conditions since they allow for a direct
comparison with petrological data. Calculations of SCLM density from
average mineral compositions of mantle peridotites sampled by differ-
ent magmatic processes suggest that density of the Archean mantle
is ca. 3.31 ± 0.02 t/m3, of the Proterozoic mantle ca. (3.34–3.35) ±
0.02 t/m3, and of the Phanerozoic mantle ca. 3.36–3.39 t/m3 (Griffin
et al., 1999a; Poudjom Djomani et al., 2001).

We first focus our discussion on the results for one-layer Model 1
(Fig. 5b). For this model, the average SPT density of the lithospheric
mantle is in the range from 3.31 t/m3 to ca. 3.40 t/m3 and covers the
entire range of density calculated from average mineral compositions
as constrained by mantle xenoliths (Griffin et al., 1999b; Poudjom
Djomani et al., 2001).
Fig. 5. Modeling results for one-layer Model 1. Average in situ (a) and SPT (b) density structur
major suture zones of the basement (see Fig. 1a for details). The overall uncertainty in calculat
The lowest (Archean) density values of 3.31–3.35 t/m3 calculated
for the Siberian mantle (Fig. 5b) correspond to density of the Kaapvaal
peridotites. Values at the lower end of this range (3.31–3.33 t/m3)
were reported for low-T peridotites (Pearson et al., 1995), harzburgites
and garnet lherzolites (Boyd, 1989). In the Siberianmantle, “Proterozoic”
density values (3.34–3.35 t/m3), similar to those calculated for all
Kaapvaal peridotites (3.353 t/m3, Jordan, 1979), are modeled for the
central part of the Craton, in particular for the Proterozoic Akitkan belt,
while high density values (3.38–3.40 t/m3) are restricted to the rifted
parts of the Craton (further discussed in Section 4.2).

Our two-layer Model 2 (Fig. 6a, b), as discussed in Section 3.2, is
based on petrological studies of mantle xenoliths, which indicate that
the lower part of the lithospheric keel may be refertilized during litho-
sphere–mantle interaction. For this model, the average density of the
top layer of the lithospheric mantle is significantly lower than in
Model 1, in particular in regions with deep lithospheric keels, where
all density anomaly associated with SCLM depletion is “squeezed” into
the upper layer with a thickness of ca. 135–140 km only. In regions
with a low mantle density, the difference between Model 1 and the
upper layer of Model 2 is up to 0.02 t/m3 (at SPT) (Fig. S4a). The
upper limit of the density values calculated in Model 2 does not change
as compared toModel 1, because densemantle is typical of regionswith
a less than 180 km thick lithosphere.

At SPT conditions, density of the upper SCLM layer is in the
range from 3.29–3.30 t/m3 to ca. 3.40 t/m3 (Fig. 6a). Note that even
the lowest density calculated for the Anabar Shield is close to the
range of density values calculated for selected garnet peridotites,
3.305 t/m3 (Hawkesworth et al., 1990), low-T Kaapvaal garnet peri-
dotites, 3.30 t/m3 (Boyd and McCallister, 1976), as well as to the
values calculated for average mineral compositions of mantle peri-
dotites from the Archean terranes, 3.31 ± 0.02 t/m3 (Griffin et al.,
1999b; Poudjom Djomani et al., 2001). The range of SPT mantle den-
sities calculated here for Siberia corresponds to the maximal values
of ca. 1.8–3.0% of density deficit with respect to primitive mantle in
the Anabar Shield, with a typical value of ca. 0.5–1.5% for most of
the Craton interior (Fig. 7d).
e of the lithospheric mantle (between the Moho and the LAB). White thin lines show the
ed density values is better than 0.02 t/m3. Symbols — major kimberlite fields.



Fig. 6.Modeling results for theupper SCLM layer ofModel 2 (see Fig. 4d for explanation). Average in situ (a) and SPT (b) density structure of the lithosphericmantle between theMoho and
a 180 kmdepth. The overall uncertainty of calculateddensity is better than 0.02 t/m3. See Fig. S1 for assumeddensity structure of the bottomSCLM layer (froma 180 kmdepth down to the
LAB). White thin lines show the major suture zones of the basement (see Fig. 1a for details). Dots — major kimberlite clusters. Blue regions in (a) are close to isopycnicity.
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A global gravity modeling of SCLM density at SPT conditions indi-
cates that the upper mantle of the Siberian Craton has, on average, den-
sity deficit of 1.5–2.3% in case the chemical boundary layer extends
down to the base of thermal lithosphere (which corresponds to our
Model 1, compare with Fig. 7b) and 1.7–2.4% in case the base of the
chemical boundary layer is at a 200 km depth (which is similar to our
Model 2, Fig. 7d) (Kaban et al., 2003). Given that the gravity model
has a coarser lateral resolution (2° × 2°), is based on a completely differ-
ent method, and is constrained by a different crustal model (CRUST2.0,
Bassin et al., 2000), the two approaches provide extremely similar re-
sults for the mantle density structure beneath the Siberian Craton.

4.2. Correlations with tectonics

The density structure of the Siberian lithospheric mantle is well cor-
related with the tectonic setting. By the amplitude of mantle density
anomalies, we recognize three types of cratonic mantle: (i) “pristine”
Archean mantle, (ii) cratonic mantle affected by magmatism and sam-
pled by kimberlites, (iii) reworked mantle of rifted parts of the Craton
with deep sedimentary basins. We next summarize our results for
each of these types, based on the tectonic evolution of the region and
the history of rifting and magmatism (Fig. 1b).

4.2.1. “Pristine” Archean mantle
Strongly depleted lithosphericmantle is typical of the shield regions,

with a particularly strong density deficit beneath the Anabar Shield
(Figs. 5–6), which we attribute to mantle depletion in basaltic compo-
nents. The removal of basaltic components during mantle melting re-
duces the mass fraction of Fe, Ca and Al in the residue, while
increasing the amount of Mg and thus Mg to Fe ratio. Mineralogically
it means that the loss of clinopyroxene and garnet from fertile mantle
lherzolite leaves low-density harzburgite, the component minerals of
which (olivine and orthopyroxene) are ca. 15% less dense than garnet
(Carlson et al., 2005). As a result, density in depleted garnet peridotite
is about 2% less than in fertile mantle at the same pressure and temper-
ature conditions.
The maximal values of depletion (density deficit as compared to
primitive mantle) at SPT conditions are ca. 2% for Model 1 and 3.2% for
the upper layer in Model 2 (Fig. 7b, d). The belt of low dense, depleted
lithospheric mantle extends southwards from the Anabar Shield across
the central part of the Craton to the IrkutskAmphitheater (Fig. 2a) north
of the Baikal Rift and further to the Biryusa block at the south-western
margin of the Craton. Similar lowdensitymantle is typical for theArche-
an–Proterozoic Angara belt along the western cratonic margin. The two
low-dense mantle belts are separated by the Tunguska Basin (a part of
the Siberian LIP). The belt of low-dense mantle (density deficit of
ca. 2.0–3.2% for Models 1 and 2 beneath the Anabar Shield) corre-
sponds to the region with a very low surface heat flow, and a large
amplitude of density anomalies is caused, in part, by a large litho-
spheric thickness. However, the test model where the lithospheric
thickness in the region of low heat flow is set to a constant value of
220 km (Fig. S3a) also indicates low mantle density with a ca. 1.5%
density deficit, which is significantly stronger than in the adjacent
regions (Fig. S3c).

We thus consider our results as a robust indication that density
deficit has the maximum values in the parts of the Siberian Craton
that are not sampled by kimberlites (Figs. 5–6). Importantly, for
two-layer Model 2, which is supported by petrologic data from cra-
tonic regions worldwide (c.f. Fig. 6.15 in Artemieva, 2011), our calcu-
lated values for mantle density deficit for parts of the Craton not
sampled by kimberlites are somewhat larger (1.8–3.0%) than those
based on petrological data for Archean cratons. Petrologic studies
of depleted garnet peridotites report values ranging from 1.4–1.7%
(e.g. Pearson et al., 1995; Griffin et al., 1999a) to 2.1–2.2% as com-
pared to primitive mantle (Hawkesworth et al., 1990; Griffin et al.,
1998; Poudjom Djomani et al., 2001). The results of earlier geophys-
ical studies (Artemieva, 2003; Kaban et al., 2003) also suggest that
the density deficit in the lithospheric mantle may not necessarily
correspond to the values expected from petrologic studies of
mantle-derived peridotite xenoliths.

Based on buoyancy modeling, which indicates larger density deficit
than constrained by xenolith data from Archean cratons, we argue



Fig. 7.Mantle density anomalieswith respect to primitivemantle.Model 1 (average density fromMoho to LAB): (a) In situ average densitywith respect to primitivemantle (% of 3.24 t/m3);
(b) SPT average density with respect to primitive mantle (% of 3.39 t/m3). Model 2 (average density from theMoho to 180 km depth): (c) In situ average density with respect to primitive
mantle (% of 3.24 t/m3); (d) SPT average density with respect to primitive mantle (% of 3.39 t/m3). Regions with near-zero density anomalies at in situ conditions (a, c) are close to
isopycnicity. For color figure, please refer to the web version.
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that Archean lithospheric mantle sampled by kimberlites has been
metasomatically modified and the most depleted cratonic mantle in Si-
beria is restricted to shield regions with no evidence for earlier
magmatism. This observation supports earlier conclusion (Artemieva,
2009, 2011) that xenoliths do not sample most depleted, “pristine” cra-
tonic mantle and thus its composition up to the present remains poorly
known.

4.2.2. Cratonic mantle affected by magmatism
Intermediate values of mantle density deficit, 3.34–3.37 t/m3 at SPT

conditions (Model 2) (Fig. 6a), typical of “Proterozoic” SCLM (Griffin
et al., 1999a; PoudjomDjomani et al., 2001) are calculated for significant
parts of the Craton, in particular for the Proterozoic Akitkan belt, the
western part of the Aldan terrane (close to the Vitim Plateau, Fig. 2a),
the belt of basement highs along the western margin of the Tunguska
Basin, and the Archean–Proterozoic regions sampled by kimberlites.

The largest kimberlite fields (Malo–Botuoba, Daldyn–Alakit) are lo-
cated in the middle of the relatively low density anomaly (3.34 t/m3 at
SPT, Model 2, which corresponds to ca. 1.5% of density deficit, Fig. 7d),
while the kimberlites of the Proterozoic Olenek uplift sample more fer-
tile mantle with average SPT density of 3.37 t/m3 (ca. 0.6% of density
deficit, Models 1 and 2) (Fig. 7b, d). In Model 1, the corresponding den-
sity deficit is ca. 0.9% and 0.6% (Fig. 7b).

It isworth noting, that eclogite xenoliths are common for the Siberian
kimberlite pipes (Snyder et al., 1997) and thus the presence of high-
density material in the Siberian mantle may be expected, at least in
regions sampled by kimberlites. Similarly, the Akitkan belt formed by
Proterozoic collision of the Archean subcratons may contain entrapped
pieces of oceanic lithosphere, and the presence of high-density eclogitic
material in its mantle is possible.

The kimberlite fields along the western and eastern margins of the
Anabar Shield follow the transition between low- and high-density
mantle domains. Unfortunately, studies of mantle xenoliths from the
north-central part of the Anabar Shield eastern margin (e.g. the Lower,
Middle and Upper Kuonamka kimberlite fields) are not widely
discussed in literature and the available results are limited to garnet cu-
mulates. Most garnets are collected from lherzolites at themargin of the
field and xenolith P–T arrays indicate a 35–37 mW/m2 geotherm. The
calculated composition of the lithospheric mantle of the Middle
Kuonamka field is similar in mean composition to that of the Malo–
Botuobiya and Upper Muna fields but the depth of xenolith sampling
is limited to 160 km (Griffin et al., 1999b).

Petrological data are, however, available for the kimberlites of the
Kharamai field at the south-western edge of the Anabar Shield, where
a total of 88 kimberlite pipes and 77 dykes have intruded shortly after
the Permo-Triassic eruption of the Siberian Traps (Griffin et al., 2005).
The composition of mantle peridotites indicates an increased fertility
of the upper part of the SCLM, due to melt-metasomatism, probably
associated with the Siberian LIP, which converted harzburgites to
lherzolites. Our results indicate that the average SPT density of the
SCLM above a 180 km depth (Model 2) is ca. 3.35 t/m3; however, the
exact value can hardly be resolved because the Kharamai field is located
at the zone of high gradient in mantle density.

4.2.3. Rifted parts of the Craton
Numerous petrological studies of mantle-derived peridotites from

the Siberian Craton and world-wide indicate significant metasomatic
enrichment of cratonic mantle during extensional processes. A very fer-
tile mantle with SPT density close to primitive mantle, 3.39 t/m3, is
modeled beneath the parts of the Craton affected by intensive Late
Proterozoic–Paleozoic rifting events (Section 2),which led to the forma-
tion of deep basins (Figs. 5b, 6b), in particular the Vanavar Basin in the
central part of Craton (in the Tunguska Basin) and the Viluy rifted
basin at its eastern margin. Similar values of average mantle density
are characteristic of the Yenisey–Khatanga trough which marks the
northern margin of the Craton.
Importantly, the effect of the Siberian Permo-Triassic event on the
mantle density structure is not so prominent (e.g. the inner parts of
the Tunguska Basin covered by the traps, Fig. 2b). This suggests that lith-
ospheric mantle beneath the huge cratonic area covered by basaltic
lavas has not experienced significant reworking and that the source re-
gion of the Siberian LIP event was outside of the Craton. These observa-
tions also question the conclusion of Griffin et al. (2005) that melt-
metasomatism of cratonic mantle beneath the Kharamai field (the
south-western edge of the Anabar Shield) was caused by the eruption
of the Siberian Traps.

Based on back-striping analysis of borehole data, two major exten-
sional events (the Cambrian and Devonian) caused subsidence of the
Viluy Basin (Polyansky et al., 2013). The next phase (at ca. 250 Ma) of
rapid intensive basin subsidence (with a rate of 800–1200 m/My) can-
not be explained by rifting, due to the absence of the post-rifting phase
of slow subsidence and no indication of temperature increase ca. 90–
100 Ma after the main Devonian subsidence (borehole 9, Polyansky
et al., 2013). It has long been proposed that phase transitions may
have played an important role in the Viluy Basin formation
(Artyushkov, 1993). However, until present no geophysical data have
supported this hypothesis. Our results, for the first time, document the
presence of a high density material (3.39–3.40 t/m3 at SPT) in the
mantle beneath the Viluy Rift (Figs. 5b, 6b), which may be interpreted
as evidence for the presence of a partially eclogitized material.

Similarly, the results indicate that several deep basins with the
Tunguska Basin and the Yenisey–Khatanga trough are underlain by
high density material. Given that calculated densities provide an aver-
age over the entire lithospheric column, the presence of even more
dense material within a small depth interval cannot be ruled out. Thus
our results indicate that intracratonic mantle affected by intensive
rifting has been not only metasomatically refertilized, but could have
experienced partial or full basalt–eclogite phase transitions at depth in-
terval favorable for this transformation. Following the high density
anomalies, one can trace the rifts to the west of the Anabar Shield as
well as between the Kureyka and the Tunguska basins.

5. Discussion

5.1. Mantle density at in situ conditions

In situ density of lithospheric mantle is controlled not only by com-
position but also by temperature (at these depths, the effect of porosity,
which is important in shallow crust, is unimportant). Thus in situ densi-
ty anomalies cannot be directly compared to petrological data, but can
be compared to gravity anomalies and seismic velocity structure,
assuming that seismic velocities and densities are related (e.g. Ludwig
et al., 1970).

The general pattern of in situ (i.e. at ambient P–T conditions within
the mantle) density anomalies is similar to the SPT density anomalies,
although their amplitude is significantly reduced in regions with cold
and thick lithospheric keels. For Model 1, mantle density is in the
range from ca. 3.24 t/m3 to ca. 3.28 t/m3 (Fig. 5a), whereas for Model
2 density of the upper SCLM layer varies from ca. 3.23 t/m3 to ca.
3.28 t/m3 (Fig. 6b), and the maximal difference between Model 1 and
the upper layer of Model 2 is less than 0.02 t/m3 (Fig. S4b). As discussed
above, lithospheric temperatures in the interior parts of the Siberian
Craton are close to 35–40mW/m2 conductive geotherms, which implies
average temperature of the SCLM of 800–900 °C. At this mid-
lithosphere temperature mantle primitive mantle with a fertile compo-
sition would have in situ density of ca. 3.283–3.295 t/m3.

Given a very small range of in situ density variations within the
Craton interior and a significant scatter in velocity–density relationship
(Barton, 1986), one cannot predict seismic velocity anomalies fromden-
sity anomalies. A direct comparison of free-boardmodeling results with
seismic velocity models is further hampered by the fact that density
anomalies are depth-integrated and refer to the entire lithospheric
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column, rather than to any particular depth in the mantle. As a rough
comparison between density and seismic velocities, we note that
3.24–3.28 t/m3 calculated from buoyancy (Model 1) or gravity corre-
sponds to P-wave velocity of ca. 7.9–8.1 km/s (or 7.1–8.9 km/s including
outliers in the velocity–density relationship) (Lowrie, 2007). The pre-
dicted values for Vp velocities are somewhat smaller than in interpreta-
tions of seismic long-range Soviet PNE profiles across the Siberian
Craton, which at a 50–180 km depth indicate Vp velocities in the
range 8.1–8.4 km/s beneath the Tunguska and Viluy basins, profile Cra-
ton (Egorkin et al., 1987) and in the range 8.1–8.55 km/s beneath the
Anabar Shield, profile Horizont (Burmakov et al., 1987). Along these
profiles, low Vp velocities (8.1–8.2 km/s), comparable to predictions
based on average SCLM density, are usually restricted to the depth
range of ca. 90–140km. Recently, an attempt has beenmade to interpret
Vp-velocities along the long-range seismic profiles Kimberlite and Me-
teorite in terms of thermal and density structure of the mantle beneath
the Siberian Craton, with account for petrological data on depleted gar-
net peridotite xenoliths and primitive mantle composition (Kuskov
et al., 2014). Those authors conclude that compositionally distinct
mantle layers cannot be recognized by seismic methods.

The number of gravity studies of mantle heterogeneity beneath
Siberia is limited (e.g. Romanyuk, 1995; Yegorova and Pavlenkova,
2014), and they are often constrained by the PNE seismic profiles.
Seismic P-wave velocity structure along the PNE profiles Quartz, Craton
andKimberlite has been recently used to perform a 2D gravitymodeling
for the Siberian Craton (Yegorova and Pavlenkova, 2014). Our results
challenge the conclusions of this gravity modeling which, based on
low Vp beneath the Viluy Basin (with the lowest Vp in the lithosphere
of the entire Siberian Craton), were interpreted as the most depleted
cratonic mantle in Siberia (Yegorova and Pavlenkova, 2014). However,
temperature- and compositional effects on seismic velocities and
density are significantly different (Artemieva, 2009). In particular, low
seismic velocities can be caused by a large number of factors other
than compositional heterogeneity (anisotropy, fluids, melts, etc.)
which may not necessarily require low mantle density (c.f. Artemieva,
2011).

5.2. Mantle in situ density and isopycnicity

In situmantle density is directly related to isopycnicity. According to
the isopycnic (equal-density) hypothesis (Jordan, 1975), a density in-
crease in cratonic upper mantle caused by low temperatures is closely
compensated by a density decrease caused by compositional differ-
ences. The presence of compositionally distinct chemical boundary
layer (CBL) in the subcontinental lithospheric mantle (SCLM) provides
its buoyancy and preservation of thick lithospheric roots over long geo-
logical times (Jordan, 1988; Lee, 2006).

Whether or not the isopycnic condition is satisfied in the cratonic
lithosphere in general (Kaban et al., 2003), or at any depth (Kelly
et al., 2003), or over all tectonic history of the cratons (Eaton and
Perry, 2013) is a subject of debate. For example, a global gravity model-
ing suggests that density variations due to temperatures are ca. 40%
larger than the variations due to compositional differences (Kaban
et al., 2003), in contrast to the classical isopycnic theory which predicts
a complete depletion-temperature balance in the cratonic lithosphere at
any depth. Numerical modeling of stability, density, temperature and
viscosity of the cratonic root beneath the Kaapvaal Craton provides
another argument against the isopycnic hypothesis (Eaton and Perry,
2013).

Studies of the mantle xenoliths from kimberlite pipes of the
Kaapvaal Craton show that the distribution of density in the mantle de-
viates from the ideal isopycnic correlation of mantle temperature and
density (Kelly et al., 2003). These authors calculated mantle density
from whole rock composition using the relationship between whole
rock Mg# and normative density (Jordan, 1988). They found that man-
tle xenoliths derived from above a 200 kmdepth are positively buoyant,
while xenoliths from the deepermantle are negatively buoyant, making
the whole cratonic lithospheric mantle neutrally buoyant. Similar ob-
servations were reported for peridotites from the Tanzanian Craton
(Lee and Rudnick, 1999).

Importantly, a very high density mantle material (e.g. dunites) is
present in mantle xenoliths only in very small quantities and its true
amount in the mantle is unknown. This makes a bias in comparing the
SCLM density calculated from geophysical and petrological data. Analy-
sis of garnet in mantle peridotites from Kaapvaal shows the presence of
a very depleted (with SPT density as low as 3.1 t/m3) mantle at a depth
range 120–160 km and a very dense root with density reaching 3.4–
3.44 t/m3 at ca. 180 km depth (Griffin et al., 2003; James et al., 2004).
Similar results (with density of 3.42 t/m3 at 200 km depth) are
constrained by limited data on high-T garnet peridotites from the
deepest part of the Kaapvaal lithospheric mantle (James et al., 2004).
The averageMg#of deformed Siberianperidotites (theUdachnaya kim-
berlite pipe of the Daldyn terrane) from a depth of 200–220 km ranges
from ca. 87 to 91 (Agashev et al., 2013) which implies average SPT den-
sity of 3.37–3.45 t/m3, i.e. similar to or denser than the asthenospheric
mantle. These results indicate that mantle density constrained by
mantle xenoliths from kimberlite pipes deviates from the isopycnic
conditions (Lee and Rudnick, 1999; Kelly et al., 2003).

Besides vertical stratification of the lithospheric mantle and devia-
tions of the vertical density profile from isopycnicity, lateral density
heterogeneity associated with the age of the SCLM (Griffin et al.,
1999b; Poudjom Djomani et al., 2001) and its tectonic evolution
(Section 4) contributes to the complexity of cratonic isopycnicity.
Given that our results provide density values integrated over the litho-
sphere depth, we cannot test if the isopycnic condition is fulfilled over
the vertical structure of the SCLM. However, we can examine if “bulk”
isopycnicity is fulfilled for the Siberian mantle.

As discussed in Section 3, in situ density of primitive mantle at
sublithospheric temperatures (1300 °C) is assumed to be 3.235 t/m3.
However, average in situ density values calculated for the Siberianman-
tle are significantly higher, within the range of ca. 3.24–3.28 t/m3 for
Models 1 and 2. Note that the total range of possible in situ density var-
iations (0.04 t/m3) is larger than the overall uncertainty of the density
model (better than 0.02 t/m3), and thus the anomalies in the mantle
density structure are well resolved. The range of in situ density varia-
tions (0.04 t/m3 or 1.2% with respect to primitive mantle) is 2–3 times
less than at SPT conditions (2.3% for Model 1 to 3.2% for Model 2), due
to temperature compensation of compositional density anomalies
(Fig. 7). However, even at in situ temperatures the compensation is in-
complete, the isopycnic condition is not fully satisfied for significant
parts of the Siberian Craton, and there are significant lateral variations
in the extent to which isopycnicity is achieved (Fig. 7a, c).

For example, the region of the Anabar Shield and the southern parts
of the Craton have in situ average density close to in situ asthenospheric
(ca. 3.235 t/m3), suggesting isopycnic condition is nearly satisfied there.
These regions also have a near-zero density anomaly as compared to
primitive mantle at in situ conditions (Fig. 7a, c). At the same time,
most of the Craton has positive relative density anomalies at in situ
conditions, both for Model 1 and 2, providing a clear evidence that,
integrated over the entire lithospheric column, the Siberian mantle
does not comply with the isopycnic condition. Regions sampled by
kimberlites have moderate deviations from “bulk” isopycnicity, while
significant deviations are expected for the cratonic regions that have
experienced intensive rifting (the Viluy Rift) and basin subsidence
(the Vanavar and the Kansk–Taseev basins). We thus conclude, based
on the results for the Siberian Craton, that the extent to which the iso-
pycnic condition is satisfied depends on the degree of lithosphere
reworking: while a close balance between thermal and compositional
density deviations may be expected for depleted or weakly refertilized
cratonic mantle, apparently it cannot be expected for significantly
reworked, nearly fertile cratonic lithosphere typical of deep
intracratonic basins.
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5.3. Mantle density and lateral Mg# variations

Assuming that mantle density variations are caused by mantle de-
pletion (refertilization) and are directly controlled by the amount of
iron in themantle, we next convert SPT density anomalies toMg# num-
ber, assuming the isopycnic density–Mg# correlation (Jordan, 1988).
This correlation is constrained by density values calculated from
whole rock oxide composition for 78 samples of (both low-T and
high-T) garnet lherzolites from Kaapvaal (Jordan, 1979) and ignores
variations in alumina content. Note that since the isopycnic condition
is not fully satisfied formuch of the Craton (Section 5.2), this conversion
of mantle density to Mg# is, strictly speaking, inaccurate. Given that
mantle density is the integral value for the entire lithospheric column,
the calculatedmantleMg# also provides the average value for the entire
lithospheric mantle down to the LAB (Model 1) (Fig. 8a) and for the
upper layer down to 180 km depth (Model 2) (Fig. 8b), and thus its
comparison with petrological data is limited.

A comparison of “synthetic” and petrologic Mg-numbers leads to
several major conclusions. The calculated values of Mg# for average
bulk lithospheric mantle are in the range typically calculated from
petrological studies of mantle-derived peridotite xenoliths, but parts of
the Craton with the largest “synthetic”Mg# (ca. 92–93) are not sampled
by mantle xenoliths and cannot be compared to petrologic data. The
part of the Craton unaffected by any large magmatic events and melt-
metasomatism, has the highest values of bulk mantle depletion (e.g. ca.
92.5 in the mantle beneath the Anabar Shield for Model 1 and 93.5 for
Model 2), which implies a high concentration of depleted harzburgites.

In contrast, the deep intracratonic basins (e.g. Vanavar and Viluy)
have mantle with bulk Mg# of ca. 89.5. These values indicate fertile
composition of the mantle, which may be produced by a large scale
metasomatic modification of the entire cratonic lithosphere during
large-scale rifting processes (recall that our “synthetic” Mg# are
averaged for the entire lithospheric column).
Fig. 8.Mg# number of the lithospheric mantle calculated on a 1° × 1° grid frommantle densitie
Model 1 where Mg# is average for the entire lithospheric column and (b) for the upper layer o
depth). Colored symbols—Mg# based on petrologic data for the Siberian lithospheric mantle (
Mg# averaged over the SCLM depth. Note that while Mg# calculated from density refers to the
peridotite xenoliths, and thus represent only a part (most likely 70–80%) of the SCLM composi
Similar to the pattern of density anomalies, the SCLM beneath the
Siberian kimberlitefields has intermediate values ofMg#, ca. 91. A com-
parison with the average mantle Mg# (from the Moho down to petro-
logical LAB) calculated from garnet concentrates (Griffin et al., 1999a,
b, 2005) shows a good agreement for the Malo–Botuoba kimberlite
field and the north-eastern end of the Olenek trend. Similarly, garnet
peridotites from the Kharamai kimberlite field at the south-western
margin of the Anabar Shield provide 92 for Fo in olivine at depths of
90–180 km with a sharp decrease to 90 at ca. 190 km depth (Griffin
et al., 2005), while our calculation indicates “bulk” Mg# of ca. 91–92.

Two-layer Model 2 has a better agreement with the petrological
Mg# for the Daldyn–Alakit field. This observation supports the thermal
model (Artemieva, 2006) which indicates that this region has a ca.
350 km thick lithosphere (TBL), while the CBL base is reached already
at a 150–180 kmdepth (Artemieva, 2009), in agreementwith petrolog-
ical data which indicates the start of metasomatic enrichment at a 160–
180 km depth (the deepest xenoliths are from a 250 km depth, Griffin
et al., 1999b).

Petrologic data indicate a strong short-wavelength (b100 km) later-
al heterogeneity of the Siberian SCLM, while “synthetic” Mg-numbers
(although calculated on a 1° × 1° grid) show a smooth pattern with a
typical wavelength of compositional anomalies of ca. 300–500 km. In
particular, xenoliths from theOlenek province indicate highly heteroge-
neous Mg#, with very depleted values in its central part. “Synthetic”
Mg# values constrained by mantle density provide a smeared picture,
but indicate the presence of enriched mantle material, in agreement
with petrologic data from two Mesozoic kimberlite fields in the same
region (Fig. 8). Note that region with the strongest heterogeneity in
petrologic Mg# (the Proterozoic Hapchan and Birekte terranes) has in-
creased mantle density (Figs. 5, 6), interpreted as caused by melt-
metasomatism. This process may produce a spatially heterogeneous
pattern with small bodies of highly metasomatized material embedded
into otherwise still depleted cratonic mantle.
s (using the isopycnic relation between density and Mg#, Jordan, 1988): (a) for one-layer
f Model 2 where Mg# is average for the top SCLM layer (between the Moho and a 180 km
Griffin et al., 1999b). For consistency of comparison, colors indicate the value of petrologic
bulk mantle composition, petrologic Mg# are calculated from garnets in mantle-derived
tion.



Fig. A1. Sketch illustrating model specification for density calculations. Text in blue refers
to known parameters, in red — to unknown. Density and temperature of the astheno-
sphere are assumed and fixed. D — fixed model parameter which is the isostatic height
of sea level above the asthenosphere (see Fig. S2 for details).
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6. Conclusions

The nearly isostatic balance of the Siberian Craton allow us to apply
the free-board modeling to calculate the density structure of the litho-
spheric mantle beneath the Craton. Availability of the reliable regional
crustal model and the thermalmodel of the lithospheric mantle secures
high reliability of free-board modeling, with the overall uncertainty of
mantle density better than 0.02 t/m3 or better than ca. 0.6%with respect
to primitive mantle. Mantle density is calculated for two models of the
chemical boundary layer: (i) between theMoho and the base of thermal
lithosphere, LAB (Model 1) and (ii) between the Moho and a 180 km
depth (Model 2) with fixed, nearly fertile, density value in the layer
below 180 km depth down to the LAB. The results, calculated at in situ
and at room temperature (SPT) conditions, show the following.

1) Density structure of the Siberian lithospheric mantle is heteroge-
neous and, in agreement with petrologic data, is in the range from
ca. 3.23–3.24 t/m3 to ca. 3.28 t/m3 (in situ) for both models.

2) We observe a strong correlation between the density structure and
the tectonic setting and, by density values, distinguish three types
of cratonic lithospheric mantle: “pristine” Archean mantle,
metasomatized cratonic mantle affected by magmatism and sam-
pled by kimberlites, reworked mantle of intracratonic rifts and
deep sedimentary basins.
The maximum values of mantle density deficit (1.8–3.0% as com-
pared to primitive mantle) are observed for parts of the Craton
that are not sampled by kimberlites (tectonically most preserved
cratonic lithosphere of the Anabar andAldan Shields). Mantle deple-
tion calculated for these shield regions is larger than based on petro-
logical studies of mantle-derived peridotites (Pearson et al., 1995;
Griffin et al., 1998; Djomani et al., 2001).
Most of the cratonic mantle has a typical density deficit of ca. 1.0–
1.5% with respect to primitive mantle. Mantle density beneath the
kimberlite fields is more dense (more fertile) than “pristine”mantle
of the Anabar Shield, in agreement with earlier conclusions that
composition of “pristine” cratonic mantle up to date remains poorly
known (Artemieva, 2009, 2011).
The deepest intracratonic sedimentary basins (the Varnavar and
the Viluy Basins) are underlined by a high-density mantle
(3.38–3.4 t/m3), which may be indicative not only of the metaso-
matic melt-enrichment but also of the presence of eclogitic mate-
rial in the lithospheric mantle of these rifts.
The inner parts of the Tunguska Basin covered by a thick se-
quence of the Siberian traps have intermediate values of mantle
density. This suggests that the effect of the Siberian Permo-
Triassic event on the mantle density structure is modest and
that the source region of the Siberian LIP event lies outside of
the Craton interior.

3) Our results indicate that isopycnic condition is not entirely satisfied
for significant parts of the Siberian mantle. Significant lateral varia-
tions in the degree to which isopycnicity is satisfied are correlated
with mantle depletion/refertilization. The best agreement with the
isopycnic condition is observed for the Anabar Shield region and
some other depleted or weakly refertilized cratonic keels. However,
a close balance between thermal and compositional density
deviations may not be expected for nearly fertile cratonic litho-
sphere typical of deep rifted basins.

4) Cratonic regions with a strong short-wavelength heterogeneity in
petrological Mg# have intermediate values of mantle density anom-
alies. We speculate that local infiltration of fluids and melts into the
cratonic mantle could produce small-scale patches of highly
metasomatized material within an overall depleted cratonic mantle,
averaged to intermediate values in geophysical models. Xenoliths
from such a region may provide incomplete picture on mantle
composition strongly biased by kimberlite sampling.
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Appendix A. Free-board method

Surface topography (Ho) results from the crustal and lithospheric
buoyancies and dynamic topography caused by mantle flow. Since the
study region is close to isostatic equilibrium (Fig. 2b), the effect of dy-
namic topography is neglected, so that Ho = Bc + Bm − D, where Bc
and Bm are crustal and lithospheric buoyancies, respectively, and D is
a free parameter which is the isostatic height of sea level above the as-
thenosphere. In the present study we adopt the value of D = 4.25 km
and justify its choice in Section 3.2. The details of model assumptions
and parameterization are presented in Section 3. Fig. A1 illustrates the
modeling approach, which follows Lachenbruch and Morgan (1990).

Crustal and lithospheric mantle contributions to topography are
caused by variations in thickness (Hc and Hm) and in situ density (ρc
and ρm) of the crust and the lithospheric mantle, respectively: Bc =
Hc (ρa − ρc) / ρa, and Bm = Hm (ρa − ρm) / ρa, where ρa is density of
asthenosphere (the sublithospheric mantle) assumed to be constant.
The SPT (at room P–T conditions) density can be calculated from in
situ density by introducing correction for thermal expansion, which
for the lithospheric mantle is: ρm = ρmo [1 − α (TM + TLAB) / 2],
where ρmo is SPT density of the lithosphericmantle, TM and TLAB are tem-
peratures at the base of the crust (laterally variable) and the base of the
lithosphere (assumed to be constant), and α = 3.5 × 10−5 1 / K is the
thermal expansion coefficient of mantle peridotite.

Appendix B. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2014.10.002.
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