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Abstract: The complex geophysical 3D model of the Earth's crust and the upper mantle is created for the Archaean
Karelian Craton and the Late Palaeoproterozoic accretionary Svecofennian Orogen of the southeastern Fennoscandian
Shield with the use of methods of complex inversion of geophysical data based on stochastic description of interrela-
tions of physical properties of the medium (density, P-wave velocity, and heat generation). To develop the model, we
use results of deep seismic studies, gravity and surficial heat flow data on the studied region. Numerical solutions of
3D problems are obtained in the spherical setting with an allowance for the Earth's surface topography. The geophy-
sical model is correlated with the regional geological data on the surface and results of seismic CMP studies along 4B,
FIRE-1 and FIRE-3-3A profiles. Based on results of complex geophysical simulation and geological interpretation of
the 3D model, the following conclusions are drawn. (1) The nearly horizontal density layering of the continental crust
is superimposed on the previously formed geological structure; rock differentiation by density is decreasing with
depth; the density layering is controlled by the recent and near-recent state of the crust, but can be disturbed by the
latest deformations. (2) Temperature variations at the Moho are partially determined by local variations of heat ge-
neration in the mantle, which, in turn, are related to local features of its origin and transformation. (3) The concept of
the lower continental crust being a reflectivity zone and the concept of the lower continental crust being a layer of
high density and velocity are not equivalent: the lower crust is the deepest, high-density element of near-horizontal
layering, whereas the seismic image of the reflectivity zone is primarily related to transformation of the crust as a
result of magmatic under- and intraplating under conditions of extension and mantle-plume activity. (4) At certain
combinations of crustal thickness and temperature at the level of Moho discontinuity, the crust in a platform region
can be transformed into eclogites. In this case, the crust-mantle boundary is determined by quantitative proportions
of the rocks that underwent eclogitization or escaped this process and by corresponding density and velocity values.
(5) High compaction of rocks in the crust under lithostatic loading cannot be explained by «simple» concepts of me-
tamorphism and/or rock compaction, which are based on laboratory studies of rock samples and mathematical simu-
lations; this is an evidence of the existence of additional, quite strong mechanisms providing for reversible changes of
the rocks.
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KOMIIVIEKCHASI 3-MEPHA{ F'EOJIOTO-TEO®U3UYECKAS MO/IE/Ib
KOPBI HA 10r0-BOCTOKE ®EHHOCKAHAWUHABCKOTIO ILIUTA:
MPUPOJA IIJIOTHOCTHOM PACCJIOEHHOCTHU KOPbI U
KOPOMAHTHUHNHOM I'PAHULIBI

B. H.C'nasneB!, M. B. Munn?, 0. M. MypasuHal, A. B. Paesckui3, JI.T. OcuneHko3

1 BopoHedicckull 2ocydapcmeeHHblil yHusepcumem, Boponeoi, Poccus
2T'eonoeuyeckuli uncmumym PAH, Mockea, Poccusi
3'eonozuveckuti uncmumym KHIL] PAH, Anamumubi, Poccus

AnHoTtanus: TpexMepHas KOMIJIeKCHas reodu3snyeckasi MoJe b 3eMHOM KOpPbI U BepXHel YacTH MaHTHUU apxelcko-
ro Kapesbckoro kpaToHa 1 nosjHenajseonporepo3oickoro CBekopeHHCKOro akKpeLlHOHHOT0 0OporeHa Ha 10ro-Boc-
Toke PeHHOCKAaH/MHABCKOrO IIUTa M0JIyYyeHa C UCII0/1b30BaHUEM MEeTO/0B KOMIIJIEKCHON UHBepCUH reoPU3nyeCcKUX
JIaHHBIX, OCHOBAaHHBIX Ha CTOXaCTH4YeCKOM ONMCAaHUU B3aUMOCBsI3ed PU3WYECKUX CBOMCTB Cpefbl: MJIOTHOCTH, CKO-
pOCTU NPOJOJIbHBIX BOJIH U TelJoreHepalyy nopoJ,. /ljs ocTpoeHUs: MOJieJIM UCI0/1b30BaHbl Pe3y1bTaThl IJIyOUH-
HBIX CeCMHYECKHX UCCIeJlOBaHUM, JaHHbIe O TPAaBUTALMOHHOM I10JIe U IOBEPXHOCTHOM TeIlJIOBOM MOTOKE U3ydae-
MOTr0 pervoHa. UucjeHHble CXeMbl pellleHHs] TpeXMePHbIX 3a/ja4 peaM30BaHbl B cpeprHyecKoil TOCTAaHOBKE C yYeTOM
peanbHOro pesbeda 3emsd. MeToAMKa JOCTaTOYHO YHHBepPCaJbHA U NMepCHeKTUBHA NPU HCCJIeLOBAaHUU CTPOEHUS
KOpBI U JIUTOCPephl KPYIHBIX peruoHoB. ['eodrsnyeckass MoJiesib CONOCTaBIeHa C PerMOHAJbHBIMU I0BEPXHOCTHBI-
MU reoJIOTHYeCKMMHU JJAHHBIMU U pe3yJbTaTaMM celicMuyeckux ucciaegoBaHut MOI'T mo mpoduasm 4B, FIRE-1 u
FIRE-3-3A. [lo pe3ysnbTaTaM KOMIIJIEKCHOTO re0pU3NYECKOr0 MOJE/JHPOBAHUSA U Te0JIOTUYECKOH WHTepIpeTanuu
0COGEHHOCTe! MoJIy4eHHON 06 beMHOM MoJenu mnokasaHo: (1) cy6ropusoHTasbHasi NMJIOTHOCTHAsl PAacCI0eHHOCTb
KOHTHHEHTAJIbHON KOpBI HAKJIAJbIBaeTCsl Ha paHee CPOPMHUPOBAHHYIO T€0JIOTHUYECKYIO CTPYKTYPY, MJIOTHOCTHAs
nuddepenmanys nopoy ¢ riaybMHONR YMEHbIIAETCs]; 0COOEeHHOCTH IIJIOTHOCTHOW PacC/J0eHHOCTH B MpeobJajaniiei
CTENeHH ONPeAeSIOTCS COBPEMEHHBIM U OTHOCHUTEIbHO HEZJABHUM COCTOSIHEM KOPBI, HO MOTYT ObITh HapylLIeHbI B
pe3y/ibTaTe HauboJsiee MO3AHUX AedopManui; (2) TeMnepaTypHble Bapualiu Ha pasjesie Moxo 4aCTU4YHO Ompeje-
JISIIOTCS «JIOKQJIbHBIMH» U3MEHEHUSIMU TeIJIOTeHepallid MaHTHH, KOTOPbIE 06YCJIOBJIeHbl 0CO6EHHOCTAMU ee Gop-
MHUPOBAHHUA U IIpeobpa3oBaHus; (3) npejcTaBieHUss 0 HIXKHEH KOope KOHTHHEHTOB Kak 0 «30He pedIeKTUBUTH» U
KakK 0 CJI0e 3HaYUTe/bHO MOBbIIIEHHOH MJIOTHOCTH U CKOPOCTH He SIBJISIIOTCA 3KBUBaJIeHTHBIMU: HUXKHSAA KOpa — 3TO
HauboJiee IJIyOGUHHBIN U HauboJiee BbICOKOIJIOTHBIN 3/1eMEHT CyGropU30HTaJIbHOM MJIOTHOCTHOM PaccJ0eHHOCTH, B
CBOI0 ouepe/ib, ceiicMUYecKUi 06pa3 «30HbI pedIEKTUBUTH» MPEUMYLIECTBEHHO CBSI3aH C MpolieccaMu Ipeo6paso-
BaHHS KODPbl B pe3yJibTaTe MarMaTU4YecKOro aHJepIJIeNTHHra U UHTepIUIEHTHHTra B 06CTaHOBKAX PUPTOreHHOro
pacTsKeHUs] 1 MAaHTHUHHO-IIJIIOMOBOM aKTHBHOCTH; (4) NpHU onpeJie/IeHHbIX COYeTaHUAX MOLIHOCTH KOPBl U TeMIle-
paTypHOro peXXuMa Ha ypoBHe pa3zesa Moxo nmoposibl KOpbl J1aTGOPMEHHBIX 06J1aCTeH MOTYT ObITh peo6pa3oBa-
HBI B 3KJIOTUTHI — B 3TOM C/y4ae rpaHULA KOPbl 1 MAaHTUH ONpeAefaeTcs KOJUIeCTBeHHbIMY COOTHOLIEHHUAMH I0-
pOJA, MO/ BePruIuXcs U He NMOABePrIINXCs 3KJIOTUTHU3alLUHU, U COOTBETCTBYIOLIMMH 3HAa4€HUSMH IJIOTHOCTHBIX U CKO-
POCTHBIX XapaKTePUCTHK; (5) BbICOKHH ypOBeHb YIUIOTHEHHS NMOPOJ B KOpe MOJ BO3ZeHCcTHEeM JIMTOCTATHYECKOH
Harpy3ku HEBO3MOXKHO OO'bSICHUTB Ha YPOBHE «IIPOCTBIX» NMPeJCTaBJIeHUH 0 MeTaMopdu3Me U/UIU 06 YIIJIOTHEHUH
Y KOMIIAaKLMK N0poJi, 6a3UpYIOIMXCA Ha J1abopaTOPHBIX UCCIe0BAHUAX 00Pa3L0B U PACYETHBIX MOJEJISAX, YTO CBU-
JIeTeJIbCTBYET O CyLeCTBOBAaHUHU JOMOJHHUTEIbHBIX U BECbMa MOLIHBIX MEXaHHU3MOB, KOTOpble 00ecleyrnBaT 06pa-
THUMble U3MeHEHHs TOPHBIX TOPOJ,.

Kawuesvle ca08a: reodpusndeckoe MoJieIMpOBaHHe, KOMIJIEKCHAsE UHBEPCHs, TepMHUYecKasi MOJeJib, IJIOTHOCTHAs
Moziesib, ceiicMmonpoduarpoBanie MOI'T, rpaHuIla Kopa-MaHTHs, CEHCMOIJIOTHOCTHOW pasjes
Moxo, Kapesnbckuit KpaToH, CBeKOGEHHCKHH OpOTeH.
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1. INTRODUCTION

In studies of deep structure of the crust and upper
mantle, the most appropriate approach is using a
complex of geophysical methods [Glaznev, 2003].
Meanwhile, some properties of the geological medium,
which are determined by different geophysical
methods cannot be successfully combined under the
common framework of complex models. It is thus
required to examine two or more independent models.
In particular, it is well known that images of the crust -
mantle boundary and structural-compositional layer-
ing established by refraction seismic methods (in-
cluding the models, where velocity characteristics of
the medium are interpreted in combination with gravi-
ty data) differ in principle from those based on reflec-
tion seismic methods.

Although the Moho discontinuity has been known for
more than a century, determining the origin and for-
mation conditions of the Moho, as well as crust-mantle
boundary remains one of the main problems in study-
ing the lithosphere [Carbonell et al, 2013; Prodehl et al,
2013]. Historically, many authors consider terms crust-
mantle boundary and Moho discontinuity as synonyms.
With enhancement of our knowledge on the transitional
zone and the crust-mantle boundary proper, it has be-
come evident that these notions do not coincide com-
pletely. The Moho is a geophysical image of the smooth-
ly curving surface of the planetary rank, at intersection
of which P-wave velocity increases more or less abrupt-
ly from 6.9-7.4 to 8.0-8.2 km/s. This surface is approx-
imately following the lower boundary of the Earth's
crust. The crust-mantle boundary is a complex geologi-
cal phenomenon characterized by a combination of
data on composition, metamorphic grade, and mechani-
cal properties of the crust, mantle and transitional zone,
as well as on structural features of the crust-mantle
boundary. Further in the text, we use term Moho
boundary or discontinuity for notation of the velocity
boundary in the transitional crust-mantle zone. In

discussion of structural and compositional features of
the boundary and/or the transitional zone between the
crust and the mantle, we use geological terms crust-
mantle boundary / interface. In general, the Moho dis-
continuity and the crust-mantle boundary may be not
coincident [O'Reilly, Griffin, 2013].

The geological structure of the crust-mantle boun-
dary can be characterized, in particular, by patterns of
seismic reflections (seismic images). The Moho discon-
tinuity may be situated both above and below this
boundary. In some cases, the crust-mantle boundary
remains unchanged from the time of crust formation,
whereas in other cases, it is younger than the major
part of the overlying crust [Braile, Chiangl, 1986, Mereu
et al, 1989; Mooney, Meissner, 1992; Berzin et al, 2002;
Cook et al, 2010; Mints, 2011].

Reflection seismic methods yield widely variable
seismic images of the crust-mantle boundary at the
base of Precambrian crust, and specific features of such
images suggest a dependence on structure and for-
mation history of the crust [BABEL Working Group,
1990; Abramovitz et al, 1997; White et al., 2000; Van der
Velden, Cook, 2005; Kukkonen, Lahtinen, 2006; Mints et
al, 2009, 2015; Cook et al., 2010; Hammer et al.,, 2010;
Mints, 2011]. It is assumed that beneath the Precambri-
an cratons, as a rule, this boundary is rather distinctly
expressed in the replacement of the moderately or in-
tensely reflecting lower crust by the mantle domain
that is acoustically transparent. To determine a true
vertical depth of the crust-mantle boundary, the crus-
tal velocity structure should be known. If the CMP pro-
files are not accompanied by refraction seismic studies,
uncertainty in determination of depth can reach 5-6 %
[Holbrook et al., 1992].

The studies of P-wave velocities with application of
refraction seismic methods have shown that the Earth's
crust is subdivided in several «layers» that differ in ve-
locities of acoustic signal propagation and are separa-
ted by distinct and, in other cases, vague boundaries
or diffuse gradient zones. Statistically persistent corre-
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lations between density and velocity parameters of
rocks make it possible to jointly discuss velocity layer-
ing and density layering of the crust [Christensen,
Mooney, 1995]. As a rule, velocity (V) and density (p)
progressively increase with depth.

Velocity and density layering of the crust in the cen-
tral Fennoscandian Shield was described in [Korsman
et al, 1999; Kozlovskaya et al, 2004; Kuusisto et al,
2006; Silvennoinen et al,, 2014]. In particular, these au-
thors established gradual variations of velocity and
density within the crustal «layers», which number may
amount to six according to [Kuusisto et al.,, 2006].

In this paper, we focus on the key region located at
the junction of two tectonic units differing in structure
and age, the Archaean Karelian Craton and the Late
Palaeoproterozoic accretionary Svecofennian Orogen.
Our study is aimed at establishing structural and com-
positional layering of the crust, nature of crust-mantle
boundary, and the present-day thermodynamic state of
the boundary zone between the crust and the upper
mantle.

A fragment of the 3D complex geophysical model of
the Fennoscandian crust and upper mantle is used as
the major tool. It characterizes relationships between
P-wave velocity, density, heat generation, and thermal
conductivity of rocks, which determine gravity field,
surficial heat flow, and internal fields of temperature
and lithostatic pressure [Glaznev et al, 1996; Glaznev,

2. PRINCIPLES AND METHODS OF COMPLEX INTERPRETATION

2003]. Seismic images of the crust along detailed 4B,
FIRE-1, FIRE-3-3A CMP profiles and corresponding
geological interpretation sections [Kukkonen, Lahtinen,
2006; Mints et al, 2009, 2015; Mints, 2011] are used as
the second independent model.

The efficient modern methods for 3D geophysical
(petrophysical) modeling of the Earth's crust are based
on the criteria-target-oriented approach [Strakhov,
Romanyuk, 1984; Golizdra, 1988], which assumes a
combination of the solutions obtained using a complex
of geophysical methods within a certain coherent
presentation of interpretational petrophysical parame-
ters characterizing the geological medium [Glaznev,
1987, 2003; Glaznev et al, 1989, 1996, 2008; Buyanov
et al, 1995; Romanyuk, 1995; Romanyuk et al, 2001;
Tiberi et al, 2003; Kozlovskaya et al., 2004; Artemieva et
al, 2006; Kobrunov, 2008; Tikhotsky, Achauer, 2008].
Nevertheless, issues of adequacy of the mathematical
tool used for compilation of coordinated complex geo-
physical models of the medium in various situations
has not been scrutinized yet to a sufficiently detailed
level. This especially concerns identification of non-
horizontal layering of the Earth's crust, which is only
partly reflected in the available models. It is also evi-
dent that the criteria-target-oriented approach leads
to a certain generalization of the studied medium struc-
ture that depends on discreteness of the network rep-
resentation of relevant physical properties.

The technique of complex geophysical simulation of the crust was considered in detail in [Glaznev et al, 1996;
Glaznev, 2003]. This paper is confined only to the description of the main principles and justification of this tech-
nique.

Let us consider statement of certain principal elements of the technique aimed at complex geophysical inver-
sion of gravimetric and geothermal data on the basis of seismic data on structure of the crust and stochastic de-
scriptions of interrelations between physical properties of rocks in the studied medium. The proposed algorithms
to solve 3D complex inverse problem are considered in a spherical setting, taking into account a real surface of the
Earth, because of significant dimensions (i.e. area and depth) of the simulated region. As a result of complex in-
verse problem solution, 3D thermal and density models are proposed for the crust and the upper mantle of the Ka-
relian Craton and the adjacent territories of Fennoscandia. These models reflect the main features of the deep
structure of the studied region.

The crustal rocks are characterized by velocity of P-waves V, density p, heat generation g, and heat conductivity
A, which generate the external observable gravity field Ag(x) and the field of surficial heat flow Q(x) as well as the
internal fields of temperature T(§) and lithostatic pressure P(§) in the medium. It is assumed that the sought
physical properties of the medium (V, p, q) are characterized by stochastic interrelations, which can be described
by certain sets of statistic parameters.

Taking into account the availability of a priory velocity model, the problem of complex interpretation is defined
as a calculation of 3D thermal and density models on the basis of inverse problem solutions of geothermal and
gravimetric data. Following the principle described in [Strakhov, Romanyuk, 1984; Glaznev, 1987] for selection of
solutions that can ensure (within the given confidence interval) the correspondence of solutions to the accepted
law of relationships between parameters, the procedure of complex interpretation is stated as follows:

[42g{P(£), pn ()} — Bg (|| = 84, (1)
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||AQ{CI(SZ)» )} — Q(x)” = 5Q» (2)

where Axg{} and Ay{} are operators of the corresponding direct problems; p(&) and q(§) are the sought density
and heat generation values; py(() is the one-dimensional normal density in medium; A(), thermal conductivity of
medium; Ag(x) and Q(x) are observed gravity field and field of surficial heat flow; € and x are integrated coor-
dinates of field sources and observation points; 8, and 8¢ are discrepancies of fields. Solution quality functionals
based on stochastic descriptions of the relationship between density, heat generation, and velocity in medium
[Glaznev, 2003] are defined as follows:

f W, ® - (p(®) — pimi (©)*dv = min, 3)

f W, ® - (4(® - gim(®)*dv = min, @)

where W,(§) and W,(§) are weight functions for density and heat generation models of medium expressed
via entropic characteristics of density-velocity and heat generation-density distributions; pi(§) and gqini(§)
are initial approximations of density and heat generation models based on initial velocity model of the medium.
According to [Strakhov, 1990], smallness of solution fluctuation versus initial approximation, as well as limitation
of W, (&) and W, (&) weight function are assumed.

Initial approximations pii(§) and qini(§) for models of the medium can be expressed through velocity V()
based on approximation density-velocity p=f,(V) and heat generation-density g=f;(p) relationships. The depen-
dence of these physical properties on thermodynamic conditions in the medium should be taken into account:

oui® = £, (V) - [(@v/apyr ap = [av/ary, ar)+ [ @p/apye ap + [ dpsany, ar, ®)

an® = fy (0©) = [ (p/aPyr aP - [@p/amypar), ©)

where (dV/dP)r and (dV/DT)p are isothermal and isobaric corrections to velocity; (dp/dP)r and (dp/dT)p are simi-
lar corrections to density established from results of integration of experimental data on rock samples from the
lithosphere [Glaznev et al, 1996; Glaznev, 2003].

The critical aspect in the problem of complex inversion is the use of limitations on values of sought solutions:

pj min < p(fj) < pj max’ (7)

CIj min < q(fj) < qj max» (8)

where j € [1, M] are corresponding minimum and maximum values set for certain finite subregions of medium j.
Such limitations need to be taken due to geological reasoning and on the basis of a priori classification require-
ments [Buyanov et al, 1989]. In addition, solution of inverse problems takes into account the data obtained from
petrophysical (density) regional mapping [Galitchanina et al, 1995] and estimations of heat generation of the
rocks occurring at the surface, which are a priori boundary values for density ps(§) and heat generation gg(¢) of
the rocks occurring at the surface h(x) of the studied medium:

P(f)|f:h(x) = ps(h), 9)
Q(f)k:h(x) = qs(h). (10)
The computation algorithm of complex interpretation in the setting (Egs. 1-10) is determined by the initial
velocity model of the medium, which is considered to be the constant basis. This model corresponds to a certain

initial distribution of density p(®)(§) and heat generation q(@(¢) in the studied medium. At the first step of
complex interpretation, the 3D thermal model T (¢) is computed and heat generation ¢ (¢) is specified from

137
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distribution (contour lines, %) and approximation graph p=f{V) (Eq. 11). (b) Conditional probability density w(p|V) in a sec-

‘ Fig. 1. (a) Stochastic interrelations between P-wave velocity (V) and density (p) of crustal rocks in form of 2D probability
tion of 2D process w=w(V,p). (c) Calculated entropy H, v (V) and approximation of weight function W, (V) (Eq. 13).

Puc. 1. (a) CroxacTuueckasi B3aMMOCBSI3b MEXAY CKOPOCThIO U IJIOTHOCTHIO MOPOJ, 3eMHOM KOPBI B BU/Ie ABYXMEPHOTO
pacnpejiesieHUs1 BEpOSITHOCTH (M30JIMHUM B NpoleHTax) U rpaduk annpokcumanuu p=f(V) B dopme (11). (b) YciaoBHas
IJIOTHOCTb BeposiTHOCTU W(p|V) o HEKOoTopoMy cedeHHI0 ByMepHoro nporuecca w=w(V,p). (c¢) BeruncsenHble 3HaUYeHUs
autponuu Hyy (V) u annpoxkcumanus BecoBoit ynkuuu W,(V) B dopme (13).

the solution of the inverse geothermal problem (Egs. 2, 4, 6, 8, 10). At the second step, medium density p( (&) is
computed and lithostatic pressure P(V(§) is specified from the solution of the inverse gravimetric problem (Egs. 1,
3,5,7,9). The obtained coordinated model of temperature, heat generation, and density is further specified at the
next steps of iteration cycle to ensure more accurate correspondence of models to one another on the basis of a
priori accepted stochastic interrelations of the physical properties.

The important aspect of this simulation is establishing interrelations between P-wave velocity, density, and
heat generation. The stochastic interrelations between velocity and density under normal thermodynamic condi-
tions have been revealed for typical lithospheric rocks [Glaznev et al., 1996; Glaznev, 2003]. As a function of mutual
density-velocity transition, the following approximation is proposed:

p=f(V)=a+b-In(|V+c), (11)

where a, b, and c coefficients determined for two velocity ranges: (1) a=2933, b=-518, and ¢=-7.985 at V<5.5
km/s; (2) a=1656, b=1068, and c=-3.181 at V>5.5 km/s. Dimensions of velocity and density in Eq. 11 are given in
km/s and kg/m3, respectively. Graphs of p = f(V) in corresponding velocity ranges are shown in Fig. 1, a. It is
noteworthy that Eq. 11 coincides with known density-velocity relationships [Birch, 1961; Ludwig et al., 1970; Bar-
ton, 1986; Sobolev, Babeyko, 1994] for sedimentary and crystalline rocks and was efficiently used for development
of geophysical models of the Earth's crust in various regions [Vernant et al, 2002; Miksat et al.,, 2010].

The stochastic character of transition from P-wave velocity to density can be expressed via entropy of condi-
tional density probability of 2D accidental process w(p|V) shown in Fig. 1, b. From definition of conditional entropy

+ oo

Hopy (V) = — j w(p'|V) - log w(p'|V) - dp, (12)

— 00

one can calculate a weight function that characterizes ambiguity of relationship between velocity and density. Ap-
proximation of calculated entropy values shown in Fig. 1, c is given by equation

4
W (V) = Hoy (V) = D dy - (V) (13)
n=0
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where constants d¢=10.365, d1=-5.195, d»=1.637, d3=-0.2173, and d4=-0.0099; velocity dimension is km/s. A
graph of approximation W, (V) is shown in Fig. 1, c. The equations shown in Figs. 11 and 13 describe empirical sta-
tistical density vs. velocity under normal thermodynamic conditions and also characterize a measure of its un-
certainty.

The relationships between density and heat generation for typical rocks in the lithosphere were introduced in
the same way [Glaznev, 2003] and used for development of the thermal model of the region under consideration. In
addition, an integrated relationship of thermal conductivity versus temperature figuring in Eq. 2 was introduced
into the thermal model in form

AT =21 +c-T), (14)

where constant A¢ and c for crystalline crustal rocks were chosen for two temperature intervals. In the range up to
900 K, 49p=3.5 W/m-K and ¢=1.2-103 K-1. In the range from 900 to 1200 K, 1;=0.8 W/m-K and ¢=-5.8:10-* K-1. The
relationship of thermal conductivity versus pressure was taken in linear approximation after [Seipold, 1998].

The methods of direct gravimetry problem solution are of substantial importance for procedure of complex
simulation. In our case, they are realized in the 3D spherical setting [Glaznev, Raevsky, 1991] based on precise ex-
pressions for gravity field from a spherical disc in its polar point. The calculation of anomalous fields is based on
the radial-ring overlay grid for a set of thin spherical rectangular sheets. For Ag field of thin spherical rectangle
with constant Ap density, we have

R? /R —rcosHO R —rcos®
Ag(r,0,0) = qumApr—z( . ml oy . ’") dR, (15)
m+1 m
where
2 =R%2+71r%2—2Rrcosb,,, 12,1 =R%*+71%?—2Rrcosf,.q,
T=R0+h, R=R0_Z;

in which Ry is the Earth's radius and h is the height of field calculation point. For the rectangle: U, = (@n4+1 = @)
in longitude and (0,,,41 - 0,,) in latitude, optimal angular sizes are determined from conditions of field calculation
accuracy and the requirement of approximate isometry of the spherical element of the network. The total gravita-
tional effect from approximation of the medium by such elements is given as follows:

m

Ag(h, $,8) = zK: i Z Ciemn - Ap(k, m, 1) + zK: Ci - Dpu (k) | dR, (16)
k=0

where variable indices k, m, and n operate in local polar coordinates, and Cxm» coefficients are calculated for a
single element from the formula given above (C'x are coefficients taking into account the effect of the far spherical
zone).

The 3D inversion of gravimetric data is stated as a problem of finding such a distribution of density Ap(r, ¢, 0),
which satisfies a minimum of discrepancy (Eq. 1) for Ag field and minimizes solution quality functional (Eq. 3). The
inverse problem in that setting was considered in various aspects by many authors [Kobrunov, 1982, 2008; Dolgal,
2002; Pedersen, 1991; Tarantola, Valette, 1982]. However, in our case, the weight functions W (r, ¢, 6) for the den-
sity model of the medium are determined through entropic characteristics of velocity-density interrelations
(Eq. 13).

For practical realization of the iteration algorithm of inversion, two stages are distinguished in the solution of
inverse problem: calculation of the simple layer density, and its equivalent redistribution over the mass-carrier
region. Calculation of the equivalent layer density can be regarded as a certain approximate solution of the inverse
problem for the given set of discrete elements of the medium approximation [Aleksidze, 1987]. In the spherical set-
ting, coefficients of the approximate inverse operator of determining the equivalent density of the simple spherical
layer were obtained [Glaznev, 2003]. These coefficients are used in specific computational schemes.

The equivalent rearrangement from a thin layer (thickness Ah) into the model layer (thickness NAh) is
performed following the iteration scheme, and the following equation is obtained for density in layer n:

Ap(i+1) (n’ ®, ) = Ap(i) (n’ ®, 9) + Wp(n) . ( ® ((P: Q)D(n (P 0’ )) (17)



V.N. Glaznev et al.: Complex geological-geophysical 3D model of the crust...

where Ap, (¢, 0) is the equivalent density for approximation Ap(¢@,8) — Ap® (¢,8), and redistribution operator
D(n, @, 0) in spectral form assumes explicit presentation in form of binomial series of analytical continuations for
the potential field. For the central point of the local polar spherical system of coordinates, with a limited number

of members in this series, the second item in the right part of Eq. 17 is given as follows:

1 M
Ap(n,0,0) = >

m=

C(n,m)p - (APe(R, 05,) + Ape (R, O1nt1)),
0

(18)

where equivalent density values are taken as average values at the circumferences. The cubature coefficients are

Om

- (R? =7r%(n,p)) -sin(p + 1 —n) - sin @’

3
Coumyp = ) (1P R
p=0

Om

(RZ +12(n,p) - 2Rr(n,p) - cos8")3/2

do’, (19)

where r(n,p)=R-(p+1-n)Ah. The choice of a small number of members in series (Egs. 18, 19) actually realizes the
method of local redistribution of corrections [Martushko, Prutkin, 2003] in the problem of model layer density cal-

culation.

The above-described technology of complex geophysical simulation was efficiently used for creation of the
Earth's crust models under various conditions [Buyanov et al, 1989, 1995; Glaznev et al, 1996, 2008]. The same
technology of inversion of 3D gravimetric and geothermal data in the spherical setting is applied for complex
geophysical simulation of the Earth's crust in the Karelian Craton.

3. GEOLOGICAL OVERVIEW

The studied area is situated in the southeastern
Fennoscandian Shield in the territories of Russia and
Finland (Fig. 2, a, b). The Karelian Craton and the Be-
lomorian Province, that extends along the craton’s
eastern boundary, embrace the major in size and geo-
logical significance domains of the continental crust in
the Fennoscandian Shield [Mints et al, 2015]. The crust
was largely formed by the onset of the Neoarchaean
and then underwent tectonic and metamorphic re-
working during the Neoarchaean and Palaeoproterozo-
ic. The volcanic-sedimentary and volcanic-plutonic
associations of the Late Palaeoproterozoic Svecofenni-
an Accretionary Orogen are bordering on the Karelian
Craton in the southeast. The Archaean crustal granite-
greenstone domains (GGD) making up the Late Palaeo-
proterozoic Karelian Craton are regarded as fragments
of ancient microcontinents somewhat different in age.
The Ranua, lisalmi and Vodlozero GGDs are composed
of the oldest granitoids dated at 3.14-2.82 Ga. The age
of their protoliths reaches 3.5-3.7 Ga. The Kianta and
Kuhmo-Segozero complexes mainly consist of tonalite-
trondhjemite gneisses dated at 2.89-2.72 Ga.

The Archaean greenstone belts are subdivided into
two groups. Mafic and ultramafic volcanic rocks play a
significant role or are predominant in the first group.
The extended linear belts of this group are considered
as palaeosutures corresponding to collision events be-
tween the Segozero-Vedlozero, Central Belomorian,

and Tipasjarvi-Kuhmo-Suomussalmi microcontinents
(Fig. 2, b).

The Segozero-Vedlozero and Central Belomorian
sutures arose 3.05-2.82 Ga ago. Rocks of the Tipas-
jarvi-Kuhmo-Suomussalmi suture are dated at 2.81-
2.74 Ga. According to geological data and interpreta-
tion of seismic crustal images along CMP profiles 1-EU,
4B, FIRE-1 and FIRE-3-3A4, all the three sutures plunge
in the eastern and northeastern directions and are
traced down to the crust-mantle boundary [Mints et al.,
2009, 2015]. The younger belts of the second group,
which are primarily composed of epicontinental
metasedimentary and metavolcanic rocks, are dated at
2.75-2.73 Ga. These rocks are close in density to TTG
and GG gneisses, do not reveal density anomalies, and
thus are not shown in Fig. 2, b.

The Karelian Craton and Belomorian Province
completed to evolve in the Neoarchaean (2.75-2.73 Ga
ago). Later on, the crust was built up and reworked
primarily in the intracontinental setting. The Varpa-
isjarvi and Chupa synforms composed of granulite-
gneiss complexes appeared in the framework of the
Karelian Craton 2.74-2.70 Ga ago as a result of mantle-
plume activity. The granite-greenstone crust in the
basement of these synforms was also affected by high-
temperature granulite-facies metamorphism.

In the Early Palaeoproterozoic (~2.5-2.3 Ga ago),
significant bodies of mafic igneous rocks, mainly of
gabbroanorthosite composition, were accommodated
at the base of the Archaean crust, which thickness
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Fig. 2. (a) The geographical position of the area of effective integrated geophysical modeling. (b) Main tectonic units in the
southeastern Fennoscandian Shield, simplified after [Mints et al., 2015].

1 - Mesoproterozoic rapakivi granites (Wyb, Wyborg pluton); 2-6 - Palaeoproterozoic: 2 - granulite-gneiss belts (SF - South Finland
and KU - Kolvitsa-Umba); 3-4 - Svecofennian Orogen: 3 - granitoids (CF, Central Finland pluton), 4 - accretionary complex (Sv - Savo and
Sm - Saimaa belts); 5 - volcanic-sedimentary belts (K-] - Kainuu volcanic-sedimentary belt containing Jormua ophiolite complex; Ku -
Kuolajarvi structure); 6 - North Karelian belt, layered mafic-ultramafic intrusions; 7-12 - Archaean: 7 - granulite-gneiss belts (Va, Var-
paisjarvi and Ch, Chupa), 8 - greenstone belts, inferred sutures (TKS, Tipasjarvi-Kuhmo-Suomussalmi, SV, Segozero-Vedlozero, and CB,
Central Belomorian), 9-11 - Karelian Craton, granite-greenstone domains: 9 - Kuhmo-Segozero (KS), 10 - Kianta (Ki), 11 - Ranua (R),
lisalmi (Ii) and Vodlozero (V), 12 - Belomorian Province, Khetolambina granite-greenstone domain (Kh); 13 - Kola Craton (Kl); 14 - tec-
tonic boundary: (a) normal-strike-slip fault, (b) thrust fault (ticks indicate direction of fault-plane plunging); 15 - 4B, FIRE-1 and FIRE-3-
3A CMP seismic profiles; 16 - kimberlite pipes containing deep xenoliths (Y, Yelovy Island and K, Kaavi-Kuopio).

Puc. 2. (a) l'eorpaduueckoe mnoJsioxkeHue pe3yabTaTUBHON 06J1aCTH KOMILJIEKCHOTO reodpu3nyeckoro MojeaupoBaHus. (b)
['naBHbIEe TEKTOHUYECKHE CTPYKTYPhI Ha I0r0-BoCTOKe PeHHOCKaHAMHABCKOTO KTa (ynpolueHHo no [Mints et al,, 2015]).

1 - Mme3onpoTepo30i, rpaHuThl panakuBu (Wyb - Breiboprckuii MmaccuB); 2-6 - maeonpoTepo30i: 2 — rpaHyJINTO-THEHCOBbIe Mosica
(SF - H0xkHo-Punasuackuit, KU - KosBuna-YM6uHckuit); 3-4 - CBekopeHHCKUM aKKpeLlMOHHbIN oporeH: 3 - rpaHuTou/ bl (CF - Llen-
TpaJbHO-OUHISAH/CKUHN NJIYTOH), 4 - aKKpeLLJMOHHbIN KoMiyiekc (mosica: Sv - CaBo, Sm - CaumMaa); 5 - 0calo4yHO-BYJIKaHOTeHHbIE Mosica
(K-J - nosc Kaiinyy, BMemaomuii opuoauToBbli Kommieke Hopmya; Ku - KyosaspBuHcKas CTPyKTypa); 6 - paHHeNa1eonpoTepo30ii-
ckuii CeBepo-Kapesbckuil nosic, paccioeHHble MacCUBbI MadUT-yabTpaMaduToB; 7-12 - apxel: 7 - rpaHyJIUTO-THelcoBble nosica (Va -
Bapnaucspsy, Ch - UynuHckuii), 8 - 3esieHOKaMeHHbIe nosica - npezmnosaraeMolie naneocyTypsl (TKS - Tunacbsapsu-Kyxmo-Cyomyccan-
My, SV - Cerosepo-Begiosepo, CB - LlenTpanbHo-benomopckumii), 9-11 - KapeabCkuili KPaTOH, TeppeiHbl (FpaHUT-3eJIeHOKAMEeHHbIe
o6sactu): 9 - Kyxmo-Cerosepckuii (KS), 10 - Kpsura (Ki), 11 - Panya-Uucanmu (R), Bognosepckuii (V), 12 - Besiomopckass IpOBUHIMSA,
XeTos1aMbUHCKas IpaHUT-3eieHOKaMeHHast 06s1acThb (Kh); 13 - Kosibckuit kpaToH (K1); 14 - TekToHUYecKHe IrpaHULbl (2 — c6poco-cABU-
ry, 6 - Ha/|[BUTH, IUTPUXU YKA3bIBAIOT HallpaBJieHUE MOrPYKeHUsl cMecTUuTeNs); 15 - celicMuyeckue npoduau MOT'T: 4B u FIRE-1; 16 -
KHUMOepJIUTOBbIE TPYOKH C rJIyOUHHBIMU KceHoiMTaMU (Y - KaHpanakuickuii 3anuB, ocTpoB EnoBeii, K - paiton KaaBu-Kyonuo).
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reached 60-70 km at that time as a result of resumed
mantle-plume activity. The intrusive bodies were sub-
ject to granulite-facies metamorphism along with the
Archaean country rocks [Mints et al,, 2009, 2015]. In the
course of the Late Palaeoproterozoic tectonic compres-
sion, fragments of gabbroanorthosite bodies were
transferred to the upper crust and accommodated at
the base of tectono-stratigraphic sections of granulite-
gneiss belts, mostly in the Lapland and Kolvitsa-Umba
belts in the Kola Peninsula [Mints et al, 1996], whereas
the predominant mass of gabroanorthosites remained
at the level of the crust-mantle boundary. Almost syn-
chronously with accommodation of gabbroanortho-
sites, mafic-ultramafic magmas were emplaced into the
upper crust along the northern boundary of the Kareli-
an Craton to form the North Karelian belt of layered
intrusions. At the same time, the middle part of the
crust in the Belomorian Province was intensely im-
pregnated by small portions of mafic and ultramafic
magma to form minor intrusions known as «drusites»
(local name). At present, some of these intrusions are
exposed at the surface.

The peak of rifting controlled by mantle-plume pro-
cesses is most probably related to division of the large
Archaean Lauroscandia continent (supercontinent)
into the North American and East European parts and
to opening of the Svecofennian paleoocean [Mints,
Konilov, 2004; Mints, 2007]. In the same period of time,
extended rifts filled with sediments, basalts and basal-
tic andesites were formed in the inner domain of the
Karelian Craton. Rifting and related volcanic activity
developed with breaks up to the end of the Palaeopro-
terozoic. The second peak of mantle-plume magmatism
is dated at the Late Palaeoproterozoic, 2.2-1.8 Ga. The
stage was accompanied by local transition of rifting to
spreading and partial rupture of the continental litho-
sphere, in particular, within the Kainuu Belt along the
boundary between the Kuhmo-Segozero and Kianta
GGDs (Fig. 2, b). The Jormua ophiolite complex retained
in the present-day structure marks the rupture of the
continental crust ~1.95 Ga ago and short-term exis-
tence of the oceanic structure of the Red Sea type
[Peltonen et al, 1998]. The spatial distribution of Pa-
laeoproterozoic mafic-ultramafic igneous rocks and
the lower crustal reflectivity zone in the seismic images
of the crust along the CMP seismic profiles allows us to
consider the reflectivity zone as a manifestation of un-
derplating [Mints, 2011; Thybo, Artemieva, 2013, and
references therein].

In the Late Palaeoproterozoic history of the compo-
site East European Craton, the final event was for-
mation of the arcuate intracontinental Lapland-Mid-
Russia-South Baltia Collisional Orogen that surrounds
the Karelian Craton in north, east, south, and southwest
and the Svecofennian Orogen along the western margin
of the Karelian Orogen 1.93-1.87 Ga ago [Mints et al,

2015; Mints, 2011]. The evolution of the Svecofennian
paleoocean was completed by eastward subduction of
the oceanic lithosphere and accretion of island-arc
complexes and rocks of inter-arc basins to the margin
of the Karelian Craton. In the course of accretion, most
of these complexes were thrust under the continental
margin, whereas others, conversely, were thrust over
the margin. These movements resulted in the for-
mation of a crocodile-type structure [Abramovitz et al,
1997; Mints et al, 2009] that is characteristic of mar-
ginal continental and collisional orogens. Scrutiny of
the seismic crustal image along the FIRE-1 profile
[Kukkonen, Lahtinen, 2006] makes it possible to trace
tectonic sheets composed of accreted volcanic-plutonic
complexes beneath the Archaean crust of the Karelian
Craton.

The thrust-nappe ensembles of granulite-gneiss
belts were formed by ~1.87 Ga in the setting of overall
collisional compression. The tectonic sheets making up
the South Finland Belt were thrust from the south over
the Svecofennian Orogen almost immediately after its
formation [Mints et al, 2015]. These events completed
the Palaeoproterozoic history.

A new stage in evolution of the crust (the last in the
considered time interval) was related to formation of
the Mesoproterozoic rapakivi granite pluton in the
eastern part of the Russain Platform. The 3D model of
deep structure of the Early Precambrian crust based on
geological evidence and interpretation of CMP seismic
profiles demonstrates an image of the tectonically
delaminated crust with predominance of low-angle
boundaries between the main tectonic units and shows
complex structure of the crust-mantle boundary
[Mints, 2011].

4. COMPLEX GEOPHYSICAL MODEL

The complex interpretation of gravimetric and geo-
thermal data is based on the results of regional seismic
DSS studies and CMP profiling of the sedimentary cover
of the adjacent platform, as well as seismic estimation
of the crust thickness. This heterogeneous information
described in [Glaznev, 2003; Grad et al, 2009] were
used for creation of the initial seismogeological model
of the crust for the territory much larger than the area
of the eventual 3D complex model of the lithosphere
(Fig. 3) in order to take into account the influence of
marginal zones when solving direct and inverse prob-
lems related to thermal and density simulation.

Statistical analysis of the seismic data allowed us to
recognize four layers with characteristic velocities,
which correspond to the integrated models of the con-
tinental crust [Christensen, Mooney, 1995]. The esti-
mates of the total thickness of the crust based on CMP
profiling, which generally coincide with results of DSS
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Fig. 3. Smoothed mantle heat flow in the eastern Fen-
noscandian Shield and the adjacent part of the Russian
Plate. The area of simulation is shown.

Puc. 3. CxeMa cria>k€eHHOr0 MaHTUWHOTO TENJIOBOTO IO-
ToKa (B MBT/M2) a1 BocTouHOU YacTu PeHHOCKaHAUHAB-
CKOTO IIUTAa U conpeiebHOM YacTu Pycckolt muaTpopMbl.
[Toka3aH KOHTYp pe3y/IbTATUBHOU 06J1IaCTH MOJEeJUPOBa-
HUSL.

[Berzin et al, 2002], were also used as initial data for
complex geophysical simulation.

4.1. THERMAL MODEL OF THE EARTH'S CRUST AND UPPER MANTLE

At the first stage of simulation, the 3D stationary
thermal model of the lithosphere is created on the basis
of the data on the regional surface heat flow, thermal
conductivity and heat generation in the crust [Glaznev,
2003], according to the initial seismogeological model
of the crust, and the data on the upper mantle of the
studied region. The 3D thermal model is calculated in
spherical coordinates with spacing of 0.25° in latitude,
0.5° in longitude, and 5 km along radius down to a
depth of 65 km. The model combines distribution of
temperature and heat generation in the Earth's crust
plus estimation of the deep (mantle) heat flow current-
ly supplied from the mantle to the lower edge of the
model.

The mantle-derived heat flow appreciably affects
temperature distribution in the studied medium.
Therefore, estimation of this boundary condition is
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crucial for all the subsequent procedures developing of
the model. The initial data used for estimation of the
mantle heat flow are based on the classification of the
studied territory by thickness of crustal layers, which
was carried out on the basis of the seismogeological
model of the region. As a result, the region is subdivi-
ded into a number of large blocks, each having its
relatively homogeneous seismic structure, and the
mantle heat flow is estimated for each of the blocks
[Glaznev, 2003].

The smoothed calculated values of the mantle heat
flow (Fig. 3) are consistent with the estimates previ-
ously obtained for particular areas of the Fennoscan-
dian Shield [Balling, 1995; Pasquale et al, 1991]. These
values make it possible to differentiate the recent
thermal activity of the mantle. The lowest mantle heat
flow values (no higher than 8-10 mW/m?) are estima-
ted for the Karelian Craton, the Belomorian and Kola
Provinces, which are typical of domains that under-
went the Archaean consolidation [Nyblade, Pollack,
1993]. The low mantle heat flow in these areas was
partly caused by the effect of paleoclimatic processes
on the recent surface heat flow [Kukkonen et al, 1998;
Glaznev et al, 2004]. In the adjacent Russian Platform
and the Barents Sea Plate that were also impacted by
the last glaciation, the minimum mantle heat flow is
evidently local against the background of relatively
high values (up to 16+24 mW/m?) and probably re-
flects a level of recent thermal activity of the upper
mantle in the eastern Fennoscandian Shield.

Based on the solution of the 3D inverse problem of
geothermics in the setting (Egs. 2, 4, 6, 8, 10) with an
allowance for the estimated mantle heat flow, a correct
stationary temperature model of the medium is crea-
ted. A discrepancy of the eventual thermal model
(Eqg. 2) is +3.7 mW/m?, and this value is commensura-
ble with the uncertainty of the initial geothermal data.
For the deep levels, the accuracy of temperature calcu-
lation from the stochastic simulation results is estima-
ted at 40 °C.

Temperature values at various depth levels of the
3D model are shown in Fig. 4. The temperature distri-
bution pattern in the crust demonstrates an isometric
area of relatively low temperatures in the northern Ka-
relian Craton and the southwestern Belomorian Pro-
vince. Along with relatively homogeneous distribution
of radiogenic chemical elements in the Earth's crust
[Glaznev, Skopenko, 1991], such an anomalous tempera-
ture area is indicative of the heterogeneous mantle
heat flow in the crust of the region. A potential increase
in the horizontal temperature gradient is revealed at
the lower levels of the thermal model (40-60 km) in
the southwestern part of the studied region; it may be
caused by substantially increased surface and mantle
heat flows in the zone of transition to the South Baltica
segment of the intracontinental Late Palaeoproterozoic
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Fig. 4. Temperature distribution in the Earth's crust at depths of 20, 40, and 60 km. In Figs. 4-7 and 12, white lines show
contours of geological structures at the surface and seismic CMP profiles (see Fig. 2).

Puc. 4. Pacnipesiesienue TeMnepaTyp B 3eMHOH Kope Ha riy6uHax 20, 40 u 60 kM (B °C). Ha puc. 4-7 u 12 6esbIMU IUHUSAMU
M0Ka3aHbl KOHTYPbI re0JI0rMYecKUX CTPYKTYP Ha JJHEBHOW NoBepXHOCTH U nnpodusieit MOI'T, npeAcTaB/eHHbIX Ha pUC. 2.



Lapland-Mid-Russia-South Baltica Collisional Orogen
overlain by the sedimentary cover of the Russian Plat-
form [Mints et al, 2015; Mints, 2011]. The map of the
surface heat flow in Europe [Artemieva et al, 2006]
(Fig. 3) shows similar regular patterns of heat flow dis-
tribution in the Karelian Craton and the surrounding
arcuate orogen at the regional level.

The 3D model of temperature distribution is a
necessary element of the complex velocity-density
model of the crust, which provides insights into the na-
ture of deep-seated geophysical boundaries.

4.2. DENSITY MODEL OF THE EARTH'S CRUST AND UPPER MANTLE

At the second stage of simulation, an initial density
model of the crust is created on the basis of velocity
and thermal models. Validation with gravity data
makes it possible to estimate discrepancy between the
observed gravity field and the estimated effect of the
initial model. The direct problem for the upper crust is
solved with account of the available data on density of
the near-surface rocks in the studied region [Galitcha-
nina et al, 1995] and stochastic estimations of thick-
ness of the ‘gravity active layer’ in the range from 2.5 to
14 km [Glaznev, 2003]. When the gravity field is com-
puted from the initial approximation, densities of the
near-surface rocks are extrapolated only over the gra-
vity active layer, while densities corresponding to the
initial velocity model are taken into account for the
deeper layers. Such an approach is dictated by the ne-
cessity to take into account, at least, roughly the data
on shallow-seated rock complexes in initial approxima-
tion of the model, and specific features of such an ap-
proach make a certain impact on the resultant density
model (this issue is discussed below).

For solving direct and inverse problems of gravime-
try, the planetary density model of the Earth's crust
and its gravity field [Kartvelishvili, 1983] is used as a
normal density model. Our model is based on the solu-
tion of the inverse 3D problem of gravimetry in the
spherical setting with account of the actual topography.
The initial data include the difference gravity field of
initial approximation of the model and the initial densi-
ty model of the crust. The network 0.25° in latitude,
0.25° in longitude, and 5 km in depth is used in solution
of inverse problem. The eventual discrepancy of densi-
ty model determined by Eq. 1 is +2.4 mGal. The accu-
racy of calculated density in network elements of
model is £0.02 g/cm3.

The eventual density model is isostatically compen-
sated owing to special constraints placed into the algo-
rithm of inverse problem solution, which ensure the
absence of significant mass forces at the lower edge of
model. The final 3D density model is presented in Figs.
5-7 as a series of horizontal slices.

It has been repeatedly shown that the crust models
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characterizing distribution of P-wave velocities corre-
spond to density layering of the crust. The boundaries
of layers are fragmentary fixed by abrupt variations of
velocity and density. With rare exception, these pa-
rameters regularly increase with depth and from top
to bottom of particular layers [Christensen, Mooney,
1995; Korsman et al, 1999; Kuusisto et al, 2006]. The
obtained model also demonstrates that density of the
crust increases with depth, however, the layer bounda-
ries remain vague.

At the uppermost level of the model (Fig. 5), the
density of rocks is 2.52-2.88 g/cm3 (2.69 g/cm3, on
average). These values are consistent with the regional
petrophysical data [Galitchanina et al, 1995]. Against
the background of the average values, clearly detec-
table are anomalies caused by the presence of high-
density gabbroanorthosites and granulites of the Kol-
vitsa-Umba Belt, layered mafic-ultramafic intrusions,
the Palaeoproterozoic volcanic-sedimentary and the
Archaean greenstone belts. Anomalies related to the
rocks of the Svecofennian accretionary complex are not
so contrasting. It should be noted that configurations
and sizes of the high-density anomalies are mainly
associated with the initial density model as objects
smaller than 20-25 km cannot be reliably reflected in
its discrete representation within the given network.
Nevertheless, a certain increase in density is revealed
for narrow, sufficiently long high-density objects.

Low-density anomalies at the upper level of the
model reliably mark the spatial position of rapakivi
granite in the southeast and granitic rocks of the Cen-
tral Lapland Complex in the northwest. The area of the
lower density in the southeast corresponds to the plat-
form sedimentary cover and partly to rapakivi granite.

At depths of 5-10 km, which, in fact, are near-
surface and occupy two upper layers in the model
network, density varies from 2.62 to 2.88 g/cm3 (2.75
g/cm3 on average). The domain of elevated values up
to 2.82-2.86 g/cm3 is located in the southwestern Ka-
relian Craton and the adjacent Svecofennian Orogen.
In contrast, the eastern Karelian region at depths of 5-
10 km differs in lower density (up to 2.68-2.72 g/cm3).
The low-density crust apparently underlies Palaeopro-
terozoic volcanic-sedimentary belts. Large dimensions
of the anomaly with relatively low density give evi-
dence of its existence in reality and reflect internal fea-
tures of the upper crust of the Karelian Craton. With
sinking to deeper levels, the density contour lines shift
to the east, indicating a gentle slope of isodensity sur-
faces in the eastern and northeastern directions.

It is noteworthy that a negative anomaly of density
at depths of 5-10 km is located near the northern
boundary of the model beneath the central part of the
Palaeoproterozoic Kuolajarvi structure (Fig. 2, b) filled
largely with mafic metavolcanics. It is suggested that
this anomaly is compensating, i.e. arising by solution of
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the inverse problem of gravimetry as a result of overes-
timation of thickness of the volcanic-sedimentary
complex in the initial density model. The vertical sec-
tion of the Kuolajarvi structure is apparently smaller
than its estimate from the averaged thickness of the
gravity active layer, and the total vertical thickness of
metavolcanic rocks does not exceed 2-3 km.

In the southwestern part of the region, an anomaly
of relatively low density (2.60-2.68 g/cm3) is distinctly
revealed at the same depth in the upper crust. This
anomaly is related to the deep portion of the Wyborg
rapakivi granite pluton (Fig. 2, b).

The upper crust at depths of 15-20 km is distin-
guished by relatively weak differentiation of the medi-
um in the lateral direction within a density range of
2.78 to 2.92 g/cms3. The vertical gradient of rock densi-
ty is also insignificant. At the levels of 15 and 20 km,
the average density is 2.83 and 2.87 g/cm3, respective-
ly. Nevertheless, the crust density of the Karelian Cra-
ton decreases from the southwest to the northeast.
This is especially appreciable at the level of 20 km,
where relatively low-density rocks occupy almost the
entire area of the Karelian Craton. The rocks of rela-
tively elevated density in the west are related to the
Svecofennian Orogen.

In the middle crust of the Karelian Craton at depth
levels of 25 and 30 km (Fig. 6), the rock density varies
from 2.88 to 3.04 g/cm3 with a tendency to decrease in
the northeastern direction to 2.88-2.94 g/cm3. The
rocks of the Belomorian Province adjoining the Kareli-
an Craton in the east are characterized by increase in
density up to 2.96-3.02 g/cm3. In general, the distribu-
tion of density at depths of 25-30 km suggests that the
contour lines of rock density at 2.93-2.95 g/cm3 be-
neath the central part of the Karelian Craton depict the
eastern boundary of the Svecofennian Orogen plunging
eastward.

At the level of the lower crust (35-45 km), rock den-
sities vary within a range of 2.98-3.26 g/cm3 (Figs. 6,
7). The highest density values are characteristic of the
transitional crust-mantle zone approximately at the
level of Moho discontinuity. The density model of the
lower crust is distinguished by an anomalous domain
of low density (2.98-3.02 g/cm3) at a depth of 35 km
beneath the western part of the Karelian Craton. At the
level of 40 km, this anomaly is significantly reduced in
dimensions. Similar relationships are also noted at
deeper slices of the model and thus bear systematic
character.

In the lowermost crust at depths of 40-45 km
(Fig. 7), the rocks with density ranging from 3.10 to
3.30 g/cm3 are related to the transitional crust-mantle
zone (crust-mantle mixture?). At depths of 50-60 km,
the mantle rocks occupy almost the entire domain of
simulation. The only exception is the region of the
anomalously deep Moho discontinuity at the boundary
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between the Karelian Craton and the Svecofennian
Orogen [Grad et al, 2009; Kozlovskaya et al.,, 2004].

The vertical step of the network is 5 km in the ac-
cepted discretization of the model and thus does not
allow us to determine unambiguously a position of the
Moho boundary. Densities exceeding 3.30 g/cm3 are
reliably related to the mantle rocks, whereas densities
below 3.20 g/cm3 are typical of the lowermost crustal
rocks. The density of 3.24 g/cm3 approximately corre-
sponds to the Moho discontinuity. The contour lines of
this density depict a surface, which coincides with the
Moho discontinuity interpolated on the basis of the ini-
tial seismic data. The calculated average depths are 45.5
and 45.3 km, respectively, and the mean square dif-
ference of these depths (*2.1 km) is minimal as com-
pared with all other isodensity surfaces. The obtained
mean square discrepancy corresponds to accuracy of
initial data on the Moho depth in the studied region
[Grad et al, 2009] and allows us to consider the isoden-
sity surface of 3.24 g/cm3 as an analog of Moho discon-
tinuity in the density model (velocity-density Moho dis-
continuity). The use of this image of Moho discontinuity
coinciding in accuracy with the DSS data seems to be
more correct, because the density model is fully agreed
with the observed gravity field. A maximal discrepancy
between depths of the isodensity surface and the seis-
mic Moho boundary exceeding 4 km is noted in the
southeastern region of simulation, where DSS data are
absent and the initial seismogeological model of the
crust was created as interpolation of the data on con-
verted waves [Sharov et al,, 2005] of low accuracy.

The depth and topography of the velocity-density
Moho discontinuity are shown in Fig. 8, where the iso-
density surface of 2.9 g/cm3 is also given for compari-
son. The relationship of the depths of these boundaries
demonstrates an approximate isostatic compensation
of the density model: decrease in thickness of the up-
per low-density part of the Earth's crust is compen-
sated by significant increase in thickness of the lower
high-density part of the crust. In the domain of the
anomalously deep position of the velocity-density Mo-
ho discontinuity at a depth of ~63 km, the compensa-
tion is partly supplemented by increase in density of
the lowermost Earth's crust (Fig. 7). The plunging ve-
locity-density Moho discontinuity (Fig. 8) is spatially
coincident with a «Moho depression» earlier recog-
nized on the basis of seismic data and density simula-
tion [Kozlovskaya et al., 2004].

5. DEEP STRUCTURE: GEOLOGICAL MODEL BASED ON
INTERPRETATION OF SEISMIC CRUSTAL IMAGES IN
SECTIONS ALONG CMP SEISMIC PROFILES

Information on deep geological structure of the
region is based on results of geological mapping and
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Fig. 8. Smoothed isodensity surfaces separating the middle and lower crust (2.90 g/cm3), the lower crust and the upper
mantle (3.24 g/cm3), and the velocity-density Moho discontinuity.

Puc. 8. [losioxkeHre 1 MOpPGOJIOTHS CrJIaXKEHHBIX U30IIJIOTHOCTHBIX MOBePXHOCTEH, pa3gensaomux: 2.90 r/cM3 - cpeiHIO0 U
HIDKHIOI Kopy, 3.24 r/cM3 — HIDKHIOI KOPY U MaHTHIO (CeHCMOIJIOTHOCTHOH paszes Moxo).

studies along CMP seismic profiles: 4B (Fig. 9), FIRE-1
(Fig. 10), and FIRE-3-3A (Fig. 11) [Kukkonen, Lahtinen,
2006; Mints et al., 2009, 2015; Mints, 2011].

Careful correlation of geological structural units at
the surface and geological interpretation of seismic
crustal images along 1-EU and 4B CMP profiles has
provided for creation of a 3D model of geological struc-
ture of the crust and upper mantle in the studied re-
gion. The geological interpretation of seismic images of
the crust along the FIRE-1 and FIRE-3-3A profiles in
Finland carried out by M.V. Mints serves as an addi-
tional support of the western part of the 3D model and
allows us to provide insights into the structure of the
Svecofennian Orogen and to characterize its boundary
with the Karelian Craton [Mints et al.,, 2009, 2015].

5.1. ARCHAEAN TECTONIC UNITS

In the vertical section along 4B profile (Fig. 9),
the sheet-like wedge-shaped domain represents the
Archaean granite-greenstone crust of the Kuhmo-
Segozero microcontinent , which is the main constitu-
ent of the Karelian Craton. The maximum thickness of
the sheet amounts to almost 30 km near the western
and southwestern margins of the microcontinent, and
the sheet gradually becomes thinner while plunging

eastward beneath the Khetolambina microcontinent.
The southeastern margin of the Kuhmo-Segozero mi-
crocontinent plunges beneath the Vodlozero microcon-
tinent. The section along 4B profile indicates that the
tectonic sheet of Kuhmo-Segozero microcontinent
overlying the lower crust underwent tectonic dis-
placements and became slanted after formation of iso-
metric acoustically transparent domains, i.e. large gra-
nitic plutons in our interpretation. Their formation can
be logically attributed to the completion of the Neoar-
chaean evolution.

5.2. PALAEOPROTEROZOIC TECTONIC UNITS

The boundary zone of the Lapland sector of the
Palaeoproterozoic intracontinental orogen is located at
the eastern part of the studied region, which is inter-
sected by 4B profile. This zone is represented by the
structural ensemble of the imbricate East Karelian
Thrust Belt composed of alternating tectonic sheets of
the Archaean granite-greenstone and Palaeoproterozo-
ic volcanic-sedimentary associations.

The lower crustal layer with intense seismic reflec-
tions stands out at the base of the Karelian Craton. The
overlying gently dipping geological bodies gradually
flatten when approaching the upper boundary of this
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Fig. 9. Sections of the crust and the upper mantle along 4B profile: (4) geological section obtained as a result of geological
interpretation of the seismic crustal image [Mints et al, 2009, 2015]; (B) density section (section of 3D crust model). Main
tectonic boundaries and certain isodensity contours (including the velocity-density Moho discontinuity, 3.24 g/cm3) are
shown.

1-2 - Palaeoproterozoic: 1 - volcanic-sedimentary belt, 2 - lower crustal granulite-basic complex; 3-5 - Archaean: 3 - rocks of greenstone
belts, mainly basic volcanics, 4 - Kuhmo-Segozero TTG gneiss complex with inclusions of metavolcanic and metasedimentary rocks, 5 -
Khetolambina granite-greenstone complex; 6-7 - plutons: 6 - in the middle crust, mainly granitoids, 7 - in the lower crust, mainly gabbro
and gabbroanorthosite; 8 - mantle peridotite; 9 - faults, mainly of reverse-thrust type: (a) major and (b) subordinate.

Puc. 9. Pazpe3bl Kopbl U BepxHel 4acTU MaHTUU 1o npoduiwo 4B: (4) reosoruyeckrii, mojyueHHbIH B pe3yabTaTe reoJsio-
rUYeCKOW WHTepIpeTaluu celicMUYecKoro o6pasa Kopbl [Mints et al, 2009, 2015]; (B) NJIOTHOCTHOH - CeYyeHUE Tpex-
MEpHOH MOJIesTM KOPbI; TOKa3aHbl IJIaBHble TEKTOHHYECKHE IPAHUIbI U HEKOTOPble U30JIMHUU MJIOTHOCTU (B TOM 4HCIIe
CeHCMOIJIOTHOCTHOHM Moxo - 3.24 r/cm3).

1-2 - masneonpoTepo3oii: 1 — 0caZi04YHO-BYJIKAHOTE€HHbIE M05ICa, 2 — TPaHY/IUT-6a3UTOBBIM KOMILJIEKC IOPOJ HIDKHEH KOPbI; 3-5 — apxeii:
3 - mopo/ibl 3eJIeHOKaMEHHbIX M0SICOB, IPEUMYIIeCTBEHHO BYJKAaHUTBI OCHOBHOI'O COCTaBa, 4 — Kyxmo-Cerosepckuii rpaHUTOrHEHCOBBII
KOMIIJIEKC C BKJIIOUEHUSIMA MeTaBYJIKAHUTOB M META0CaAKOB, 5 - XeTOIaMOUHCKUN rPpaHUT-3e/IeHOKaMeHHbIH KOMILJIEKC; 6-7 — IJIYyTO-
HBI: 6 — B cpefiHel Kope, [TPe/IOoJI0KUTENbHO TPAaHUTOUABL, 7 — B HIKHEH Kope, MPeJIoI0KUTENbHO rab6po 1 rabbpo-aHOPTO3UTHI;
8 - MaHTHUA (MaHTHUHHbBIE IEPUJOTUTHI); 9 — PAa3/IOMBbI, IPEUMYIIeCTBEHHO B30pOCO-HAZBUTOBOTO THIIA: TJIaBHbIE (d) ¥ BTOPOCTENEeHHbIe

(b).

layer. The determinant role in origin and composition
of this layer belongs to the Palaeoproterozoic under-
and intraplating by the mantle-derived mafic magmas,
which underlie the Archaean crust of the Karelian Cra-
ton [Kempton et al,, 2001; Mints et al., 2009, 2015; Mints,
2011, and references therein].

In the southwestern part of the region crossed by
FIRE-1 and FIRE-3-3A profiles, tectonic sheets com-
posed of island-arc and back-arc complexes of the
Svecofennian Orogen are traced from the surface to the

crust-mantle boundary and plunge further as if «dis-
solving» in the mantle. The total thickness of the accre-
tionary complex exceeds 30 km. As shown in the geo-
logical section along FIRE-1 seismic profile (Fig. 10),
starting from stake 230 km and further southeastward,
the profile crosses the Svecofennian Orogen and
Central Finland granitoid pluton, one of the largest in
the Fennoscandian Shield. It is evident from the seismic
profile that this pluton is a nearly horizontal layered
sheet, which maximum thickness does not exceed



Complex geological-geophysical 3D model of the crust...

V.N. Glaznev et al.:

'(q) voniHew u yodox Axown efrHed1 BeHeAPPUY ‘(p) LML 010801METFOL-0IMETEH U 01080118 T'eH-000d9ed OHHa8 L) MAWMadl ‘1aworeed :1[9HHedI
SMMOIORM.ION03.I dI9HERI — ] ‘(€0LUIOIME WaKULOBhA WHITOEeIrgoadll UM WIGHIL9.LUhBHE 0J OHAIdLIKOourad) BULHeW — £ ‘1dLiueoLdoHe-odgoel u odgoe.l oHAra.LMxoronradi
‘@03oIrIN0Y Wog0doMoHXUH WoMdouosodaLoduoaren g - 77 ‘[druoLuHedd OHAIALUKOroNadll ‘90MaIr IO WOHHOUTIadMe & — [T (I9HOLAr - ZI-TT ‘(01) unreon}-edHed ‘(¢) BLHBIY
‘(8) uM2dag019)-0WXAY 9IS LINOY S19900UdHIOLUHEedI - )T-g ‘B9eLlD0D 0JOHHIOHIO IILUHENIAd OHHAdLIdMAWHNAdI ‘00BOL XITHHOWENOHA9€ 19Fodon - £ ‘(gaoLurAHedd uidoneed
slaHHegodudoyrdeny sronn wol g) nadaonendeg oMo INON UIIE00UdHI-0LULAHRAI — 9 :1axde - -9 ‘19d03 UoHXKMH Fodol IMa IO UI9d0LUERY-LUlAHRd] — G ‘AAHUEY BOBOU MO LIINOY
HI9HHAJOHBNIA9-0HhOe20 - ¢ ‘() eHoLedy odoxddradey AHMedNo Tou BiaumoieskAdion ‘eHOLALL OJOMITHBIHU@p-OHIredLHS]] MWerHoLlMHedd adLidyadsn ‘1[9HULIBII SUMI9hHH
-0LMAL ‘(Z) oge) JEOI :DMAKIWON UIGHHOUTIadMN e — £-7 ‘BHOLAL L 0J0MOYHBIHUp-0HAredLHA]] 1I9FMoLMHed] - [ :HaJodo uiaHHoUad e UMMOHHadoMag) - -1 :uocodaLoduoaren - G-

‘(¢Wd/1 $Z7°E - OXOJ UOHLOOHLOKLIOWOUAD dUDUh WOL €) ULIOHLOLLI UMH
-UIr0€U 919dOLOMSH U I9NIUHed 9UMI9hMHOLMAL d19HERL.I I9HeERNOU (19doY UIreYOW HOHdOWXad.L 9MHOKAD — UOHLOOHLOKU (g) {[GI0Z “Ip 12 saulpy] 19dox ecedQo 010D
-9hMIWOUA) MUNeLadIdaLHU HOMISRUIOK 03l dLeLdrrAead @ UIIHHOhAIOL ‘UUMDIRUION0a] (i) :T-4Y]] oirudodl ol MULHEW ULdeh UoHxdad U 19dox 19eadeed "QT aMd

"Arepunoq apjuew-3snad asnyIp (q) ‘synej IsSnIylIapun pue -I9A0 pue ISnIYI-astaaal (p) :salrepunoq
[ed180[098 - %[ ‘sa1130[09 jo uonednted jueurwiopald 10 JUBIYIUSIS PIM SHO01 d[IUBUW — £T ‘xa[dwod [eIsnid 1amoj d10zotajoldose[ed ul ajisoyrioueolqqesd pue oiqqed Ajqewnsatd
- 71 ‘x91dwod Areuonaadoe ul sproyueld Ajqewnsald - 17 :suoinyd - Zz7-17 ‘xa[dwod n1,[, Twesi| - 9T ‘©IUefy] - ¢ ‘019z03aS5—owyny| — g ‘SOIUBI[0A JISB(q A[UlEW ‘S}[9q 9(0ISUI.I3 JO SHI0I
- /£ ‘saquroyyderp Surpnpur ‘xajdwod ssious-aninuels 1a1elstediep - 9 :ueseyday - -9 ‘xo[dwiod d1seq-a3nueIs [eIsnId Jamo[ — ¢ 4eg nnurey jo xa[dwod AILIUSWIPIS-IIULI[0A — § U0}
-nid puequr, [e1Ud) Jo SpIojiuelsd Aq UIBLISAO S}9YS J1U0303) — £ [0 AIeUona.100y oaes — 7 ‘uoind pueful] [e13ua) jo spiojuesd - 1 :uagol( Ueluuajodass - £-1 :d10zoiajordoseed - G-

‘umoys alte (wd/3 ¢ ‘“AAMunuodsip oy

-0JA AMsuap-A£1190[94 a3 SUIpN(OUI) SINOJUOI A}ISUSPOS] UTELISI PUE SILIEpUNOoq d1U0323) Ule]y *([9powl 3snid (€ JO U0nIas) uondas Aisuap (g) {[s10z “Iv 12 sauipy] adeunt
[BISTID JTWSIas ay) Jo uonelaidiayur [ea130[0a8 Jo JNSal B Se paurelqo uondas [ed1301093 (V) :a1yold T-7yId Suole sappuew J1addn ayy pue 3snid ay3 Jo SUONIAS QT "SI

wy

09 - ¢ 21130122 2Iuppy

ge'e

sze . : <
‘0yo|\ Aysusp—Ajio0jon

- UOTZZ0)A

00t

gL'e

so'e
S6'C

S8Z [l oz |

Sl'c
S9'C

jeioira4 0

mEo\m

w4 08—




Geodynamics & Tectonophysics 2015 Volume 6 Issue 2 Pages 133-170

‘(@) nanars slaHKWdoponedL slamaeleronradu ‘(p) ninard-0d0doo :1anworeed - £7 ((q) UaUL

-HeW ¥ yodox Ao envHed seHeEAPUT ‘(p) UKL 01090IMETFOL-01METEH U 01090JUdTeH-000d9ed OHHAg.LISMAWMAd ‘1amorrsed :19MMHed 9MMIOhUION03] JI9HERL.I — 7T ‘(40LUIOLME
WOMLIBhA WHITIOIETeIrgoadll 'Y WITHILA.LUhEHE 00 OHALALIKOrouYadu) BULHeN — [T ‘ewedpdoweLan oloHdAredonmaLoxo019d aLerdrAead 4 BEHHEE0dUENHAIOWO.I OHII.LUKOL 01T
-Yodu ‘odox UeHXHMH-UaHTadd g 9Ldergo BeHhedsod mIahULIANE - 0T () 19dox uLdeh UoHxdad 4 ‘(g) 903errINO03 WOHHOUTTadME € :19YMoLUHEed] OHAUaLIKOLrONadl ‘19HOLAL T — -8
{(£) unreony-edHed ‘(9) uKMNOdaE€0I9)-0WXAY 190N IINOM d19800UMaHIoLUHedI ‘Uaxde - /-9 ‘19dox UaHKKH Fodoll dMarINOY UI990.LUERY-LUIAHBA] — G ‘I19HUEd30 HOHEMIDRL IMAL LIINOY
WI9HHAJOHBNIA9-0HhO'E)0 - % ‘(£) eHOLed™ oJoxdqrade)y] AHnedso0 You BoaumoiexkAdion ‘eHOLAL T 0I0MOTHBIHU p-0HAredLHA]] UWeYroLrHed s1dLiadyadall ‘19HULIBL L SUMDSRUHOL
-3al ‘(7) BeWHE)) JBOI :DMAIIINON UITHHOUTIOdMIE — £-7 ‘BHOLALI 0JOMITHBIHU h-0HAredLHA]] I9rHoLuHed. — [ :HaJ0do HI9HHOMIad e UOHHAOME) — £-T :hocodarodioaren - G-

(¢eWd/d $7°S — OXO MUOH.LOOHLOLLIOWIUSD S UK
WOL €) ULIOHLOLI MMHUIOEU 919d0.LOMSH U I9IMHEd] SUMD9hMHOLMAL d19HdeL ] I9HeEeM ol (19do3 MraroW HoHdawxad.L 9MHOKa) - HOHLIOH.LOKT (g) ‘19do3 ecedgo 01030
-9hMIWOUd) UUleLadudaLHU HOMIORUIOK0Ad dLeLdlrAcad g UIHHOhALOL ‘UMMDORUION03 (i) 1Y E-E-AY[d oirudodu ol HULHEW ULdeh UoHxdad U [ddox 1deadeed "I T "oud

'synej () difs-ayL13s Wiojsuel) pa.ridjul pue (p) difs-ayLIs-[euLIou — £ ‘Alepunoq sappuew-3snid asnyip (q) ‘synej ISnIylIapun pue -I9A0 pue ISNIy3—asoa
-a1 (p) :sarrepunoq [e21307093 - Z[ ‘93130709 jo uonednied jueurwopa.ad 10 JuIYIUSIS YIIM SO0 dppuew - I ‘wsiydiowelaw aanjeradwsl-y3iy jo 3nsal e se paziuadowoy A[qewns
-a.1d 3sn.Jo Jamo[-a[ppIw Ul urewop jua.edsuey A[feansnode - o1 {(6) asnao Jaddn pue (g) xojdwiod A1euonaode ur proyuedsd Ajqewnsald suoinid - g-g ‘xajdwoo ssioug n 1,1, IW[eSI] - £ pue
019z03ag-owyny] - 9 :UBILYIIY - -9 ‘Xo[dw 02 JIseq-ajnue.d [eIsnid Jomo[ - G ‘urdrewt aaissed Jo xa[dwod ArejuawIpas-dTued[0A — ¢ ‘Uond puefur] [e13ud) Jo sprojrueisd Aq UTe[I2A0 pue
uojel) uerpaIey] jo urdiew yreauaq Surdunid s399ys 21U03I9] - £ 1[0 AIeUONI00Y eewles - 7 ‘uoinid pueyul, [e1Ud) Jo sprojiueld - [ :uao.u( UeIUUajodaAS — £-T d10zoJa301doae[ed - -1

‘umoys ate (;wd/3 7S
‘AYINuURuodSIp 0YoN AISUap-A3100[a4 a3 Suipn[oul) SIN0JU0I A}ISUSPOSI UTELI3D pUk SaLIEPUNOq I1U0303} Uy "([9pOoW ISTId (€ Y3 JO UONISS) U0Nas A1suap (g) ‘o8ewr
[BISNLID D1WSISS 93 Jo uonelatdiaiul [ed130[093 Jo J[nsal e Se paurelqo uondas [eoidojoad () :o[yold ye-£-Ty1d Suore appuewr Joddn ay3 pue 1snId ay3 Jo SUonIas "I T 'S

se'e
gz'e
SL'e
so'e
S6'C
Gg8'c
sl'c
S9'¢
Ggs'e

aEu\m

wy
09

Arepunoq a[juet—)sniD)
oyo Ajsuap—A)00aA

—_——

-

————
-—
-~

- ¢ 21130122 2ppuvpy

et

-

4 .ona\-- VN.,M canme?
i3

Shcdmmmas

wy

w 08—

00l 0S

1[N 4] aE 1 | | or] |

AIepunoq apjuew-sniy)
oyo\ Ansusp—A300[eA . \/

S
————

C VN.M o

S + o4 A
>

+ Sy
B et T N et
T

€-3414 —L—ve-3u14




V.N. Glaznev et al.: Complex geological-geophysical 3D model of the crust...

10-12 km in FIRE-1 and FIRE-3-3A sections. This con-
clusion agrees with interpretations in [Kontinen, Paavo-
la, 2006; Korja et al, 2006]. The massif overlies the ac-
cretionary complex proper represented by the se-
quence of 10-20 km thick tectonic sheets that conse-
cutively plunge northeastward at angles of 10-12° and
make up the crustal section down to the crust-mantle
boundary at a depth of more than 60 km. The accre-
tionary complex is traced beneath the margin of the
Karelian Craton for more than 150 km.

The subsidence of the tectonic sheets beneath the
margin of the Karelian Craton is the main structural
feature of the boundary between the Palaeoproterozoic
orogen and the Archaean Kola-Karelia continent. It is
noteworthy that plunging of the large tectonic sheets is
accompanied by thrusting of small fragments of the
Svecofennian Orogen over the active margin of the
Archaean continent. In particular, the Savo Belt, jud-
ging by its position in the section, is the sedimentary fill
of the back-arc basin squeezed out on the northeastern
and southwestern walls of this basin. The sections
along FIRE-1 and FIRE-3-3A seismic profiles show
clearly that the margin of the Karelian Craton is bro-
ken, and the craton’s fragments, including the Ranua
and lisalmi microcontinents and the Palaeoproterozoic
Kainuu Belt, are displaced in the northeastern direction
and form a crocodile-shaped structure. A similar struc-
ture of the boundary between the Svecofennian Orogen
and the Karelian Craton was established in the section
along BABEL profile [BABEL Working Group, 1990,
1993; Abramovitz et al,, 1997; Lahtinen et al., 2009].

6. COMPARISON OF THE DENSITY AND GEOLOGICAL
MODELS OF THE CRUST

The complex model of the crust and upper litho-
spheric mantle in the studied region demonstrates
a generalized pattern of rock density distribution
because the 3D network used for solution of the
inverse gravity problem has low spatial resolution.
Nevertheless, this model makes it possible to charac-
terize the crucial spatial and structural relationships of
the geological objects localized at various depth levels
in the Earth's crust.

It is challenging to compare parameters of the den-
sity model with results of the geological interpretation
of seismic images of the crust along CMP profiles:
4B [Mints et al, 2009, 2015], FIRE-1 and FIRE-3-3A
[Kukkonen, Lahtinen, 2006; Mints et al., 2015].

6.1. DENSITY LAYERING AND STRUCTURAL GEOLOGICAL
CHARACTERIZATION OF THE CRUST

The rock density values for the upper part of the 3D
model of the Earth's crust (Fig. 5), which are obtained

by simulation with an allowance for relationships be-
tween density and velocity (Fig. 1), are consistent with
the laboratory measurement results for corresponding
rocks. Even objects of the real geological medium,
which are insignificant in size and comparable in di-
mensions to a cell in the modeling network, find their
mediated inference in the anomalies of density in the
upper level of the model. The geological structures
formed by rocks variable in density, which make up the
upper crust along CMP seismic profiles (Figs. 9-11), are
reliably identified by density simulation. In general,
there are sufficient grounds to state that the 3D model
of the regional deep geological structure discussed in
this paper also reflects real density heterogeneities at
deeper levels of the crust and upper mantle on a scale
of the used network of discretization. It should be no-
ted that by virtue of the known resolution of gravimet-
ric problems [Aleksidze, 1987; Glaznev, 1999], which
substantially depends on spatial positions of field
sources, it is unlikely that in the network assigned for
solving inverse problem at the lower levels of the sec-
tion, decreasing the size of cells may lead to any appre-
ciable increase in minuteness of density models or any
closer coincidence of simulation results with CMP
models.

The heterogeneities of the crust generalized on a
scale of simulation show systematic increase in density
with depth along with leveling of lateral variations in
density, while the main structural features of the medi-
um are maintained (Figs. 5-7). The sections of the 3D
density model along 4B (Fig. 9), FIRE-1 (Fig. 10) and
FIRE-3-3A CMP profiles also demonstrate density lay-
ering in agreement with general trends. The smoothly
bending sections of isodensity surfaces are generally
near-horizontally oriented.

At first glance, comparison of the density and
geological sections demonstrates that coordination is
lacking between the density boundaries (and, corre-
spondingly, the velocity boundaries) and the geological
and tectonic boundaries separating the rock complexes
differing in composition and age. Such relationships
between the images of the crust obtained with refrac-
tion and reflection seismic methods were established
in various geological situations [Glaznev et al, 1989;
Mitrofanov et al.,, 1998; White et al., 2000; Kuusisto et al.,
2006; Cook et al,, 2010]. Therefore, especially important
are evidences for partial coordination of the bounda-
ries of density /velocity layering in the crust, on the
one hand, and the geological boundaries identified in
CMP profiles, on the other hand.

We have revealed a number of specific structural
relationships between density anomalies in the crust
and geological boundaries in the section along 4B
profile (Fig. 9]:

- within intervals of 0-25 km and 50-90 km along
the profile in the upper crust, boundaries of areas with



low-density rocks (< 2.70 g/cm3) approximately follow
geological boundaries identified in the seismic image of
the crust;

- in the middle crust within the interval of 55-
195 km along the strike, the isodensity contour of
2.85 g/cm3 plunges from a depth of ~15 km down to
20-25 km, wherein acoustically transparent oval do-
mains interpreted as granitoid plutons in [Mints et al,
2009, 2015] are localized;

- abrupt vertical displacement of isodensity con-
tours within intervals of 60-65, 100-110, and 170-180
km along the profiles, where reverse-thrust faults are
identified.

In the section along FIRE-1 profile (Fig. 10), the
general near-horizontal attitude of isodensity contours
is combined with similarity between density anomalies
and boundaries of geological bodies:

- at intersections of over- and underthrust disloca-
tions in the crust [Mints et al, 2009, 2015] at various
depths, the insignificant in amplitude but rather sharp
vertical shifts of isodensity contours mimic in a
smoothed form the main structural lines in the crust
within intervals of 25-35, 45-75, 115-125, 165-175,
215-225, and 320-330 km along the profile.

Similar relationships between the boundaries of
density layering, emphasized by the isodensity con-
tours, and the geological boundaries are noted in the
section along FIRE-3-3A profile (Fig. 11). Noteworthy is
local sinking of the isodensity contour of 2.85 g/cm3
within intervals of 0-50 km and 130-180 km along
FIRE-3 profile due to accommodation of relatively low-
density rocks close to the surface.

6.2. VELOCITY-DENSITY MOHO DISCONTINUITY AND CRUST-
MANTLE BOUNDARY

As follows from comparison of density and geologi-
cal sections along 4B, FIRE-1, and FIRE-3-3A profiles,
the morphology of the density image of the crust-
mantle boundary depends, to a certain degree, on geo-
logical structure of the crust in the boundary zone and
the crust-mantle boundary proper.

In 4B profile (Fig. 9), where the crustal base is clear-
ly traced as the lower crustal layer (reflectivity zone),
an abrupt increase in density to mantle values (3.24-
3.30 g/cm3) is noted at the bottom of this level at a
depth of 40 km; the crust-mantle boundary and Moho
discontinuity are coordinated and have flat outlines. In
the interval of 160-270 km along the profile, where
the mantle is enriched in reflecting elements immedi-
ately close to the crust, isodensity contours of 3.00 and
3.24 g/cm3 plunge from a depth of 38 km to 40-45 km.
The increase in the depth of Moho discontinuity in the
western segment of the profile is apparently caused by
approaching the Svecofennian Orogen.

In the geological section along FIRE-1 profile (Fig.
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10), the diffuse crust-mantle boundary has complex
indented outlines controlled by consecutive plunging
of tectonic elements pertaining to the accretionary
complex into the mantle and disappearance of their
seismic image in the mantle. The velocity-density Mo-
ho discontinuity related to the isodensity contour of
3.24 g/cm3 is characterized by a flat shape complicated
by a series of stepwise bends. The localization of the
most distinctly curved isodensity contour is directly
related to subsidence of the sheets pertaining to the
accretionary complex into the mantle. In the south-
western segment of FIRE-1 profile within the interval
of 215-335 km, where the seismic CMP image of these
sheets gives evidence of their penetration below the
60-km depth, the isodensity contours of 3.24 and
3.30 g/cm3 also reach a depth of about 60 km.

A similar pattern is observed along FIRE-3-3A
profile (Fig. 11), and the following relationships are
observed:

- Moho discontinuity marked by the isodensity con-
tour of 3.24 g/cm3 plunges to a depth of about 70 km
within the interval of 60 km along FIRE-3A profile to
110 km along FIRE-3 profile, where the plunging tec-
tonic sheets also reach a maximum depth;

- the isodensity contour of 3.24 g/cm3 ascends by
15-20 km at the intersection of the boundary between
the Svecofennian Orogen and the Karelian Craton.

In the sections along 4B and FIRE-1 profiles, the
density boundaries are ascending to the east, while the
tectonic sheets are plunging in this direction. This is
especially evident in FIRE-1 profile. In other words, in
the region adjoining the boundary between the Kare-
lian Craton and the Svecofennian Orogen, the tectonic
sheets comprising the accretionary complex are traced
to a greater depth than at a distance from this boun-
dary. As shown below, «dissolution» of the crustal
sheets can be explained by transformation of the rocks
composing such sheets under conditions of eclogite
facies.

7. THERMODYNAMIC CONDITIONS AND METAMORPHISM IN
THE ZONE OF THE CRUSTAL-MANTLE BOUNDARY

The 3D thermal and density models of the regional
lithosphere make it possible to conduct spatial
analyses of thermodynamic conditions at the crustal-
mantle boundary. For this purpose, the 3D models
are transformed into 2D curves of temperature and
pressure variations corresponding to Moho disconti-
nuity. As mentioned above, the isodensity surface of
3.24 g/cms3 satisfies this discontinuity. The spatial dis-
tribution of lithostatic pressure at the level of this sur-
face is shown in Fig. 12, a. The lithostatic pressure is
computed from the real density of the medium with
account of the real topography of the studied area. The
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estimated lithostatic pressure values range from 1.0
to 1.8 GPa, and this variation is only partly caused
by the density anomalies in the middle and lower crust
(Figs. 6, 7) and primarily related to significant va-
riations of depth of the velocity-density Moho dis-
continuity (Fig. 8). In gravity field inversion calcula-
tions, pressure determination errors do not exceed
+0.01 GPa.

Spatial distribution of temperature at Moho discon-
tinuity (Fig. 12, b) is estimated by interpolation of 3D
temperature characteristics of the model at the given
depths corresponding to the isodensity surface of
3.24 g/cm3. Temperatures at this surface range from
360 to 640 °C due to variations of the Moho depth
(Fig. 8) and spatial temperature variations in the model
(Fig. 4). The temperature determination error is below
*40 °C at the lower levels of the model, which is signifi-

cantly smaller than the temperature range at the level
of the velocity-density Moho discontinuity.

For classification of the obtained estimates of the
thermodynamic state of Moho discontinuity, we use the
method of group account of arguments [Ivakhnenko,
Yurachkovsky, 1987; Muravina, 2012] with application
of the synergetic approach to establishment of homo-
geneous groups by model values. According to the pat-
tern of discrete PT estimates at the level of the veloci-
ty-density Moho discontinuity (Fig. 13, a), it is possible
to reliably distinguish seven large simply connected
spatial domains belonging to six relatively homogene-
ous physical groups. The same estimates plotted on
the PT diagram of metamorphic facies are shown in
Fig. 13, b. The points corresponding to the selected
groups are concentrated in the PT diagram within two
linear belts and two isometric-oval clusters. A regular
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Fig. 13. (a) Spatial classification of thermodynamic conditions at the level of the velocity-density Moho discontinuity; (b)
groups of points for spatial classification of thermodynamic conditions at the level of the velocity-density Moho discontinui-
ty plotted on the PT diagram of metamorphic facies, after [Peacock et al, 1994]; (c) enlarged fragment of the PT diagram.

1-6 - groups of points for spatial classification of thermodynamic conditions at the level of the velocity-density Moho discontinuity (ex-
planations are given in the text). Estimates of PT parameters for rocks of deep crustal xenoliths: Palaeoproterozoic metagabbroanortho-
site and mafic granulites from pipes of Kandalaksha Bay [Vetrin et al, 2009]; Archaean granulites from pipes of Kaavi-Kuopio district
[Hélttd et al,, 2000b] and Varpaisjarvi granulites [Hélttd et al., 2000a].

Puc. 13. (a) [IpocTpaHcTBeHHas KaccudUKAIMs TEPMOAUHAMUYECKUX YCJIOBUIM HA YPOBHE CEMCMOIJIOTHOCTHOIO paszesia
Moxo. (b) IlosiokeHHe Tpyln TOYEK MNPOCTPAHCTBEHHOM K/acCMPUKALUK TepMOJAMHAMUYECKUX YCJIOBUM Ha ypOBHE
CeliCMOMJIOTHOCTHOTO pasfesna Moxo Ha PT-AuarpaMmme MeTaMopduryeckux dauuii no [Peacock et al, 1994]. (c) YBenuveH-

1-6 - rpynnbl TOYEK NPOCTPAHCTBEHHOH KJIaCCUPUKALUY TEPMOJUHAMHYECKUX YCIOBUH Ha YPOBHE CEMCMOMJIOTHOCTHOrO paszjesa Mo-
X0 (mosicHeHus B TeKcTe). OLleHKH Bapyauuil PT-napaMeTpoB B MOPOAAX INTYGUHHBIX KOPOBBIX KCEHOJIMTOB: NaJIEONPOTEPO30HCKUX Me-
Tarab6po-aHOPTO3UTOB U MaPUTOBBIX TPAHYJIUTOB U3 Tpy6ok KaHanakuickoro 3aiuBa no [Vetrin et al, 2009], apxelcKuX rpaHyJIMTOB
U3 Tpy6ok pailoHa KaaBu-Kyonuo no [Hélttd et al, 2000b]; To xe AJs1 apXelCKUX IpaHyAUTOB Bapnaucbsapsu no [Hélttd et al, 2000a].
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distribution of the data points in space and in PT coor-
dinates convincingly indicate that the revealed regula-
rities are of real geological significance, as considered
below in more details.

(1) Beneath the central part of the Karelian Craton
to the north and northeast of the Moho depression, the
velocity-density Moho discontinuity is characterized
by the group 1 of data points (Fig. 13, a) corresponding
to the most shallow and colder part of this discontinui-
ty (Fig. 12). In the PT diagram, this group is represen-
ted by a compact swarm of points, which extends along
the boundary between facies of lawsonite and epidote
blue schists (Fig. 13, b). The swarm is bounded by
T=370-420 °C and P=1.08-1.30 GPa, which correspond
to the depth of Moho discontinuity from 36 to 45 km.
The minimal depth of Moho discontinuity is established
beneath the eastern Karelian Craton (Fig. 13, a).

(2) A relatively high-pressure deep linear swarm
is represented in the PT diagram (Fig. 13, b) by groups
2 and 3, which occupy the field corresponding to
T=410-620 °C and P=1.3-1.8 GPa (45-60 km). Groups
2 and 3 characterize the maximal depth of Moho dis-
continuity (Fig. 12, a) related to plunging of the Sveco-
fennian Orogen beneath the western margin of the Ka-
relian Craton (Figs. 7, 10, 11). In the PT diagram, this
swarm of points is subdivided into two clusters by the
boundary of metamorphic eclogite facies at the level of
510-520 °C and 1.55 GPa (~52 km) (Fig. 13, b). The
high-temperature and high-pressure part of the swarm
is located in the field of eclogite facies and represented
by group 2 in the diagram; it characterizes the deepest
position of the velocity-density Moho discontinuity
(52-60 km) (Fig. 12). The second part of the swarm is
located in the region of lower temperature and pres-
sure (group 3) and corresponds to facies of epidote
blue schists; it characterizes a shallower and less heat-
ed part of the velocity-density Moho discontinuity
which is located further northward (Fig. 12).

(3) Another high-temperature linear swarm of data
points is represented in the PT diagram by group
4 (Fig. 13, b). It occupies the field corresponding to
T=530-600 °C and P=1.35-1.65 GPa (46-56 km), i.e.
the field of eclogite metamorphic facies. The spatial
position of the velocity-density Moho discontinuity
characterized by this group of data points (Fig. 13, a)
fits the southern slope of Moho depression (Fig. 8)
distinguished by relatively high temperature values
(Fig. 12).

To the south and southeast of this region, parame-
ters of the velocity-density Moho discontinuity are
characterized by compact group 5 of data points
(Fig. 13, a). In the PT diagrams, this group makes up an
isometric oval swarm of points bounded by T=500-
590 °C and P=1.18-1.39 GPa (41-47 km) in the boun-
dary zone between eclogite and epidote-amphibolite
facies (Fig. 13, b). In geological terms, this field charac-

terizes the Mid-Russia sector of the intracontinental
Palaeoproterozoic collision orogen (Fig. 2, b) [Mints,
2007, 2011].

(4) Group 6 of data points occupies a special posi-
tion in space. In the PT diagram, this swarm is repre-
sented by a wide belt of points in temperature and
pressure ranges of 380-500 °C and 1.00-1.38 GPa, re-
spectively, which corresponds to the field of epidote
blue schists. The Moho discontinuity of this type under-
lies the northern part of the Karelian Craton and the
Belomorian Province, as well as the region to the east
of Moho depression (Fig. 13, a). The Archaean crust of
these tectonic units underwent tectonic and thermal
transformation in the Palaeoprotyerozoic [Bibikova et
al, 2001; Mints et al., 2015].

8. DISCUSSION

The thermal and density models compared with the
geological interpretation of the seismic CMP profiles
allow us to provide further insight into the structure
and physical parameters of the crust and the upper
lithospheric mantle of the southeastern Fennoscandian
Shield. The seismic sections along the CMP profiles
show conventional character of subdivision of the con-
tinental crust into the upper, middle, and lower «lay-
ers» (Figs. 9-11). Nevertheless, these terms are still in
use as being convenient for description of different
levels of the crust.

In further discussion, we will focus on consideration
of two regions contrasting in their structure and geo-
logical history, which are comprehensively presented
by the proposed model, specifically the central and
eastern parts of the Karelian Craton and the Sveco-
fennian Orogen together with the adjacent margin of
the Karelian Craton.

8.1. DENSITY HETEROGENEITY AND NATURE OF DENSITY
LAYERING OF THE CRUST

According to the density model, the regional struc-
ture of the crust is determined largely by the nearly
horizontal boundaries (Figs. 5-7, 9-11), which reflect
gradient variations of rock densities with depth. The
crustal layers bounded by isodensity surfaces are, as a
rule, discordant with respect to the inclined boundaries
of geological complexes in seismic images of the crust
(Figs. 9-11). As noted above, the density heterogenei-
ties (crustal layers) reveal only local and incomplete
interrelations with localization and morphology of the
geological bodies.

The isodensity contours in the crustal sections are
oriented largely near-horizontally and approximately
parallel to the present-day topography, and this is also
valid for other Archaean terrestrial cratons [Abbott et



al, 2013]. It is evident that only the regional lithostatic
pressure remains to be a crucial factor of variations in
density of the rocks at the upper and middle crustal
levels, where metamorphism is blocked by low tem-
perature (~400 °C in the lower crust and no higher
than 300 °C in the middle crust). Density is changing
under the lithostatic pressure, while structure of the
medium remains intact as formed earlier in the course
of sedimentation, magmatic activity, metamorphism,
and tectonic reworking. Local factors may include vari-
able crustal and mantle heat flows [Glaznev, 2003;
Glaznev et al, 2004], zones of stress relaxation [Lya-
khovsky, Ben-Zion, 2009], and tectonic stresses resul-
ting from interaction of density heterogeneities
[Glaznev et al, 1991; Rebetsky, 2007]. Rock density
increases with increasing depth, while the density dif-
ferentiation between rocks that differ in compositions
is appreciably decreasing [Glaznev, 2003].

For long, it has been suggested that the increase in
density of the continental crust with increasing depth
is determined by variations in composition of the
rocks. These ideas were highlighted by the assumption
that «granitic» and «basaltic» geophysical layers are
separated by Conrad surface in the crust [Conrad,
1925]. Despite the fact that conditionality of these
terms was always emphasized afterward, the idea of
density layering of the continental crust with direct
change of its bulk composition has retained its appeal
[Christensen, Mooney, 1995]. According to [Kuusisto et
al, 2006], the available information on the crust in the
predominant part of the Fennoscandian Shield (inclu-
ding the data discussed in this paper) shows that the
layers with different velocities participate in crustal
complexes. In the model proposed by M. Kuusisto and
co-authors, a contribution of mafic rocks increases with
increasing depth; the upper crust consists primarily of
gneisses in combination with granite and granodiorite;
amphibolite and quartzite are subordinate in abun-
dance; role of amphibolite increases in the middle
crust.

We believe, however, that this model cannot repre-
sent the structure of the accretionary complex of the
Svecofennian Orogen which comprises tectonic sheets
plunging beneath the margin of the Karelian Craton
and underlying the Archaean rocks of the craton over a
significant distance (Fig. 9-11) hardly can be repre-
sented. On the contrary, it can be stated that quantita-
tive ratios of different rocks in the plunging tectonic
sheets do not undergo any systematic variations either
in each particular sheet or in the accretionary en-
semble as a whole.

The nature of rock compaction under lithostatic
pressure, which is the most important factor determin-
ing the state of the continental crust, has been studied
insufficiently so far. Since compaction of ancient rocks
is controlled by the recent or close-to-recent state of
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the crust at least for the upper and middle crust,
metamorphism (often mentioned as a factor of com-
paction) should be excluded from the list of potential
causes. Undoubtedly important factors are closure of
fractures and pores and release of solutions and fluids
contained therein. However, all by themselves, such
factors are not able to provide for the observed com-
paction of rocks which is significantly exceeding the
results of laboratory experiments on rock samples un-
der elevated pressure (for example, from 2.80-2.85 to
3.0-3.1 g/cm3 in the case of sedimentary and volcanic
rocks of the Svecofennian accretionary complex). It is
also noteworthy that the discussed variation in density
of rocks is apparently reversible, because the bounda-
ries of the crustal layers with different densities, except
for the uppermost ones, are not cut by the erosion to-
pography features, and the density layering pattern is
similar for young orogens, undergoing the stage of
growth and intense denudation, and for equilibrated
isostatic platform regions. Further studies are needed
to clarify of the nature of global compaction of the
crust.

8.2. NATURE OF THE LOWER CRUST, THE CRUST-MANTLE
BOUNDARY AND THE VELOCITY-DENSITY MOHO
DISCONTINUITY BENEATH THE KARELIAN CRATON

In seismic CMP sections, the lower crust is common-
ly identified with a reflectivity zone localized imme-
diately above the crust-mantle boundary, in other
words, with a zone of intense seismic reflections that
occupy either the entire zone or its major part and de-
pict an image of the layered lower crust [Mooney,
Meissner, 1992]. Such a reflectivity zone (7-12 km
thick) continuously underlies the Archaean crust in the
eastern Fennoscandian Shield, including the Karelian
and Kola Cratons and the Belomorian Province [Mints
etal, 2009; Mints, 2011].

In the region considered in this paper, the lower
crust of this type is observed in the section along 4B
profile (Fig. 9). The pattern of seismic reflections in this
section demonstrates an almost horizontal smooth
crust-mantle boundary lying at a depth of 37-39 km.
In the major segment of 4B profile, the crust-mantle
boundary practically coincides with the velocity-
density Moho discontinuity (represented by the iso-
density contour (surface) of 3.24 g/cm3) of the similar
morphology. In the central part of the Karelian Craton,
the Moho depth varies from 38 to 45 km (Fig. 12, a).
Depths of 42-45 km, which are more significant than
those in 4B profile, are characteristic of the Kianta and
lisalmi terranes in the western part of the craton. It
should be noted that the depth of Moho in this region
is 46-52 km according to the models described in
[Tesauro et al, 2008] and [Grad et al, 2009] or 48-52
km according to [Kozlovskaya et al, 2004]. Even a
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greater depth of Moho discontinuity is suggested in
[Silvennoinen et al, 2014]. At the Moho discontinuity
of this type, temperature varies in a narrow range from
370 to 420 °C (Fig. 13, b, group 1), and such a variation
is the lowest as compared to values for other Moho
segments. These parameters are consistent with mini-
mal values of heat flow (8+10 mW/m2) which are typi-
cal of the studied region.

In the eastern Fennoscandian Shield, the lower crust
(5-15 km thick) is bounded by the crust-mantle
boundary of this type [Mints et al, 2009; Mints, 2011].
The increase in thickness of the lower crustal layer is
related to hummocking (over- and underthrusting) of
tectonic sheets at the crust bottom. In particular, a
significant increase of the lower crust thickness (up to
20 km) is noted at the western and southwestern mar-
gins of the Karelian Craton along its boundary with the
Svecofennian Orogen (Figs. 9, 10). In this region, the
lower crustal layer is not only characterized by larger
thickness values but is also uplifted due to the mutual
over- and underthrusting of the rock complexes per-
taining to the Karelian Craton and the Svecofennian
Orogen. Two important features should be emphasized.
First, the lower crustal layer is cut off by the Palaeopro-
terozoic volcanic-plutonic associations belonging to
the Late Palaeoproterozoic Kainuu Belt. Second, this
layer is underlain by tectonic sheets of the Svecofenni-
an accretionary complex. The above implies that the
lower crustal layer of the Karelian Craton was formed
before the Late Palaeoproterozoic collisional events.
Thus, the geological data and the seismic images show
that formation of the lower crustal complex was rela-
ted to under- and intraplating by mantle-derived mafic
magmas in connection with development of the Palae-
oproterozoic large igneous province in the eastern part
of Fennoscandian Shield and the adjacent basement of
the Russian Platform [Mints, 2011].

The lower crust and underlying upper mantle at the
boundary between the Kola Craton and the Belomorian
Province are cut through by the Devonian kimberlite
and lamproite pipes and dikes outcropped at the coast
and on islands of the Kandalaksha Bay (Fig. 2). Among
lower crustal xenoliths, garnet granulite is dominant;
it is identical to mafic granulites and metagabbro-
anorthosites of the Lapland and Kolvitsa-Umba granu-
lite-gneiss belts. Peak parameters of granulite-facies
metamorphism of rocks from xenoliths are estimated
at 800-950 °C and 14-18 kbar and correspond to
depths from 50 to 70 km (Fig. 13, b) [Mints et al.,, 2007].
In the present-day structure, these rocks belong to the
lower crust and occur at a depth of ~ 45 km [Mints et
al, 2009]. Zircons from garnet granulite range in age
from 2.84 to 0.26 Ga and are concentrated within four
discrete time intervals as follows: Neoarchaean (2.84-
2.74 Ga), Palaeoproterozoic (2.47-2.41) and (1.83-
1.75 Ga), and Palaeozoic (0.33-0.26) [Vetrin, 2006; Ve-

trin et al, 2009; Downes et al, 2002, and references
therein]. These dates correspond to the main events in
the long history of formation and transformation of the
crust. The ages of Early Palaeoproterozoic zircons
coincide with ages of the known manifestations of
magmatism and high-temperature metamorphism of
granulite and eclogite facies [Mints et al, 2007], which
gave start for the Palaeoproterozoic evolution initiated
by mantle plumes responsible for formation of the low-
er crustal «granulite-mafic» layer. A model of the «lay-
ered lower crust», that is formed under extension ac-
companied by sheetlike intrusions of mafic mantle-
derived magma, is described in [Hollinger, Levander,
1994]. Similar conclusions concerning the origin of the
lower crustal reflectivity zone are stated in [McBride et
al, 2004; Meissner et al., 2006].

Thus, we have sufficient grounds to infer that the
lower crust, unlerlying the Archaean Karelian Craton
and represented by a reflectivity zone bounded by the
smooth nearly horizontal crust-mantle boundary com-
bined with the velocity-density Moho discontinuity of
the first type, was formed in the Palaeoproterozoic as a
result of tectonothermal and magmatic processes of
plume type.

Correspondingly, the Archaean lithospheric mantle
of the Karelian Craton was intensely transformed un-
der the impact of the Palaeoproterozoic plumes. Mini-
mal temperature values at the present-day Moho dis-
continuity indicate that the heat flow generated by this
mantle is minimal too, which is believed typical of the
domains of the Archaean consolidation [Nyblade, Pol-
lack, 1993].

The crust of the western Karelian Craton in the
lisalmi terrane immediately bordering on the Sve-
cofennian Orogen is also characterized by deep xeno-
liths carried up by the Late Neoproterozoic kimberlite
pipes in the Kaavi-Kuopio area (Fig. 2). The kimberlite
pipes are located between FIRE-1 and FIRE-3-3A seis-
mic profiles. As can be seen from the section along
FIRE-1 seismic profile, a reflectivity zone is absent at
the base of the lisalmi terrane (Fig. 10). The sole of the
Archean complex of rocks in this terrain is located at a
depth of no more than 20 km. In the Kaavi-Kuopio
area, the thickness of the lower crustal layer and depth
of its sole are significantly reduced in comparison with
those in the section along FIRE-1 profile. The Archaean
crust is underlain by a thick (> 40 km) packet of tecto-
nic sheets pertaining to the Svecofennian accretionary
complex, which plunge eastward beneath the Karelian
Craton. The high-density (up to 3.0-3.24 g/cm3) rocks
at the base of the crust are conjugated with the
Palaeoproterozoic rocks of this complex. Any reader
can make the same conclusion by analyzing the geolo-
gical map (Fig. 2) with respect to the geological sec-
tions along FIRE-1 and FIRE-3-3A seismic profiles
(Figs. 10, 11).



Deep xenoliths are mainly composed of the Archae-
an and Palaeoproterozoic mafic granulites; the age of
their protoliths reaches 3.7-3.5 Ga [Peltonen et al,
2006]. Summing up geochronological data on granu-
lites from xenoliths and the Varpaisjarvi Complex ex-
posed nearby [Holttd et al, 2000a] shows that the age
of Archaean granulite-facies metamorphism ranges
from 2.7 to 2.6 Ga. The peak parameters of granulite-
facies metamorphism estimated from the data on xeno-
liths are 800-930 °C and 8.4-12.5 kbar (depths of 30-
45 km) [Hélttd et al., 2000b]. For the Varpaisjarvi Com-
plex, the peak parameters are 800-900 °C and 9-11
kbar (depths of 32-39 km) [Hdélttd, Paavola, 2006]. An
evidence for superposition of the Palaeoproterozoic
granulite-facies metamorphism on the Archaean rocks
of the Varpaisjarvi Complex in the time interval of 2.5-
1.7 Ga was obtained only for xenoliths and was not
supported by rocks from the Varpaisjarvi Complex
[Hélttd et al, 2000a; Peltonen et al, 2006]. In addition,
zircons younger 1.85 Ga, which crystallized under the
thermal impact following the Svecofennian orogeny,
were found in xenoliths.

It is quite evident that xenoliths of granulites from
the Kaavi-Kuopio pipes and the Varpaisjarvi granulites
belong to the same rock complex, which is occurring
now at a relatively high level in the crust and at a sig-
nificant distance from the crust-mantle boundary.
Most likely, these xenoliths should be regarded as relics
of the Neoarchaean lower crust rather than fragments
of the recent lower crust as suggested in [Kuusisto et
al, 2006; Peltonen et al., 2006].

8.3. NATURE OF THE LOWER CRUST, THE CRUSTAL-MANTLE
BOUNDARY, AND THE VELOCITY-DENSITY MOHO
DISCONTINUITY BENEATH THE ACCRETIONARY
SVECOFENNIAN OROGEN

In the part of the Svecofennian Orogen, which is
neighboring the Karelian Craton, the reflectivity zone is
absent, while on the contrary, the lower crust is acous-
tically transparent and characterized by vaguely ori-
ented dispersed reflections. In [Korsman et al, 1999],
based on seismic wave velocities, the lower crustal
complex is represented by the layer with P-wave ve-
locities ranging from 7.0 to 7.45 km/s, which is pre-
sumably composed of anorthosites, mafic and metape-
litic granulites, and pyroxenite in the highest-velocity
areas. According to calculations based on the model
proposed in [Kuusisto et al, 2006], the upper part of
the lower crust (25-40 km) consists of tonalitic gneiss,
amphibolite, mafic garnet granulite and pyroxenite,
whereas the lower part of the lower crust is mainly
composed of hornblendite, mafic garnet granulite,
pyroxenite and mafic eclogite. The authors find a con-
firmation of their model in the fact that all the above-
mentioned rocks, except for eclogite, are identified
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among deep xenoliths in the Kaavi-Kuopio kimberlite
pipes. In our turn, we have to remind that in the pre-
ceding section we have tried to show that it is hardly
valid to compare the recent high-velocity lower crust
with these xenoliths.

In [Lahtinen et al,, 2009], based on paleogeodynamic
reconstruction of the Svecofennian Orogen's history, it
is assumed that the acoustically transparent region in
the lower part of the crust, which is separated by a dif-
fuse boundary from the accretionary complex (Fig. 10,
11), is primarily composed of mafic granulites, former-
ly making up a hypothetical Keitele microcontinent,
which fragments remain unidentified at the surface.
A smaller part of this region is occupied by the oceanic
crust that was also metamorphosed under conditions
of granulite facies. The inferred situation is comparable
with the section of the Trans-Hudson Orogen in North
America, where the Archaean crust of the Sask Craton
is overlapped almost entirely by tectonic nappes of is-
land-arc complexes [Baird et al, 1996; Hammer et al,
2010]. However, the rocks of the Sask Craton are rarely
found at the present-day surface; in the seismic section,
such rocks are characterized by a complex reflection
pattern inherent to the Archaean granite-greenstone
domains down to the crust-mantle boundary coinci-
ding with Moho discontinuity.

In our view, the structure of the crust established
by geological mapping and recorded in the seismic
images is a crucial evidence for reconstruction of the
lower crust in the Svecofennian Orogen. The ensemble
of the inclined tectonic sheets playing the determinant
role in structure of the Svecofennian Orogen is limited
from below by the uneven boundary that is serrate in
many cases. When approaching the mantle, the image
of the sheets becomes diffuse and disappears (as if the
sheets are dissolved in the mantle), and the serrate
shape of the boundary is generally diffusive. In agree-
ment with the above observations, the calculations
of the lower crust and upper mantle densities do
not show any significant jump of density at the crust-
mantle transition. The same was emphasized in
[Kuusisto et al,, 2006].

The Moho discontinuity at the base of Svecofennian
Orogen is classified into two subtypes that are distinct-
ly separated in both the PT plot and the geological
space. The minimal depth of Moho is estimated at
45 km for both subtypes, wherein the difference in
temperature is 90 °C. Obviously, the two subtypes are
represented by two independent packets of tectonic
sheets that plunge (subduct) eastward beneath the Ar-
chaean crust of the Karelian Craton (Fig. 13, a). It is al-
so evident that the mantle domains directly underlying
these ensembles are characterized by different heat
flow values. At a depth of 45 km, the temperature of
410 °C is typical of the colder subtype, whereas 500 °C
is typical of the warmer subtype. At a maximal depth
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(~60 km), the temperature is estimated at 600-630 °C
for both subtypes. The Moho of the hot packet entirely
falls in the PT field of eclogitic facies, whereas beneath
the colder subtype, the Moho is split approximately in
twain by the boundary of PT field of eclogitic facies: the
deeper and more heated part of the Moho surface is
characterized by temperature and pressure of eclogite
facies, while the other half is under conditions of epi-
dote blue schists (Fig. 13, b).

Considering high densities of rocks in the lower
crust and the underlying mantle along with the diffu-
sive boundary between them, there are grounds to
suggest that similar high-density eclogites participate
in either of them.

The limits of corresponding parts of the Moho sur-
face projected on the surface show boundaries of the
plunging packets of tectonic sheets. Judging by the con-
figuration of the boundaries, the packets are separated
by a transform fault zone striking in the SE direction
(Fig. 13, a). The width of the northern colder packet
amounts to 250 km. The width of the southern warmer
packet exceeds 100 km. The maximal depth of the ve-
locity-density Moho discontinuity is somewhat greater
than 60 km.

It is noteworthy that the contours of the plunging
tectonic ensembles are advanced far away from the
boundary between the Svecofennian Orogen and the
Karelian Craton, which is observed at the surface. This
fact is fully in accordance with the suggested subduc-
tion of island-arc, backarc, and interarc basins of the
Svecofennian Orogen beneath the margin of the Kareli-
an Craton. It should be specially noted that in regard to
subduction, both methods based on refraction and re-
flection seismic profiling have given strikingly con-
sistent results.

Generally, one of the most plausible scenarios of the
Moho discontinuity formation is represented by the
model of the crust-mantle boundary assuming trans-
formation of the lower crustal rocks, largely gabbro
and basalt (density of 2.8-3.2 g/cm3) into eclogite
(3.3-3.7 g/cm3), as reviewed in [Mjelde et al, 2013].
The model envisages that the Moho boundary sepa-
rates differently metamorphosed mafic rocks, and ec-
logites, being the crustal rocks by their chemical com-
position, are referred to as the mantle rocks by their
elastic properties. As a rule, the gabbro-eclogite model
of Moho discontinuity is considered in specific geody-
namic settings, including continental domains and rift
zones, suture zones, and bottom of high-pressure gran-
ulite complexes [Mareschal et al, 1982; Brown, 2009;
Mjelde et al., 2013].

It has been repeatedly noted that the reflection
packets plunging into the mantle (similar to those ob-
served along FIRE-1 and FIRE-3-3A profiles, see Figs.
10 and 11) are intersected by Moho discontinuity. This
specific feature of the Moho boundary was noted in

studies of the Palaeoproterozoic structural units of the
Bothnian Bay along BABEL profile [BABEL Working
Group, 1990] and the Trans-Hudson Orogen along
COCORP profiles [Baird et al, 1995, 1996], and inter-
preted as a result of a supra-regional mantle event that
occurred after formation of the collision orogen. A par-
tial removal of the eclogitized keel is commonly ex-
plained by its subsequent delamination and subsidence
into the mantle.

The thorough study of deep xenoliths in the Late
Neoproterozoic kimberlite (500-600 Ma) from the
Kaavi-Kuopio pipes, however, did not reveal any frag-
ments of crustal eclogites [Peltonen et al, 2006]. This
fact can be interpreted equivocally. According to the
model described in [Kukkonen et al, 2008], eclogites
were formed at the base of the Late Palaeoproterozoic
Svecofennian accretionary complex during subduction
and collision with the Karelian Craton. Later on, the
lower crust of accretionary complex was subject to de-
lamination; the majority of fragments of the eclogite
layer subsided into the mantle, while others were part-
ly disintegrated and thus ‘missed’ when xenoliths were
trapped by the kimberlitic magma. Alternatively, it can
be assumed that the lower crust and upper mantle
were devoid of eclogites during the period of kimber-
lite magmatism.

Based on our results of complex 3D simulation, we
can pioneer in characterizing the temperature distribu-
tion pattern along the Moho surface at the bottom of
the crust in the Svecofennian Orogen, including the re-
gion of its plunging beneath the continental margin of
Karelian Craton. The results of computation (Figs. 12,
13) indicate that the boundary of thermodynamic con-
ditions corresponding to eclogite facies is approximate-
ly coincident with the present-day position of the
crust-mantle boundary in the Moho depression. There-
fore, it can be concluded that eclogite-facies metamor-
phism may be related to the recent thermal state of the
regional lithosphere. At the same time, it should be
kept in mind that in the absence of fluid, these condi-
tions are insufficient for the metamorphic reactions
to proceed. With account of the fact that the eclogitic
model provides explanations for both the high density
of the lower crust composed of the accretionary
complex, and the diffuse character of the boundaries
between the accretionary complex, the lower crust and
the mantle, such a model seems quite plausible, yet
remains hypothetical. Moreover, differences in the
mantle heat flows in the two separate parts of the ac-
cretionary complex give evidence in favor of the eclo-
gitic model of the lower crust of the Svecofennian Oro-
gen.

Thus, the complex geophysical 3D model discussed
in this paper allows us to suggest that transformation
of the volcanic and sedimentary rocks of the lower part
of the accretionary complex into eclogites have taken



place in the recent or relatively recent past. In terms of
this interpretation, the upper part of the nonuniformly
eclogitized rock sequence is represented by acoustical-
ly translucent high-velocity and high-density rocks that
are regarded as the lower crust, whereas its denser
bottom part of the lower crust with predominant eclo-
gite-facies rocks is pertaining to the mantle.

Taking into account the technique of model calcula-
tions, it can be assumed that variations in temperature
at the level of the velocity-density Moho discontinuity
are directly dependent on variations in heat flow from
the underlying mantle. With account of specific fea-
tures of the geological history of the region, it can be
suggested that the mantle underlying the Karelian
Craton beyond the boundary zone with the Svecofenni-
an Orogen had originated during growth of the conti-
nental «nucleus». It was transformed by subduction
3.0-2.8 Ga ago (which has not been reliably character-
ized yet), modified by high-temperature mantle plumes
about 2.7 Ga ago and minimum twice (2.5-2.3 and 2.2-
1.8 Ga) in the Palaeoproterozoic.

The mantle underlying the Svecofennian Orogen and
its boundary zone with the Karelian Craton was formed
at the end of the Palaeoproterozoic during subduction
and accretion of island-arc complexes and rocks of
back-arc basins. It is evident that this mantle differs
from the mantle of the Karelian Craton. Judging by
the higher heat flow, the content of heat-generating
radioactive elements in the Svecofennian mantle is
higher than that in the mantle underlying the Karelian
Craton. It is noteworthy that the specific features of the
model provide for identification of local differences in
heat generation in various part of the Svecofennian
mantle.

9. CONCLUSION

The paper presents results of complex geophysical
3D modelling of the Earth's crust in the Karelian Craton
and adjacent regions in the southeastern Fennoscandi-
an Shield. The model is developed with the use of com-
plex inversion of the geophysical data based on the sto-
chastic description of interrelated physical properties
of the medium, including density, P-wave velocity and
heat generation. For the studied region, the model pro-
vides the most comprehensive characteristics of the
crust and the upper part of the lithospheric mantle for
the Archaean Karelian Craton and Late Palaeoprotero-
zoic Svecofennian Orogen.

The model analyses provide for transition from the
averaged characteristics of the temperature field at the
Moho that is variable in depth to the 3D representation
of temperature variations therein. This, in turn, allows
us to characterize regularities in temperature varia-
tions at the Moho, separately reconstruct the nature of
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the Moho for different tectonic units, estimate varia-
tions of the mantle heat flow, and consider geodynamic
and tectonic causes of the variations.

Based on results of our studies, we make a number
of important conclusions concerning both regional and
fundamental problems of deep structure of the Pre-
cambrian lithosphere:

(1) The seismic-geological models of the crust and
the upper mantle, which are based on the results of ge-
ological mapping and interpretation of the seismic re-
flection patterns, demonstrate associations of geologi-
cal bodies differing in morphology, such as inclined and
horizontal layers and tectonic sheets, as well as nearly
isometric bodies. The velocity and density models, that
are developed by methods of refraction seismic profil-
ing in combination with gravity measurements, de-
monstrate near-horizontal layering of the geological
medium, which formation is directly related to the re-
cent state of the crust, including distribution of lithos-
tatic loading, heat flow, tectonic stresses etc.

(2) Due to lithostatic loading through geological
time, rock density progressively increases with depth.
Rock density variability decreases with compaction. A
high level of rock compaction cannot be explained by
‘simple’ concepts of metamorphism and/or rock com-
paction, which are based on results of laboratory stud-
ies of samples and relevant computer models. This im-
plies the existence of additional vigorous mechanisms
providing for reversible alteration of rocks.

The detailed pattern of density layering indicates
displacements in the crust, which deform isodensity
surfaces, including the surface of the velocity-density
Moho discontinuity. Stepwise bends of the isodensity
surfaces are distinctly related to the previously formed
zones of tectonic deformations. These bends apparent-
ly arose after termination of lithostatic compaction of
rocks. The arrangement of dislocations shows that re-
laxation of recent stresses in the crust occurs as a re-
sult of remobilization of older tectonic zones.

(3) Considering the structural-geological and ther-
modynamic characteristics of the geological boundary
between the crust and the mantle and those of the
velocity-density Moho discontinuity at the base of the
Archaean Karelian Craton and the Palaeoproterozoic
accretionary complex of the Svecofennian Orogen, it is
revealed that such characteristics are variable, and
their spatial relationships differ significantly.

(3.1) The Archaean crust of the Karelian Craton is
underlain by the Palaeoproterozoic lower crustal com-
plex of the mantle-plume origin. This complex consists
of the Archaean and Palaeoproterozoic mafic intrusive
rocks and gabbroanorthosites metamorphosed in the
Palaeoproterozoic under granulite-facies conditions.
The reflectivity zone corresponding to this complex is
separated from the mantle by the near-horizontal flat
boundary that is distinctly expressed in the pattern of



V.N. Glaznev et al.: Complex geological-geophysical 3D model of the crust...

seismic reflections. By its position in the section, the
crust-mantle boundary is partly coincident with the
velocity-density Moho discontinuity; both boundaries
are morphologically similar. The depth of the crust-
mantle boundary along 4B seismic profile is 38-39 km
and varies elsewhere within a relatively narrow inter-
val (38-45 km). Temperatures at the Moho (370 °C and
410 °C at the depth of 38 km and 45 km, respectively)
are the lowest in the studied region.

(3.2) In the pattern of seismic reflections, the Late
Palaeoproterozoic accretionary complex of the Sveco-
fennian Orogen is separated from the mantle by a wide
translucent domain. According to its density of
3.0-3.24 g/cm3, this domain is regarded as the lower
crust, which is separated from the ensemble of inclined
tectonic sheets and, from below, from the mantle by the
diffuse transitional zone with serrate outlines. The ve-
locity-density Moho discontinuity is generally follow-
ing the morphology of the crust-mantle boundary in a
smoothed form.

(3.3) The well-known «Moho depression» corre-
sponds to the area of subsidence of the Svecofennian
accretionary complex in the boundary zone with the
Karelian Craton and further beneath its margin. In this
area, the accretionary complex comprises two packets
of tectonic sheets that are plunging to the east and di-
vided by the SE-trending transform strike-slip fault.
The width of the northern packet is 250 km; the width
of the southern packet exceeds 100 km. The depth of
the velocity-density Moho discontinuity varies from 45
to 60 km in the region of plunging of both packets. The
contours of plunging tectonic ensembles advance far to
the east relative to the boundary between Svecofennian
Orogen and Karelian Craton, and this fact is fully com-
pliant with the concept assuming subduction of the is-
land-arc, back-arc, and inter-arc basins of the Sveco-
fennian Orogen beneath the margin of the Karelian
Craton. In regard to evidences of Svecofennian subduc-
tion, both methods based on refraction and reflection
seismic profiling have given strikingly consistent
results.

(3.4) The complex geophysical model of the geologi-
cal medium reveals fine temperature distinctions for
the identified packets of tectonic sheets at the level of
the velocity-density Moho discontinuity. At a depth of
45 km, temperatures of 410 °C and 500 °C correspond
to the colder and warmer packets, respectively. At the
maximal depth for both packets, temperatures amount
to 600-630 °C. The relationships between temperature
and pressure at the Moho and the lack of eclogites
among deep xenoliths in the Late Neoproterozoic kim-
berlite pipes allow us to suggest a recent age of trans-
formation of volcanic-sedimentary rocks into eclogites
in the lower part of accretionary complex. The upper
part of the sequence of nonuniformly eclogitized rocks
can be regarded as the lower crust, whereas its denser

bottom part with predominant eclogite-facies rocks is
pertaining to the mantle.

Based on the complex geophysical simulation re-
sults and geological interpretation of the obtained 3D
model of the crust and the upper mantle in the south-
eastern Fennoscandian Shield, we arrive at conclusions
of the supraregional level:

- Near-horizontal density layering of the continental
crust is superposed on the older geological structure,
and the features of such layering are primarily
controlled by the recent and near-recent state of the
crust and may be disturbed by the youngest defor-
mations;

- Fine temperature variations at Moho discontinuity
are determined by local variations of heat generation in
the mantle, which, in turn, are related to local features
of its origin and transformation;

- Interpretations of the lower continental crust as a
«reflectivity zone» and as a layer of high density are not
completely equivalent. The lower crust occurs every-
where as the deepest and densest element of near-
horizontal density layering of the continental crust;
within its limits, the degree of compaction can cardinal-
ly differ from laboratory estimates based on relation-
ships between rock composition, density and velocity.
Conversely, the seismic image of the reflectivity zone is
related to quite definite geological phenomena, that are
more or less constrained in space, i.e. mainly to mag-
matic under- and intraplating under conditions of ex-
tensional rifting and ascent of mantle plumes, which
form the lower crust of granulite-basic type;

- Rocks of platform domains can be transformed in-
to eclogites at certain combinations of the crust thick-
ness and temperature regime at the level of Moho dis-
continuity. In this case, the crust-mantle boundary is
determined by quantitative proportions of rocks that
underwent eclogitization or remained unchanged with
corresponding shifts of density and velocity;

- A high level of rock compaction in the crust under
lithostatic loading cannot be explained in terms of
«simple» concepts of metamorphism and/or rock com-
paction, which are based on results of laboratory stud-
ies of samples and relevant computer models. This im-
plies the existence of very powerful additional mecha-
nisms providing for reversible alteration of rocks. Spe-
cial studies are needed to clarify their nature.
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CRYOGENESIS AND GEODYNAMICS OF ICING VALLEYS
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Abstract: Due to local groundwater seeping and freezing in layers that accumulate over each other and create large
ice clusters on the ground surface, specific conditions of energy and mass transfer are created in the atmosphere-soil-
lithosphere system. In winter, the vertical temperature distribution curve is significantly deformed due to heat emis-
sion from the water layer above the ice cover during its freezing, and a thermocline is thus formed. Deformation of the
temperature curve is gradually decreasing in size downward the profile and decays at the interface of frozen and thaw
rocks. Values and numbers of temperature deviations from a 'normal’ value depend on heat reserves of aufeis water
and the number of water seeps/discharges at a given location. The production of the thermocline alters freezing
conditions for underlying ground layers and changes the mechanism of ice saturation, thus leading to formation of
two-layer ice-ground complexes (IGC). IGCs are drastically different from cryogenic formations in the neighbouring
sections of the river valley. Based on genetic characteristics and the ratios of components in the surface and subsur-
face layers, seven types of aufeis IGCs are distinguished: massive-segregation, cement-basal, layered-segregation, ba-
sal-segregation, vacuum-filtration, pressure-injection, and fissure-vein. Annual processes of surface and subsurface icing
and ice ablation are accompanied by highly hazardous geodynamic phenomena, such as winter flooding, layered water
freezing, soil heaving/pingo, thermokarst and thermal erosion. Combined, these processes lead to rapid and often
incidental reconfigurations of the surface and subsurface runoff channels, abrupt uplifting and subsiding of the
ground surface, decompaction and 'shaking-up' of seasonally freezing/thawing rocks, thereby producing exceptional-
ly unfavourable conditions for construction and operation of engineering structures.

Formation and development of river networks are heavily influenced by aufeis deposits and processes taking
place at the aufeis surfaces, especially in areas of discontinuous and continuous permafrost where an average thick-
ness of the ice cover on rivers ranges from 1.0 to 2.5 m, and the major part of the ice cover is accumulated layer by
layer due to freezing of discharged groundwater. In the permafrost zone, the intensity of cryogenic channelling is
clearly cyclical, and the cycles depend on accumulation of aufeis ice above the river level during the autumn low-water
period. Five stages of cryogenic channelling are distinguished: I - pre-glacial development, II - transgression, III -
stabilization, IV - regression, and V - post-glacial development. Each stage is characterised by a specific glaciohydro-
logical regime of runoff channels and their specific shapes, sizes and spatial patterns.

The channel network is subject to the maximum transformation in aufeis development stages Il and IV, when the
transit flow channel is split into several shallow-water branches, producing a complicated plan pattern of the terrain.
In the mature aufeis glades, there are sites undergoing various development stages, which gives evidence that aufeis
channelling is variable in a wide range in both space and time. With respect to sizes of aufeis glades, river flow capaci-
ties and geological, geomorphological, cryo-hydrogeological conditions, aufeis patterns of the channel network are
classified into five types as follows: fan-shaped, cone-shaped, treelike, reticular, and longitudinal-insular types. The
aufeis channel network is a reliable indicator of intensity of both recent and ancient geodynamic processes in the
cryolithozone.

In Siberia and the Far East, the aufeis deposits are much larger, more numerous and more important in terms of
morpholithology in comparison with the 'classical’' (sedimentary metamorphic) icing structures. The more contrasting
is the terrain, the more active are neotectonic movements, the lower is the mean annual air temperature, and the
higher is the annual percentage of the territory covered by aufeis ice. The aufeis ratio of the permafrost zone is deter-
mined from parameters of over 10000 ice fields and amounts to 0.66 % (50000 km2). In mountains and tablelands,
the total area of aufeis deposits amounts to 40000 km?, and the number of ice clusters (0.77 km? in average) exceeds
60000. On the rivers up to 500 km long, the aufeis size depends on the stream rank. In all the natural zones, the majo-
rity of gigantic aufeis spots produced by groundwater are located in river valleys of ranks 3 and 4. The square area of
aufeis deposits of mixed feed, i.e. produced by river water and groundwater, which occupy the entire river channel,
yet do not go beyond the floodplain, amounts to 68000 km?, i.e. by a factor of 1.7 larger than the area of all the aufeis
deposits (taryns). The cumulative channel-forming effect of aufeis phenomena is expressed by an increment in the
channel network relative to characteristics of the river segments located upstream and downstream of the aufeis
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glade. This indicator is well correlated with the aufeis ratios of the river basins, morphostructural and cryo-hydro-
meteorological conditions of the territory under study. The incremental length of the channel network, pn per one
groundwater aufeis deposit is increased, in average, from 3.5 km in mountains in the southern regions of East Siberia
to 23 km in the Verkhoyansk-Kolyma mountain system and Chukotka. The value of pn is decreased to 2.2 km in the
plains and intermountain depressions of the Baikal rift system where the average dimensions of the ice fields are
smaller. An average incremental length of the channel network per one large groundwater aufeis deposit amounts to
12.2 km, and the total incremental length in continuous and discontinuous permafrost areas (F=7.6 mln km?) is esti-
mated at 690000 km.

Combined impacts of aufeis and icing processes on underlying rocks and the channel network is a specific (aufeis)
form of cryogenic morpholithogenesis that is typical of regions with inclement climate and harsh environment. A
more detailed research of these processes is required, including large-scale aerospace surveys, monitoring and obser-
vations on special aufeis polygons.

Key words: cryogenic phenomena, subsurface ice, aufeis, icing, naled, aufeis processes, aufeis channeling, channel net-
works, cryogenic movement of soil, ground heaving, pingo, mound, thermokarst.
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KPUOTEHE3 U TEOJUHAMMKA HAJIEAHBIX YYACTKOB PEYHbBIX /10/IMH

B. P. AiekceeB

HHcmumym mep3saomosederust um. [LH. MeavHukosa CO PAH, Ikymck, Poccus
HHcmumym eeozpaguu um. B.b. Couaswvl CO PAH, Hpkymck, Poccusi

AHHOTanuA: JlokaJU30BaHHBIN BBIXOJ, 10J3€MHbBIX BOJ Ha INOBEPXHOCTH 3€MJIM, UX HaMOpa)XMBaHUe B BUJie KpyI-
HBIX JIeITHBIX MACCHBOB CO3JAI0T creljudrUIecKre YCJIOBHUs 3HEPro- 1 Maccoo6MeHa B cHCTeMe aTMocdepa — [T0YBa —
sutocdepa. 3UMMON KpUBasi BEPTUKAJbHOTO pacipesiesieHUs] TEMIIePATyp CYLeCTBEeHHO JehOpMUPYeTCs 3a CYET Bbl-
JleJIeHHsl TellJla HaJleZJHbIM CJI0OeM BOJbI NIPU €ro IpoMep3aHuH, IPHU ITOM 06pasyeTcsl CBOeOOPA3HBIA TEPMOKJIMH.
Jedopmanus TeMnepaTypHOH KPUBOH, OCTENEHHO YMeHbIIAsCh B pa3Mepax, CMellaeTCcsl BHU3 110 pa3pe3y U 3aTy-
XaeT Ha rpaHULle Mep3JIbIX U TaJbIX TOPHBIX MOPOJA. BeslMyrHaA ¥ KOJIMYECTBO OTKJIOHEHWH TeMIlepaTypbl OT «HOP-
MaJIbHOTO» TOJIOKEHHS 3aBUCAT OT TelJo3anaca HajaeJeo6pasyoliux BoJ U YKCIa U3JUSIHUN B 3aZJaHHON TO4YKe
npocTpaHCcTBa. [losiBeHWe TepMOK/IMHA U3MEHSIET YCJI0BUSI IPOMep3aHUsl MOJCTUIAIOLIMX TPYHTOB U MEXaHHU3M UX
JIbIOHACBIILEHUS], TPUBOAUT K GOPMUPOBAHUIO JBYXbSPYCHBIX JIeLOTpyHTOBbIX KoMIiekcoB (JITK), pesko oTinu-
HbIX OT KPUOTEHHBIX OTJIOXKEHUN CMEXHBIX YYaCTKOB J0JUHbL [10 reHeTUYeCKUM OCOGEHHOCTSIM U COOTHOLIEHUIO
COCTaBHBIX YacTell HA3eMHOI'0 U NOJ3EMHOI0 SIPYCOB ONMKUCAHO CeEMb TUNOB HaseAHbIX JITK - MaccuBHO-cerperanuoH-
HbIH, [1leMeHTHO-6a3a/IbHbI{, CJIOUCTO-CerperalioOHHbIN, 6a3abHO-CErperaluoHHbIN, BaKyyM-GUIbTPALMOHHBIHM, Ha-
MOPHO-UH'BEKLUOHHBIA U TPELUHHO-)KUIbHBIN. ExxerogHoe ¢opMupoBaHUe U pa3pylleHHe Hajleled U MOJ3eMHbIX
JIbJIOB COIIPOBOXKAAETCS Yepefoil 0c060 OmacHbIX reoJMHAMUYECKUX SIBJEHUM, Cpelu KOTOPBIX BeAyllee MeCTO 3a-
HUMAIOT 3MMHee 3aTOIJIEHUEe TEPPUTOPUM, HAMOPaXKMBaHUe BOJbl, My4YeHUE IPYHTOB, TEPMOKAPCT U TEPMO3PO3HUSl.
COBOKYIIHOCTb 3TUX NPOLIECCOB MPUBOJLUT K GbICTPOMY, YACTO HEOXUJAHHOMY NnepepOopMUPOBAHUIO KaHAJIOB IO-
BEPXHOCTHOI'0 U MOJ3€MHOT0 CTOKA, PE3KOMY MOJHSATUIO U ONYCKAHHUIO 3eMHOW MOBEPXHOCTH, Pa3yIJIOTHEHUIO U
«IepeTPSXUBAHUIO» CE30HHONPOTAUBAKIINX U CE30HHONIPOMEP3aloLIuX FOPHBIX OPOJ, YTO CO3JaeT KpaliHe HebJia-
TONPUSATHbIE YCJIOBUSA AJ1s1 CTPOUTENIbCTBA U 3KCIJIyaTallUM UHKEHEPHBIX COOPY>KEeHUH.

Hanenu v HaseslHble MpoOLECChl OKa3bIBAIOT BJIUsSHUE HA GOpPMUpOBAHUEe U pa3BUTHe pe4yHOoil ceTu. Haubosee
HMIMPOKO OHO MPOSIBJISIETCS B 06JIACTSAX MPEPHIBUCTOTO U CIJIOUTHOTO PacCHpPOCTPaHEeHUs] BEYHON MepP3JIOThI, Tlie Cpeji-
Hsisl TOJIIMHA JIbJIa Ha peKax KoJie6JieTcs B npejesnax 1.0-2.5 M, a 0CHOBHAsi 4acTh JieITHOT'O TOKPOBa GOpMUpyeTCs
3a CYeT HaMOPAKHUBAHHUS U3JIMBLIMXCS MOJ3EMHBIX BOJA. UHTEHCUBHOCTh KPHOI€HHOTO PycJI006pa3oBaHusl B KPUO-
JINTO30HE HOCUT SIPKO BbIPpQXKEHHBIN [[MK/JIMYHBIM XapaKTep, 3aBUCSLIUHN OT NpeBbIIIeHUs HaJlIeJHOTO JIbJia HaJl ype-
30M pPeKH B OCEHHIOI0 MexeHb. OnucaHbl NATh CTaAUN KPUOTeHHOTO pycjoreHesa: 1) npearjsuuaibHas, 2) TpaHC-
rpeccuBHas, 3) cTabuIM3alMoHHas, 4) perpeccMBHasi U 5) NOCTr/sILMaNbHast. Kol cTaauu cOOTBETCTBYET olpe-
JleJIeHHbIM IJIILMOTHUAPOJOTUYECKUHM PeXXUM KaHa/IoB CTOKa, UX $OopMa, pa3Mephl U MPOCTPAHCTBEHHOE paclpeje-
JIeHUe.

MaxkcuManbHasi TpaHCPOpMaLHs PYCA0BOH CeTH NPOUCXOAUT B TPEThIO U YETBEPTYIO CTAAMIO Pa3BUTUS Haslel-
HBIX JIOJIUH, KOT/J]a pycJI0O TPAaH3UTHOIO NMOTOKa pa36UBaeTCs Ha PsJl MeJKOBOJHbBIX PYKaBOB, CO3/IAIOIIHX CJ0XKHbBIN
MJIAHOBBIA PUCYHOK MeCTHOCTH. Ha 3pesibIX Hajle[HbIX MOJISIHAX BBIJEJASIOTCS yYaCTKH, HAXOJAsIMeCcs Ha pa3HbIX
CTa/IUsIX PAa3BUTHUS, YTO CBU/IETEJNbCTBYET O IIUPOKOM JMalla30HE U3MEHYMBOCTHU HaJIe[JHOTO pyc/oreHe3a B MpPo-
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CTPAaHCTBEe U BpeMeHHU. B 3aBUCUMOCTH OT pa3MepoB HajeZel, BOJHOCTU PEKHU, re0JIoro-reoMopdosoruieckux u
Mep3JIOTHO-TU/IPOTe0I0rHYeCKUX YCA0BUM BbIZieJIEHO NSATh BU/I0OB Hajlle[JHON CTPYKTYphbl pycJ0BOM ceTU: Beepooo6-
pasHasi, KOHyCOBU/JHAasl, PEBOBU/IHAs, ceTYaTasi U IPOJ0JIbHO-0CTPOBHAsl. HaseiHast pycyioBasi ceTb MOXKET CIYXKHUTh
Ha/leXKHbIM [TOKa3aTeJleM UHTEHCUBHOCTU re0JMHAaMUYECKUX NPOLEeCCOB B KPUOJIUTO30HE, KAK COBPEMEHHBIX, TaK U
JIpeBHUX.

[To Kos1M4yecTBy, pa3MepaM U MOPQOJUTOreHETUYECKOMY 3HaUeHU0 Haseau Cubupu u JlanbHero BocToka MHoO-
FOKPaTHO NPEBBIMAIT «KJaccuyeckyw» (ocajgouHo-MeTaMmopduyeckyw) popMy osiefleHeHUs. YeM KOHTpacTHee
pesnbed MECTHOCTH, aKTUBHEE HEOTEKTOHHWYECKHe JABIKEHUSl U HIKe CpeJlHeroZjoBasi TeMIlepaTypa BO3/yXa, TEM
Bblllle TPOLIEHT TEPPUTOPHUH, EXKETOHO 3aHUMAaEeMOMN HaJle[HbIM JbJloM. OTHOCUTe/IbHAsA HaJleJHOCTb KPUOJUTO30-
HBbI, Ollpe/ie/IeHHas ¢ yueToM napaMmeTpoB 6oJiee 10000 seasHbIx noJielt coctaBaseT 0.66 % (50000 km?). B ropax u
Ha IJIOCKOTOPbSIX CyMMapHas miouajps Hajxegeit paBHa 40000 kM2, a 4Mc10 JieAsIHbIX MAaCCUBOB CO CpeJiHeH MJIola-
ZAbto 0.770 kM2 npeBsiaet 60000. Ha pekax aauHo# g0 500 kM pa3Mepbl Hajle[leil 3aBUCSAT OT NMOpsiZiKa BOJOTOKOB.
Haubosibliee K0JIMYECTBO TUTAHTCKUX HaJle[lell MOJ3eMHBIX BOJ, BO BCEX MPUPOAHBIX 30HAX pacloJiaraeTcs B A0JIU-
Hax pek 3-4-ro nopsjka. [liowaap Hajleel cMeIaHHOr0 NUTaHUs (peuyHbIX U NOA3EMHBIX BOJ), 3aHUMAKOIIUX BCe
PYCJIO peKH, HO He BBIXOZSALINX 3a IPaHUIy 00bIYHOM MoiMEl, coctaBiaseT 68000 kM2 - B 1.7 pasa 6oJiblle, 4YeM Bce
HaJleU-TapbIHbL. KyMy/naTHBHBIN pycioobpa3yonuil 3¢deKT HaleJHbIX SIBJEHUH BbIpa)kaeTcs BeJIMYHHON NPUPO-
CTa PYCJIOBOX CETH 110 OTHOIIEHHUIO K y4aCTKaM peKH Bblllle U HWXKe HaJle[JHOH MOJISHbL. JTOT 0Ka3aTe/b HaX0AUTCS
B XOpOIlIell KOppeJSIMOHHON CBSI3U C HAJIEJHOCTBIO PeYHbIX 6acCeiHOB, MOPGOCTPYKTYPHBIMU U MepP3JI0THO-TUAPO-
reoJIOTMYeCKUMHU yCI0BUAMU TeppUTOpHUU. [IpupoCT pyci0Boi ceTH pn, NPUXOAALIMKCSA HA OJHY HaJlelb 10/|3€MHBIX
BOJ, B CpeZiHEM yBeJInduBaeTcs oT 3.5 kM B ropax tora Boctounoii Cubupu g0 23 kM B BepxosiHo-KosibIMckol ropHO#M
cTpaHe ¥ Ha YykoTke. Ha paBHMHAX U B npejiesiax MeXTrOPHBIX KOT/IOBUH balikanbCKoH puGTOBOHM CHCTEMBI BEJIUYH-
Ha pn CHWXaeTcA A0 2.2 KM, UTO CBfI3aHO C YMeHbIlIeHUeM CpeJIHUX pa3MepoB JieJsAHbIX Nosel. B cpegHeM npupocT
PYCJIOBO¥ ceTH Ha OJHy KPYIHYIO HaJle/lb TOA3eMHBIX BOJ, cocTaBJsieT 12.2 KM, a 061IMi MPHUPOCT B 06J1aCTH CIJIOLI-
HOU W MPePBhIBUCTON BeYHOH Mep3s0ThI (F=7.6 MuTH KM2) onleHHMBaeTcs B 690 ThIC. KM.

COBOKYNIHOCTb BO3/eHCTBUs HajleJlell U HaJleHbIX [IPOLEeCCOB Ha MO/ CTUJIAIOIINE TOPHbIe IOPO/Jbl U PYCJI0BYIO
ceTb ecTb ocobas (HaseznHas) dopMa KpHOreHHOro MOpQOJUTOreHe3a, XapaKTepHasl JJII PETHOHOB C CypPOBBIMH
NPUPOJHO-KJIMMAaTHUECKUMU yca0BUAMU. [anbHellee ee u3ydeHHe TPEOKeT KPYyMHOMACIITAOHBIX adpOKOCMUYe-
CKHX ChE€MOK Y PEXXMMHBIX HAaGJII0ZIeHUH Ha CHelMaJbHbIX HaJleJHbIX MOJUTOHAX.

Katouegoble ¢/108a: KpUOTEHHbIE SIBJIEHUS, OJ3EMHbIE JIb/bl, HAJIEM, HaJlelHble NPOLECCh], HaJIeJHbIH PyCJIOreHes,
pyc/i0Basi CEThb, KPUOTEHHOE JIBUXKEHHE TPYHTOB, 6Yrpbl My4YeH!s], TEPMOKApPCT.

1. INTRODUCTION

Generally, a large aufeis deposit (taryn) is clearly
visible in the terrain. In winter, even when frosts are
severe, the taryn is typically marked by 'streaming' at
groundwater seeping spots or evidenced by ice-cove-
red surfaces extending for many kilometres. In sum-
mer, remarkable features are fresh green meadows lo-
cated between sparkling white or emerald-green ice
slabs. The 'exotic' shapes, puzzles and conundrums of
aufeis deposits and ice-covered terrains have always
been attractive for scientists, fishermen and hunters, as
well as other nature enthusiasts. Only in the past 50-60
years, the secret of aufeis has been unveiled, and ex-
planations were found for a number of once mysterious
phenomena, such as as explosive failure of heaving
mounds, migration and decomposition of ice fields,
feed and persistent variability of aufeis-generating
sources etc.

Based on data collected in long-term studies, it is es-
tablished that groundwater aufeis is a specific indicator
of thermal conditions of the permafrost zone, as well as

a powerful factor controlling surface and underground
runoff and causing changes in the microclimate, land-
scape, composition and structure of loose sediments
and cryogenic terrains in general [Akerman, 1982; Alek-
seyev, 1968, 1997, 2005, 2013; Baranowski, 1982; Carey,
1973; Sloan et al, 1976; Clark, Lauriol, 1997; Deikin,
1985; Fotiev, 1964; French, 1976; Froehlich, Slupik, 1982;
Gorbunov, Ermolin, 1981; Harden et al., 1977; Heldmann
et al, 2005; Hu, Pollard, 1997; Kolosov, 1938; Olszewski,
1982; Pollard, Franch, 1983; Priesnitz, Schunke, 2002;
Romanovsky, 1972, 1973, 1974, 1993, 1997; Veillette,
Thomas, 1979; Yoshikawa et al, 2007]. However, many
aspects of aufeis and icing processes have still re-
mained outside the scope of studies: heat interaction
between ice clusters and underlying rock layers, speci-
fic features of underground icing, regularities of deve-
lopment of hazardous geodynamic phenomena, such as
soil heaving, thermal erosion, thermokarst, suffusion
etc. The information available from publications is
mainly based on visual observations during short-term
field studies; geocryological profiles, special maps and
instrumental measurement data are quite rare.
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2. REGIONS UNDER STUDY. INPUT DATA

This publications is based on data collected by the
author in long-term field studies in Yakutia, Trans-
baikalie, Pribaikalie and East Sayan mountains and sur-
face and aerial surveys of aufeis and icing processes on
the Charskie Peski and Eden polygons, as well as on
published data on other permafrost regions (Fig. 1),
including remote sounding materials and satellite data
available in Google.

The Charskie Peski polygon (15 km?) is located at
the elevation of 710-750 m in the central part of the
Upper Chara depression in the Stanovoe upland. Its
major area is occupied by the right-side floodplain of
the Middle Sakukan river, the wide boggy valley of the
Bolotny brook, which is neighbouring the floodplain at
the west, and valleys of the Kholodny and Alyonushka
brooks, both going across the mass of drift sands. In
this territory, the total thickness of the permafrost bed,
including sand, sandy clay, boulder-pebble deposits,
and peat, ranges from 300 to 350 m. It is cut by narrow
thawing lenses of complicated shapes and ascending
flows of artesian groundwater. In winter, the entire
polygon is covered by the aufeis deposit which thick-
ness ranges from 3.0 to 3.5 m. The soil under the ice
cover is penetrated by the network of recurrent-vein
ice, injected ice bands and lenses. Seasonal and peren-
nial heaving mounds, thermokarst holes and small
lakes are abundant. The snow cover is rarely thicker
than 15-20 cm. In these regions, natural icing and ver-
tical movement of the crust were studied from 1976 to
1980. The studies were combined with other geocryo-
logical, geographical and landscape surveys. For mo-
nitoring purposes, 330 reference points were estab-
lished along 54 profiles [Alekseyev, 2005]. Simultane-
ously with research on the polygon, studies of aufeis
and subsurface ice were conducted on routes in the
Lower Ingamakit, Cheena, Apsat, Middle and Upper Sa-
kukan river valleys and at the Chara river head.

The Eden polygon (1250 km?) is located at the bor-
der between Tofalaria and Tuva in the upper part of
the Uda river basin at elevations from 1300 to 2000 m.
It includes two basins of the Egegi and Eden rivers of
ranks 3 and 4 and a part of the sublatitudinal segment
of the Uda river valley of the glacial-tectonic origin. The
territory is characterized by the strongly dissected re-
lief, discontinuous and continuous permafrost (50 to
200 m thick), and irregular snow cover patterns (10 to
15 cm in the taiga belt; 50 to 80 cm in the sub-goltsy
and taiga belts). From 1983 to 1992, the dynamics of
cryogenic events was studied by methods of instru-
mental landscape profiling, field and remote mapping.
Glaciation, hydrogeological and meteorological condi-
tions were monitored at reference stations and points.
The landscape profiles were constructed across the
river/stream valleys at 0.1-0.5 km intervals. In total,

there were 142 landscape-glaciological profiles in the
river valleys (Uda - 21, Bolshoy Eden - 51, Maly Eden -
30, and Egegi - 40). Five temporary meteorological sta-
tions operated in the region under study. Aerial photos
and land survey data were consolidated in a database
for mapping, and 13 large-scale landscape-glaciological
maps covered sites located in the mountain-taiga belt
(9 maps), sub-goltsy (2 maps) and goltsy belts (2
maps) [Alekseyev, 2005].

3. SPECIFIC FEATURES OF SUBSURFACE ICING IN AUFEIS
SECTIONS OF RIVER VALLEYS

Aufeis and icing processes significantly affect the in-
tensity of seasonal freezing and thawing of rocks, ther-
mal modes and phase transitions of water in the soil lay-
ers. In some cases, subsurface icing may become more
active and result in larger reserves of subsurface ice, or
sometimes, the volume of subsurface ice may be re-
duced and its depths may be more shallow. On some
sites, ice masses are buried and classified as aufeis de-
posits or snow patches in terms of their origin and
viewed as subsurface ice with respect to their bedding
and positions relative to the day surface.

During formation of aufeis deposits, specific condi-
tions are created for subsurface icing, and such condi-
tions differ from those in the neighbouring areas of the
river valleys [Alekseyev, 1989, 2005; Boitsov, 1979;
Klimovsky, 1978; Koloskov, Koreisha, 1975; Romanovsky
et al, 1973, 1978; Shvetsov, Sedov, 1941]. In winter, the
vertical temperature distribution curve is significantly
disrupted due to heat emission from the water layer
above the ice cover during its freezing, and a thermo-
cline is thus formed (Fig. 2). Deformation of the tem-
perature curve is gradually decreasing in size down-
ward the profile and generally decays at the interface
of frozen and thawed rocks. Values of temperature de-
viations from a 'normal’ value depend on heat reser-
ves of aufeis water. The number of cases when a ther-
mocline is formed corresponds to the number of water
seep cases, which is reflected in the total number of pri-
mary aufeis layers at the given point of the profile.

Sometime after the occurrence of water above ice,
the frozen soil is partially thawing at the bottom due to
'sinking’ of the heat wave. As a result of the phase tran-
sition of water, vacuum at the bottom of the frozen lay-
er causes infiltration of ground water from the neigh-
bouring horizons and sidewise inflow. After the water
layer freezes above the ice, the temperature distribution
curve straightens, and the thermocline disappears. At
this time, a horizontal ice schlier is formed, and freezing
of the underlying wet rock mass is ongoing. Such cycles
of heterogeneous icing are repeated many times
(Fig. 2). Therefore, on the one side, the ice thickness on
the ground surface is increasing, and, on the other side,
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Fig. 1. The map showing surveyed locations and main observation points for studying aufeis phenomena in the territory of
Russia.

Territories covered by remote ground-based and routine surveys with catalogued data on aufeis deposits (the routine survey sites are
marked): 1 - Polar Ural [Oberman, 1985, 1989]; 2 - Putorana plateau [Alekseyev, Gienko, 2002]; 3 - Tikhon-Yuryakh and Anmangynda
aufeis polygons in the north-eastern regions of Russia [Alekseyev et al, 2012; Lebedev, 1969; Simakov, 1959, 1961; Sokolov, 1975; Tolstikhin,
1974]; 4 - Kookvyn aufeis polygon in North Chukotka [Alekseyev et al,, 2011]; 5 - Priokhotie [Shmatkov, Kozlov, 1994]; 6 - Samokit, Leglier,
Chulman, Lokuchakit, and Iengra aufeis polygons on the Aldan upland [Alekseyev, 1973, 1975, 2005; Topchiev, 1979; Topchiev, Gavrilov,
1981; Sokolov, 1975; Boitsov, 1979]; 7 - Lower Ingamakit, Charskie Peski, Middle Sakukan, Mururin, Chutkanda, and Shakhtaum aufeis
polygons in the Baikal-Amur Railroad zone [Alekseyev, 1975, 2005; Alekseyev, Kirichenko, 1997; Alekseyev, Furman, 1976; Deikin, Aba-
kumenko, 1986, Deikin, Markov, 1983, 1985; Catalogue..., 1980, 1981, 1982; Prokacheva et al, 1982; Shesternev, Verkhoturov, 2006]; 8 -
Ingoda aufeis polygon in Transbaikalie [Alekseyev, 1975; Shesternev, Verkhoturov, 2006; Chernyavskaya, 1973]; 9 - Tumusum, Khangarul,
and Dabady aufeis polygons in the south-western Pribaikalie [Alekseyev, 1976]; 10 - Blue Rock, Shamanka, and Eden aufeis polygons in
East Sayan [Alekseyev, 2005; Alekseyev, Kovalchuk, 2004; Kravchenko, 1985a]. Routine observations on polygons to study the dynamics of in-
dividual aufeis deposits: 11 - Aktru aufeis polygon in Altai [Revyakin, 1981]; 12 - 1likta [Berkin, 1964]; 13 - Polovinka [Kazakov, 1976]; 14
and 15 - Ulakhan Taryn, Bulus [Piguzova, Shepelev, 1972, 1975; Tolstikhin, 1974]; 16 - Kerak [Rumyantsev, 1964, 1991]; 17 - Kuldur [Che-
kotillo et al,, 1960]; 18 - Plastun [Tsvid, Khomichuk, 1981]; 19 - Southern mine [Tsvid, 1957].

Puc. 1. KapTa pacno/ioxeHus: CbeMOYHbIX PA60T U OCHOBHBIX MyHKTOB PEXUMHBIX HAa0J/II0/leHUH 3a AUHAMUKON HaJleHbIX ABJIEHHUH Ha
TeppuTopuu Poccun.

Teppumopus, é npedesax kKomopoti npogedeHbl HazeMHble OUCMAHYUOHHbLE U PEXCUMHbIE CBEMOYHbIE PAOOMbl, COCMAsAeHbl Kama/o2u Ha-
sedell (Mecma pexcumHbIX Haba00eHull 8bldeseHbl nyHcoHoMm): 1 - Tlonsapueiit Ypan [Oberman, 1985, 1989]; 2 - nnaro Ilytopana [Alek-
seyev, Gienko, 2002]; 3 - CeBepo-Boctok Poccum; HanenHble nonuronsl Tuxos-10psx, AuMaHreiHAa [Alekseyev et al, 2012; Lebedev, 1969;
Simakov, 1959, 1961; Sokolov, 1975; Tolstikhin, 1974]; 4 - CeBepHas YykoTka; HaJseqHbIH mosmroH KookBuiH [Alekseyev et al, 2011]; 5 -
[Ipuoxotwe [Shmatkov, Kozlov, 1994]; 6 - AnfaHckoe Haropbe; HaJeHble MoUroHsl Camokur, Jlernuep, Uynemas, JlokydakuT, UeHrpa
[Alekseyev, 1973, 1975, 2005; Topchiev, 1979; Topchiev, Gavrilov, 1981; Sokolov, 1975; Boitsov, 1979]; 7 - 3ona BAM; HaseAHble OJTUTOHBI
Hwxuauit Uaramakur, Yapckue [lecku, Cpeguuii Cakykal, MypypuH, Yutkanaa, axtaym [Alekseyev, 1975, 2005; Alekseyev, Kirichenko,
1997; Alekseyev, Furman, 1976; Deikin, Abakumenko, 1986; Deikin, Markov, 1983, 1985; Catalogue..., 1980, 1981, 1982; Prokacheva et al.,
1982; Shesternev, Verkhoturov, 2006]; 8 - 3a6aiikasbe; HaJseHbIN noauron Uuroxa [Alekseyev, 1975; Shesternev, Verkhoturov, 2006, Cher-
nyavskaya, 1973]; 9 - 0ro-3anagHoe [Ipubaiikaibe; HaseLHble nouronbl TymycyH, XanrapyJ, [labage! [Alekseyev, 1976]; 10 - Boctou-
Hble CasiHbl; HasleHble noaurodsl CuHui Kamens, lllamanka, daeH [Alekseyev, 2005; Alekseyev, Kovalchuk, 2004; Kravchenko, 1985a]. Pe-
JHCUMHbIE HAOAI0eHUSl HA NOU20HAX 3a OUHAMUKOU omdeabHblx Haaedeli: 11 — AnTtail; HaneAHbIH noaurod AKTpy [Revyakin, 1981); 12 -
Wnukra [Berkin, 1964]; 13 - IlonoBuHka [Kazakov, 1976]; 14, 15 - YnaxaH-TapsiH, Bynyc [Piguzova, Shepelev, 1972, 1975; Tolstikhin,
1974]; 16 - Kepak [Rumyantsev, 1964, 1991]; 17 - Kyabayp [Chekotillo et al, 1960]; 18 - [lnactyH [Tsvid, Khomichuk, 1981]; 19 - IOxHbI}
pyanuk [Tsvid, 1957].
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Fig. 2. Schemes of joint surface and subsurface icing.

Icing stages: I - freezing-through of the aufeis bed, and formation of the first aufeis-forming layer of water; Il - vacuum in the rock layer as
a result of partial thawing of ground ice, infiltration of water from below, and formation of the second aufeis-forming layer of water; III -
alignment of the temperature distribution curve, increment in the thickness of the ground-ice layer, and formation of the third aufeis-
forming layer of water; IV -melting of the ground ice from below, vacuum at its lower surface, another infiltration of water, and formation
of the next aufeis-forming layer. 1 - water; 2 - aufeis ice; 3 - frozen soil; 4 - thawed soil; 5 - ground ice; 6 - direction of cryogenic filtration
of groundwater; 7 - temperature distribution curve between aufeis formation periods; 8 - temperature distribution curve at the period of
formation and crystallization of the water layer on the ice.

Puc. 2. CxeMbl conpsixkeHHOTO GOPMUPOBAHUS HAJIeIU U [10[3€MHOTO JIbJIA.

Craauu Jibj006pa3oBaHu: | - IPOMOpa)KMBaHKe HaJIeZJHOTO JIoxka M GopMHUpOBaHME MePBOro HajleAeobpasyrouero caos BoAbl; I — 06-
pa3oBaHHe BaKyyMa B TOJILIE FOPHBIX MIOPO/J, B pe3yJibTaTe YaCTUYHOI'0 TasHUA MO/I3€MHOI0 JIb/Ia U MIO/ICOC BOABI CHU3Y; GOPMUPOBaHHE
BTOPOr0 Hajejeobpa3yrouiero ciosl BoAbl; /Il — BblpaBHHBaHHe KPUBOH pacnpejiesleHUs TeMIePaTypbl, IPUPOCT TOJIIHUHBI CJI05 MOJ-
3eMHOro Jib/a; GOPMUPOBAaHHE TPETbEro HajlefieoOpasyolero cjaos BoApl; [V - moATanBaHUe NMOA3E€MHOrO JibJa CHU3Yy, 06pa3oBaHMe
BaKyyMa y ero HWXHeH [TOBEPXHOCTH, HOBBIH N0OJCOC BOAbL, GOPMHUpOBaHHE OYEPESHOT0 HajleAeobpasyolero cjost. 1 - Boaa; 2 - Ha-
JleHbIN Jiesl; 3 — MeP3JbId IPYHT; 4 — Tasblil TPYHT; 5 - NOA3eMHBIH Jiel; 6 — HallpaBJeHUEe KPUOTEHHON PUIbTpaLUU OJ3EMHBIX BOJ;
7 - KpUBas pacnpejesieHus TeMIepaTypbl MeX/Ay NeproJaMU Hajleleo6pa3oBaHus; 8 - KpUBas pacupeieJieHUsl TEMIEPATypPbl B IEPUO/,

O6p330BaHl/lH " KpUCTAJJIM3ALUHU CJ10A BOAbI HA JIbAY.

the thickness of frozen soil with the clearly layered
cryogenic structure is also increasing.

Observations on the Charskie Peski polygon show
that ice schlier stacks are most often oriented parallel
to the icing surface and composed of pure transparent
ice of prismatical or granular structures [Alekseyev,
2007; Sannikov, 1988]. In the layers composed of sand
and sandy clay, the schlier thickness generally ranges
from 2 to 50 mm; the layers maintain the strike and are
limited by the plane surface of the host soil mass (Fig.
3, a). Distances between neighbouring ice inclusions can
range from a few millimetres to 8-10 cm. The thickness
of the soil layer between ice layers depends on the dura-
tion of the period of repeated icing: the longer is the
time from water discharge to complete crystallization
of the aufeis layer, the more lasting is freezing of the

underlying rocks and, correspondingly, the larger is the
distance between the ice schlieren. The regular pattern
is disturbed in soils of inhomogeneous composition, and
frequent squeeze-out and wedging of ice inclusions
result from irregular freezing of the soil layers as they
differ in thermal characteristics and moisture contents.
However, downward the profile, rhythmical icing pat-
terns are sustained and generally correspond to the
number of icing water outflow cycles. In analyses of
cryogenic permafrost, this indicator may serve as a
marker of potential development of aufeis.

Laminated cryogenic textures are lacking in clastic
rocks and well-washed boulder-gravel beds. In rocks
with a water-cut, which are not under pressure during
freezing, a basic cryogenic texture is formed, and the
'free’ space is completely occupied by ice. In such cases,
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particles are displaced in various directions, and cryo-
genic pressure forces the water flow into the neighbour-
ing soil sections. Stresses associated with water crystal-
lization are compensated by the pressure of aufeis ice
and lateral water outflow and thus do not cause any sig-
nificant deformation of the ground surface. The above-
described mechanism of subsurface icing is typical of

Fig. 3. Ice-ground complexes in the Charskie Peski aufeis polygon, the northern Transbaikalia.

a - Kholodny creek valley; b - Bolotny creek valley; ¢ - right-side bank of the Middle Sakukan river. 1 - groundwater aufeis deposit. Ice
types: 2 - injection ice, 3 - repeated-vein ice, 4 - fissure-vein ice, 5 - snow ice; 6 - water. Ground materials: 7 - seasonally thawing sand,
8 - perennially frozen sand, 9 - perennially frozen sandy loam, 10 - frozen peat, 11 - boulders and pebbles; 12 - air cavity in the ice

Puc. 3. JlenorpyHTOBble KOMILJIEKChI HAa HasieJHOM nosiuroHe Yapckue [lecku. CeBepHoe 3abalKasbe.

a - posinHa pyd. XoJoAHOTO; b — nosarHaA pyd. bosoTHOTO; ¢ - mpaBbii 6eper peku Cpeguuid CakykaH. 1 - Hase[lb MOJ3eMHbBIX BoA. Jlen:
2 - UH'beKLHOHHBIH, 3 - NOBTOPHO-)KUJIbHBIH, 4 — TPEIIMHHO-)KUJIbHBIH, 5 — CHEXXHBIN; 6 — BoAa. [pyHTHI: 7 - TeCOK Ce30HHONPOTANBAI0-
W, 8 - MecOK MHOTOJIETHEMEP3JIbIH, 9 — cynech MHOTroJieTHeMep3asi, 10 — Topd Mep3sbld, 11 - BaJlyHbI U rajibKa; 12 - Bo3AyIIHas M0-

open cryogenic systems. In our studies, we observed
such profiles in river valleys which water levels are
frost-dependent. It is revealed that the lower is the air
temperature, the higher is the water level in the open
part of the channel or in the ice hole, which gives evi-
dence of water squeezing out during freezing of the host
rocks.
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It is often observed that closed water-bearing sys-
tems are formed in the aufeis sections of the river val-
leys, and their formation is accompanied by injection
icing that leads to soil pulling apart and uplifting. The
mechanism of water injection in contact areas between
water-resistant beds is described in [Gasanov, 1966;
Klimovsky, 1978, Sannikov, 1988] and other publications.
It was discovered and proved by experiments in the Per-
mafrost Institute SB RAS [Feldman, 1988; Feldman,
Borozinets, 1983], as well as by results of theoretical stud-
ies by Ya.B. Gorelik and V.S. Kolunin in the Institute of the
Earth's Cryosphere [Gorelik, Kolunin, 2002]. Results of
out field studies show that the injection mechanism
causing accumulation of huge mass of ground ice is
most evident in conditions of aufeis formation, i.e. in a
specific thermal regime with a high moisture content of
the underlying rocks.

Injection ice layers start to form when the soil free-
zes to some depth in the neighbouring sections of the
river valley. During this period, an over-permafrost talik
(or unfrozen pocket) persists underneath the aufeis de-
posit due to high emission of latent heat. High pressures
occur when its top gets frozen in periods between
aufeis-formation cycles, and water is squeezed out
laterally due to cryogenic impacts. The pressure drops
down abruptly when the groundwater breaks out to
the surface or gets injected as an independent lense
between the thawing and frozen soil beds. In the latter
case, the top of the talik is uplifted to a height that is
sufficient to compensate the hydrostatic pressure. Fur-
ther freezing of the injected water may be partial or
complete. In case that the water lense is completely
frozen, the pressure (which was increasing before)
drops down abruptly after repeated water outflow in
subvertical fractures and fault zones, which is accom-
panied by active bubbling and emission of dissolved
air, followed by 'outburst' of actively growing ice
crystals.

This process is accompanied by vertical defor-
mations of the ground surface, which often remain un-
observable under the aufeis. In case of complete crys-
tallization of the injected water, the bottom of the fro-
zen water body is covered by frozen-up fine soil (with a
typical laminated cryogenic texture that has formed as
descried above), pebbles, boulders or coarse rocks (Fig.
3, b). By the next injections, this frozen soil is lifted up
together with this ice cap and then jammed inside the
ground ice bed.

In some cases, water is injected between the aufeis
deposit and its bed, and plants frozen in ice are thus
torn off. Generally, the injection ice volume increases
after outflow cycles followed by crystallization of
aufeis-generating water, as evidenced by numerous
tongues at the periphery of ice domes (see Fig. 3, b). In
parallel, healing of cracks and fractures with ice takes
place as lode ice and repeated-ice wedges are formed.

Ice infill of such types is specific as it is supplied by ei-
ther aufeis water (from above) or groundwater uplifted
by cryogenic pressure (from below).

It may be noted in puzzlement at the first glance
that rock layers, consistent in thickness and strike, and
rock lenses are present in the injection-ice mass. Fro-
zen rock xenolithes look like suspended in ice; they
have clear contacts with the host ice mass and, in some
cases, arranged in a kind of tiers and chains. Isolated
clusters of pebbles and large boulders are often found
inside the ice mass (Fig. 4). In records of such profiles,
researchers usually state that foreign inclusions were
formed by ingress of this material to the aufeis surface
and its subsequent burial due to layer-by-layer water
freezing. Such comments do not consider the absence
of lamination in ice and a possible injection origin of
the structure.

It is revealed that aufeis phenomena play a special
role in frost shattering of soil and development of vein
ice and recurrent-vein ice (see Fig. 3, ¢). Cryogenic frac-
turing of frozen rocks is known to occur at high tem-
perature and humidity gradients - the lower is the tem-
perature of the ground surface and the higher is its
moisture/ice content, the smaller polygons are gener-
ated due to stresses. In the cryogenic fractures, ice is
usually formed during the period of snow melting or
spring flood. The development of fissure-vein ice is sig-
nificantly impacted by aufeis processes. Firstly, in win-
ter, due to discharge of aufeis-generating water, frost
shattering of rocks in floodplains and terraces may not
take place at all or may be substantially transformed. If
aufeis processes start in autumn and continue without
any interruption until spring, groundwater icing occurs
in the vacuum-filtration mode, i.e. polygons are not
formed. If icing takes place from the second half of win-
ter, thermal stresses in soil lead to fracturing of the fro-
zen ground, and polygons are weakly manifested.

Secondly, recurrent-vein ice is formed in the aufeis
sections of the river valleys due to discharged ground-
water, rather than melted snow. In such cases, for-
mation of ice wedges is deferred by 2-3 months, i.e. to
the middle of the cold season. Thirdly, as the aufeis
mass covers the polygons, their development in the
warm season is transformed; in particular, the depth of
seasonal thawing is reduced, the intensity and compo-
sition of thermal erosion and thermokarst are altered,
and rock heaving is obscured.

Aufeis phenomena play a special role in the head-on
growth of recurrent-vein ice. There are two possible
scenarios of icing. If aufeis water fills in a cavity above
the ice vein in the incompletely frozen seasonally mel-
ting layer, crystallization of aufeis-generating water is
accompanied by wedging of the host rock and for-
mation of a series of conjugated ice schlieren that are
thinning out with the increasing distance from the
frost-shattered fracture. The ice mass is thus a natural
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Fig. 4. Boulders and rock fragments in the vacuum-filtration ice layer.

a - on the aufeis glade in the Suntar river valley, Yakutia (photo by S. Karpukhin); b - on the aufeis glade in the Aunakit river valley, Patom

plateau. The dashed line shows the lower boundary of the aufeis ice.

Puc. 4. BasiyHbl ¥ 06JI0MKHU TOPHBIX IIOPO/J] B TOJILE BaKYyyM-OUAbTPALUOHHOTO JIb/A.

a - Ha HaJleJHOH noJisgHe B fosauHe peku CyHTap, fAkyTtus (¢poto C. Kapnyxuna); b - Ha HasJleJHOH NoOJIsIHE B 0JIMHEe peku AyHakwuT, [la-
TOMCKOe Haropbe. [[yHKTUpOM NoKa3aHa HIWKHsIsI TPAHULIA HaJIeJHOTO JIbJA.

extension of the ice vein. It is typically characterized by
a pronounced subhorizontal lamination that is compli-
cated by subsequent frost shattering as ice occupies the
cavity and gets fractured inside it.

If the cavity is located underneath the ice mass and
filled in after the frozen seasonally thawing soil links
with permafrost, water freezing takes place in a con-
fined space. In this scenario, radially oriented crystals
are formed, and gas bubbles are distributed concentri-

cally. In the central part of such ice mass, the mineral
content is increased due to sequential freezing of dis-
solved salts.

In both scenarios, the build-up ice cap is often split
by frost shattering and thus acquires a complicated tex-
ture. Under a corresponding regime of sedimentation,
such processes seems to account for the major increase
of the considered ice deposits. Sites with recurrent-
vein ice of the similar origin are typically abundant at
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Fig. 5. Types of aufeis ice-ground complexes (1GC).
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I - massive-segregation; /I - cement-basal; /II - layered-segregation; IV - basal-segregation; V - vacuum-filtration; VI - pressure-injection;
VII - fissure-vein. 1 - aufeis deposit with intercalations of snow ice and snow; 2 - seasonally thawing layer of rocks; 3 - perennially frozen
rocks; 4 - thawed and unfrozen ground materials; 5 - ground ice; 6 - boulders and pebbles.

Puc. 5. Tunbl HaJieJHbIX JIbJOTPYHTOBbBIX KOMIIJIEKCOB.

I - MaccuBHO-cerperanMoHHbIH; I - eMeHTHO-6a3a/1bHbIY; [l - cIouCcTO-cerperaoHHbI; [V — 6a3anbHO-cerperallMoHHbIN; V - BakyyM-
$unbTpayoHHbIN; VI - HAMOPHO-UHBEKIMOHHBIH; VII - TpelMHHO-)KUIbHBIN. 1 — HaJleb C IPOCI0SIMU CHEXKHOTO JIbJIa U CHEra; 2 — CE30H-
HONPOTAUBAIOIINUH CJIOM TOPHBIX TOPOJ; 3 — MHOTOJIeTHEMep3Jible TOPHbIe OPOAbI; 4 — Tajible M HeMep3Jible TPYHTHI; 5 — N0J3eMHbIN J1ef; 6

— BaJIyHbI U raJIbKa.

the periphery of flat aufeis glades composed by fine
sediments, as well as in river terraces formed from be-
low the floodplain regime level. The Middle Sakukan
river valley in the Upper Chara basin can be viewed as
an example of such environment. Its recurrent-vein ice
mass (see Fig. 3, ) is classified as polygenetic. The bot-
tom ice was formed epigenetically prior to aufeis depos-
iting, while the top ice is of the syngenetic origin and
accumulated during the long-term development of
aufeis. It is most probable that 'purely’ syngenetic ice
veins may form in the lower parts of aufeis glades
wherein accumulation of solid material usually prevails
over its removal.

4. TYPES OF AUFEIS ICE-GROUND COMPLEXES

As described above, a complex two-tiered system
containing paragenetically related frozen soil and sur-
face ice is formed in aufeis areas of the permafrost
zone. Its top is composed of aufeis ice, frozen sleet and
snow, and its bottom contains ice-saturated rocks. The
structure of the cryogenic system depends on two ma-
jor processes, layer-by-layer water freezing on the
ground surface and crystallization of groundwater in
conditions of periodic variations of the heat flow densi-
ty. By the ratio of components in the surface and sub-

surface tiers, we distinguish a series of genetically ho-
mogeneous structures termed 'aufeis ice-ground com-
plexes' (IGC) that are significantly different from simi-
lar complexes located outside the aufeis glades. The
IGC structure, joined development and locations de-
termine geological engineering and landscape-geogra-
phical conditions that are of importance for develop-
ment of such territories.

Since the upper tier does not show any diversity of
its structure and consists of relatively homogeneous
layers of aufeis (rarely, river ice and snow), it can be
viewed as a single structural element of the system.
Therefore, specific stratigraphic features of the profile
are determined by the main types of subsurface icing
(segregation, basal-cement, vacuum-filtration, pressu-
re-injection, and fissure-vein). Together with surface
ice accumulation, these processes generate patterns
and cryogenic structures of the ice-ground complexes
(Fig. 5). We distinguish seven major types of such com-
plexes (see their descriptions below). IGC-I and IGC-II
are typical of the open-system conditions when ground-
water is crystallized without cryogenic head and with-
out significant deformation of the host rocks. Other
types result from freezing of closed water-bearing struc-
tures that are subject to high pressures during water
transformation to ice. Under pressure, mineral soil par-
ticles are relocated, and the top layer of the ground sur-



face is uplifted and subject to considerable deformation.
The IGC characteristics described below are based on
the data collected during our field observations on the
aufeis polygons.

IGC-1. Massive-segregation type. The top tier con-
sists of two layers composed of aufeis ice and crystalline
river ice mixed with frozen slush; its thickness ranges
from 1.0 to 1.5 m. The bottom tier is formed in the
middle or second half of winter and contains muddy,
sand-and-gravel or pebble sediments with small, evenly
spaced ice lenses or ice pockets; its thickness ranges
from 0.2 to 0.8 m. The cryogenic texture of soil is mainly
of massive lensoid type. The contact with the underlying
non-frozen rocks is smooth. In spring, the water level is
significantly below the bottom of the frozen layer. IGC-I
is observed on floodplains and under the beds of freez-
ing water flows in areas of over-permafrost and inter-
permafrost taliks that get dry in winter. No visible
movements of the ground or overlying ice layers are ob-
served in such areas.

IGC-II. Cement-basal type. The upper tier consists of
two or three layers composed of snow ice or crystalline
river ice covered by river-water or groundwater aufeis;
its thickness ranges from 1.0 to 2.0 m. The lower tier
contains well-washed boulders and pebbles, and gaps
between them are completely filled with ice; its thick-
ness amounts to 1.0 m. The basal cryogenic texture
forms in the second half of winter after freezing of the
surface water flow in conditions of high water-cut of the
channel alluvium. Such conditions are characteristic of
river sections with 'diving' runoff (water appears and
disappears through the channel length). In dry riverbed
sediments, icing takes place in the middle or late winter
due to ingress of aufeis water. In both cases, crystalliza-
tion of water in cavities is accompanied by rock cemen-
ting/hardening with slight shifting of rock components
relative to each another, but does not lead to uplifting of
the top layer with frozen-up snow and ice.

IGC-III. Layered-segregation type. The upper tier
(up to 2.5 m thick) consists of one or two layers com-
posed of aufeis ice or aufeis plus snow ice. The lower tier
is a seasonally thawing icy layer composed of fine rocks,
such as sand, loamy soil, sandy clay or clay, underlain by
permafrost. IGC-III is observed in peripheral areas of
sodded aufeis glades in development stages I and IV.
Three scenarios of freezing in the closed water-bearing
system are revealed: (1) freezing of the layer starts be-
fore the beginning of aufeis formation, i.e. in November
and December, and continues underneath the icing co-
ver until its complete linkage with the permafrost base;
(2) the soil freezes during layer-by-layer water freezing
on the ground surface in between water discharge
cycles; (3) the moist over-permafrost layer freezes after
the decay of aufeis processes and stabilization of sub-
zero temperatures throughout the profile. Layers of seg-
regation ice (3 to 5 cm thick) are formed parallel to the
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freezing front in the bottom part of the horizon in the
first case, across the entire freezing bed in the second
case, and under the aufeis in the contact layer in the
third case. Cryogenic ground segregation is accompa-
nied by uplifting of the ground surface together with the
overlaying aufeis ice by 10 to 30 cm, depending on the
thickness of the seasonally thawing layer and its pre-
winter moisture content.

IGC-1V. Basal-segregation type. The top single-layer
tier (up to 3 m thick) consists of aufeis ice. In the bottom
tier (0.5 to 1.0 m thick), boulders and large pebbles are
suspended in transparent massive ice. Unfrozen water-
bearing sediments are located below, overlaying the
permafrost base or base rocks. When freezing, ground-
water accumulates pressure and often gushes or pene-
trates into the contact zone between the ground surface
and the aufeis deposit to form lenses and layers of clear
blueish ice. Water transformation to ice is accompanied
by ubiquitous relocation of boulders and pebbles rela-
tive to each other, and the frost-bound cap together with
aufeis slabs is uplifted to a height of 0.5 to 1.2 m. In some
locations, inside the sediment beds, there are horizontal-
ly consistent layers and lenses of injection ice (0.5 to 0.8
m thick) of the prismatic vertically oriented structure.
IGC-1V formation lasts through the entire cold period of
the year. It is abundant on beds of small rivers and
streams that get dry by the beginning of winter. On ma-
ture aufeis glades, it can occupy dozens and hundreds
of thousand square metres, while annual volumes of
ground ice and magnitudes of ground movements due
to hydrothermal factors may vary tremendously from
year to year (Fig. 6). In summer, the lower tier of IGC-IV
is often mistakenly viewed as an aufeis deposit that was
'dirtied’ by the boulder-pebble material.

IGC-V. Vacuum-filtration type. The top single-layer
tier (up to 2.5 m thick) consists of aufeis ice. The bottom
tier (0.3 to 1.8 m thick) contains gruss, sand and loamy
soil mixed with small pebbles at some locations. Across
the profile, there are layers of pure transparent ice (10
to 50 cm thick), going parallel to each other and separa-
ted by layers of jammed-in fine sediments with the len-
ticular cryogenic texture. At the periphery, ground ice
layers are gradually tapering or split into branches
looking like different-sized 'teeth' penetrating into the
host rock. A gravity-feed water-bearing bed is located
underneath the ground ice bed. No underlying perma-
frost has been revealed. In some outcrops, however, we
observed fragments of ice-ground structures that are
clearly of the vacuum-filtration genesis, yet might have
been stored for more than one season. Transition of in-
jection ice to permafrost might have resulted from re-
deposition of sediments or storage of aufeis ice through
the entire warm period of the year (during formation of
the permanent snow patch). IGC-V is observed in out-
wash plain areas, that are devoid of vegetation, with
dense networks of shallow multi-channel streams, as
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Fig. 6. The channel network on the aufeis glade and cryogenic movements of ground during formation of the gigantic Muru-
rin aufeis deposit in the northern Transbaikalia.

a - channel network at the period of incomplete destruction of aufeis; b - situation according to observation data for the winter
1977-1978 [Kolotaev, 1980]; c - situation according to observation data for winter in 1978-1979 and summer 1980 [Deikin, 1985]. 1 -
zone wherein the surface of the aufeis bed is subsided; 2 - zone wherein the rock surface is uplifted; 3 - isolines of higher elevation of the
ground surface, m; 4 - zone of development of water-ice ridges; 5 - aufeis mound; 6 - measuring poles; 7 - zone of active water exchange
and intensive uplifting of ground materials during formation of the injection-ice layer (0.73 m thick); 8 - zone of moderate water exchange
and moderate uplifting of the ground surface during formation of the injection-ice layer (0.45 m thick in average); 9 - zone of weak injec-
tion icing or its absence; 10 and 11 - pits and profiles in areas of naturally outcropped injection-ice layers in 1979 (10) and in 1980 (11);
12 - pits and profiles in the ice-containing alluvium layer.

Puc. 6. PycsioBas ceTb Ha HaJle[[HOU MOJIsIHE U KPUOTEHHOE JIBIDKEHHE TPYHTOB B Npolecce GOpMUPOBAHUS I'MTAaHTCKON
MypypHHCKOH Hasiey Ha ceBepe 3abalKabs.

a - pycyioBasi ceTb B IEpHOJ, HEMOJHOTO pa3pylleHus Haleaw; b — cuTyanus no JaHHBIM HabuogeHun [Kolotaev, 1980] B 3umy 1977-
1978 rr.; ¢ - cuTyanus no AaHHBIM HaboneHuH [Deikin, 1985] B 3umy 1978-1979 rr. nsietom 1980 r. 1 - 30Ha MOHWKEHUS TOBEPXHOCTH
HaJIeJHOT'O JIOKa; 2 — 30Ha NOBBILIEHHUS IOBEPXHOCTH TOPHBIX NOPOJ; 3 — U30JIMHUM NOBBILIEHHUA IOBEPXHOCTHU TPYHTOB, M; 4 — 30Ha pas-
BUTHsI BOJHO-JIEAHBIX IPsAJ; 5 — HaJleJHBIA Oyrop NMy4YeHus; 6 — U3MepUTeIbHbIE BEXH; 7 — 30Ha aKTUBHOTO BOJJ0OGMEeHa U UHTEHCHBHO-
ro NOJHATHS TPYHTOB NPU GOPMHUPOBAHUM HHBEKIMOHHBIX JIbJIOB cpefiHed MouHOCThI0 0.73 M; 8 - 30Ha yMepeHHOro BoJ000MeHa 1
YMEPEHHOTO MOJHSATHUS MOBEPXHOCTH 3eMJIM TPU GOPMUPOBAHUU U UHBEKIIMOHHBIX JIbJIOB cpeHel TomuHol 0.45 M; 9 - 30Ha ciaboro
Pa3BUTUS UHBEKIUOHHBIX JIbJIOB UM UX OTCyTCTBUS; 10-12 - mypdsl U pa3pessl, npoigeHnHble B 1979 r. (10), Ha yyacTKax eCTeCTBEH-
HOTr'0 06HAXKEHUS1 MHBEKIUOHHBIX JibZ0B B 1980 r. (11) U B ToJILE JIbJ0COePKALUX A/JIFOBUAIbHBIX OTJI0KeHUH (12).

well as in some suffosion-erosional valleys near per-
manent groundwater sources (Fig. 6).

IGS-VI. Pressure-injection type. The top tier (0.5
to 1.5 m thick) consists of aufeis ice. The bottom tier
(0.5-1.2 m thick) contains loamy soil, sandy loam, sand,
gruss, pebbles, large boulders or peat, i.e. rocks that dif-
fer in size of particles. In the profile, a plano-convex or
biconvex lens of pure ice is always present; the lens con-
tains torn-off trunks of shrubs, tree roots, grass, moss
and pieces of rocks from the underlying layers. Ice
domes as well as overlying ground are broken by gaping
fractures; radially tilted trees are observed on slopes of
heaving mounds, and there are air pockets and small
lakes inside the mounds. No information is available on

configurations of the channels through which hydraulic-
head groundwater is transported to the ground surface
to form a ground ice lens and to cause uplifting of the
ice-ground mass. Such channels may be represented by
narrow talik fissures or oval 'tubes’, judging by the fact
that ISC-1V is observed in linear zones of tectonic faults,
beds of small rivers and streams and local over-
permafrost water discharge foci, all being clearly mani-
fested in the terrain. In winter, the water discharge
channels are blocked by ice and soil 'plugs'. Such plugs
are periodically destroyed (sometimes with an outburst)
under the pressure of ascending flows [Petrov, 1930;
Podyakonov, 1903], and the ground surface bends down
to acquire a parabolic profile. During freezing of closed
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T able 1.Annual vertical ground movement amplitudes in aufeis sections of river valleys, according to observations
on the Charskie Peski and Eden polygons (per 1 m profile), cm

Ta6auima 1. AMIUIMTY/Ja €3KEroAHOT0 BePTUKAIbHOI0 ABHKEHHUsI TPYHTOB HAa HaJIeJHBIX YYaCTKaX PEYHBIX JOJIUH
1o JaHHLIM HaGJII0AeHUIi Ha moTMroHax Yapckue necku U JjeH (B nepecyere Ha 1 M pa3pesa), cM

Development stages of aufeis sections

Types of aufeis ice-ground

of river valleys* complexes
IGC-1 IGC-1I IGC-III IGC-1V IGC-V IGC-VI IGC-VII
I Periglacial development 5-10 10-20 10-20
I Transgression 10-20 20-30 20-30 40-50 50-100 100-500 20-40
[II  Stabilization 10-20 20-30 30-40 30-40 40-70 50-300 10-30
IV Regression 10-20 20-30 20-30 20-30 30-50 50-100 5-10
V  Postglacial development 5-10 10-20 10-20

N o t e. * - development stages are described below.

I puMedyaHHe. * — onmUcaHue CTH,ELI/Iﬁ Pa3BUTHUA CM. HUXKe.

cryogenic systems, pressures amount to dozens of thou-
sand bar. In the Egegi river valley in East Sayan moun-
tains, we recorded a case of a heaving mound located in
front of a rocky bench composed of the flat-lying Prote-
rozoic dolomite. In spring, the heaving mound was de-
stroyed, and the rock slabs were literally broken out of
the rock mass and set at an angle of about 40 degrees
against their former position.

IGC-VII. Fissure-vein type. The upper tier (0.5-
1.0 m thick) consisting of aufeis ice is underlain by fine
icy sediments with the massive lenticular cryogenic tex-
ture and wedge-like inclusions of vein ice and/or recur-
rent-vein ice. In the period from mid-late December un-
til the aufeis formation, the seasonally thawing layer of
the bottom tier (0.5 to 0.8 m thick) is saturated with
small lenses of randomly arranged segregated ice. In the
same period, soil and permafrost are subject to frost
shattering. In the second half of winter and in spring,
snow melting provides for infill of fractures and fissures
with ice. Depending on the composition and pre-winter
soil moisture content, the ground surface can be uplifted
to a height of 10 to 40 cm. IGC-VII is formed in condi-
tions of low snow and low air temperatures at the pe-
riphery of the icing glades.

5. CRYOGENIC MOVEMENTS OF GROUND IN AUFEIS GLADES

Cryogenic movements of freezing rocks are well
known [Rusanov, 1961] and described in many scien-
tific and technical reports related mainly to issues of
stability of buildings and facilities built on heaving
soils. However, cryogenic movements of ground in
aufeis glades have not been properly assessed yet. A
few articles [Alekseyev, 1989; Kravchenko, 1983, 1985b]
describe the dynamics of the ground surface under the
influence of aufeis processes, as evidenced by instru-
mental monitoring data. In other publications [Gasa-

nov, 1966; Gorbunov, Ermolin, 1981; Klimovsky, 1978;
Koreisha, 1969; Krendelev, 1983; Petrov, 1930; Sannikov,
1988], the information is mainly descriptive. Nonethe-
less, the available data (Table 1) are sufficient to at-
tempt at establishing regularities in annual morpho-
structural transformations of aufeis sections of the
river valleys.

The tabulated data suggest that mobility of the rocks
underlying the aufeis deposit depends on types of the
ice-ground complexes and development stages of the
aufeis sections of the river valleys. The aufeis bed is
uplifted due to formation of ground ice lenses and lay-
ers; it sinks down due to thawing of ice inclusions and
thermal settlement of the mineral sediment mass. At
the first and last stages of development of the aufeis
sections, the ground surface deformation does not ex-
ceed values of the cryogenic movements recorded out-
side the zone wherein the aufeis deposit was formed.
Moreover, deformation is reduced as the low floodplain
and channel deposits are blocked from freezing by the
aufeis-river ice cover. Neither soil heaving nor settle-
ment can be visually detected in such areas, firstly, be-
cause the depth of seasonal freezing under freezing wa-
ter streams seldom exceeds 0.2-0.5 m, and secondly,
traces of winter movements of the subglacial alluvium
are destroyed by spring-time ice drifting and erosion.
At other stages of transformation of the aufeis valley,
both positive and negative forms of the permafrost
terrain are abundant, and the ground surface uplif-
ting/sinking amplitude amounts to a maximum in the
most active stage of transgression due to well-mani-
fested processes of icing of the vacuum-filtration and
pressure-injection types.

The scale and intensity of ground movements in ma-
ture aufeis glades are shown in Fig. 7. Our observations
were conducted at the upper course of the Bolshoi
Eden river at the boundary of the forest belt and the
goltsy woodland (elevation 1800-1820 m). The aufeis
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Fig. 7. Variations in the ground surface elevation of the aufeis glade in the Bolshoi Eden river valley in East Sayan, according
to serial leveling data.

Heights above the reference points of observation (September 1986) with respect to the width of the aufeis section of the river valley, L:
top curve - aufeis bed in May 1987, bottom curve - ground surface in September 1987 (after melting of the ice cluster). Arrows show di-
rections of ground movements. Numbers correspond to absolute ground displacement values (cm) at the surface of the aufeis glade from
May to September 1987. Colour codes: red - areas of ground heaving producing stratal ice and ice lenses of the vacuum-filtration and
pressure types in winter in 1986-1987; grey - thermokarst and thermoerosion (below the zero line) and sediment redeposition and ac-
cumulation processes in conditions of injection-ice thawing in summer in 1987 (above the zero line). Positions of the profile: a - upper,
b - middle, c - lower part of the aufeis glade.

Puc. 7. U3MeHeHUe BbICOTHI 3eMHOM OBEPXHOCTU HaJleZJHOH MOJISHBI B loaiMHe peku bosbioit 3aeH (Boctounbie CastHbl)
10 JAHHBIM CEPUHHBIX HUBEJUPOBOK.

[IpeBbinIeHHEe h OTHOCUTEJIBHO OA3UCHBIX TOYEK HabJ0AeHUs (ceHTAOpb 1986 r.) Mo IWKpHHe HaJeQHOTO YYacTKa AOJIMHBI L: BepXHAs
KpHBasi — JIOXKe Haslein B Mae 1987 r., HIXKHsSI — TOBEPXHOCTb 3eMJIM B ceHTs16pe 1987 r. (rmocsie ctanBaHus JiefssHOro MaccuBa). CTpest-
KaMU I10Ka3aHo HalpaBJieHUe ABWKEHHUs IPYHTOB, [UdpaMu abcoII0THOe 3HaUeHHe BeJIMYMHBI CMellleHus (CM) TOBePXHOCTH HaJleJHOH
MOJISIHBI C Mas 10 ceHTA6pDb 1987 r. KpacHbIi nBeT HAeHTUPHUIMPYET NPOLecChl MyYeHUsI TPYHTOB C pOPMUPOBAHHEM IJIACTOBBIX U JIMH-
30BU/HBIX JIBJI0B BaKyyM-GUJIbTPALMOHHOTO U HAIOPHOTO MPOUCXOXKAeHHs B 3UuMy 1986-1987 rr., cepbli IIBeT HIDKe HYJIEBOH JIMHUU —
MPOIeCChl TEPMOKAPCTA U PO3UH, BbIlle HYJIEBOH JIMHUU — NMPOLECCHl NEPEOTI0KEHUS U aKKyMYJISIIIUM 0CAaJIKOB B YCJIOBHUSX BbITaUBa-
HUSI UHbEKIIMOHHBIX JIBJIOB B JieTHUH nepuoy 1987 r. [losioxkeHre npoduisi: a — BepxHss, b — cpefiHssA, C — HIKHSAS 4acCTb HaJleJHOH I10-
JISTHBL.

section (0.2 m? in total) is flat and gently sloping, com-
posed of sand and gravel with inclusions of large (up to
2.5 m in diameter) boulders and rock fragments that
had rolled down the steep slopes (almost 250 pieces).
In winter, the aufeis glade is covered with ice (1.5 to
2.0 m thick) that melts completely only in mid-August.

Injection ice beds are located at depths from 0.3 to 0.5
m from the ground surface or directly underneath the
aufeis deposit. The injection ice beds are consistent in
strike, 0.5 to 1.2 m thick and occupy the area practical-
ly within the limits of the aufeis glades. In this area, the
overlying soil is uplifted annually together with the
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aufeis deposit to a height of about 1.0 m. In spring, such
locations are marked on the ground surface by frac-
tured ice- or ice-ground mounds. It is noteworthy that
some of the boulders (about 40 %), lying on the gravel
base and scattered on the valley bottom, are frozen into
the laminated aufeis mass, while the boulders located
below the aufeis bed are enveloped by the near-contact
or underground-water injection ice of the columnar
structure. During the year, all the boulders, regardless
of their positions in the profile and their weights, are
displaced to distances of dozens centimetres in various
directions both vertically and horizontally (Fig. 8). The
movements are caused by cryogenic pressures of
groundwater and solids during thermokarst and ther-

Fig. 8. Hydrothermal movements of large boulders in the aufeis glade in the upper reach of the Bolshoi Eden river in East
Sayan according to serial leveling data for the period 1986-1989.

Horizontal (coloured lines) and vertical (numbers at reference points, cm) displacements of the reference marks: 1 - winter in
1986-1987; 2 - summer in 1987; 3 - winter in 1987-1988; 4 - summer in 1988; 5 - winter in 1988-1989; 6 - summer in 1989. Approxi-

Puc. 8. 'napoTtepMudeckoe ABHXKeHHE KPYNHBIX BaJyHOB Ha HaJle[JHON NOJIsTHe B BEPXOBbAX peku bospmon 31eH B Bo-
cToyHbIX CasiHax M0 JAaHHBIM CEpUMHBIX HUBeJIUPOBOK 1986-1989 rr.

CMeleHre MapKH 10 TOPU30HTAJIM (IIBETHBIE JIMHUH) U 110 BepTUKaIH (UdphI y ONOPHBIX TO4YeK, cM): 1 — 3uMa 1986-1987 rr.; 2 - neTo
1987 r.; 3 - 3uma 1987-1988 rr.; 4 - sieto 1988 r.; 5 - 3uma 1988-1989 rr.; 6 - sieto 1989 r. OpueHTHUPOBOYHBIN Bec BasyHOB: a - 0.5 T; b

mal erosion processes. Any potential impact of the hy-
drodynamic pressure of surface water is excluded be-
cause the water flow is small and spread throughout
the aufeis bed.

The dynamics of loose sediments in the aufeis val-
leys is specific - cryogenic movements take place in
different directions in cold seasons, i.e. soil is uplifted
together with ice in some locations, while in the other
places it is subsided. This phenomenon was first dis-
covered by hydrologists V.N. Kolotaev [Kolotaev, 1980]
and V.N. Deikin [Deikin, 1985] at the Mururino aufeis
deposit in the Upper Chara basin during the winter pe-
riod of 1977-1978 (see Fig. 6). The mechanism of this
process is not completely understood. It can be only
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assumed that the ground surface subsides in the aufeis-
formation zone in winter is due to redistribution of wa-
ter reserves and groundwater head in the cryodynamic
system as a result of its non-uniform freezing.

In the aufeis sections of the river valleys, local soil
heaving deserves special attention. This process leads
to formation of round-shaped or elongated mounds
(hydrolaccoliths) which height ranges from 3 to 4 m
(rarely 7 m), and the diameter is up to 150 m. In most
cases, the mound height/width ratio is 1/10. The
mounds can be annual or perennial, confined to areas
of concentrated discharge of groundwater under pres-
sure (around springs) or scattered at the periphery of
mature aufeis glades in a random pattern (Fig. 9).
Causes and mechanisms of their formation have not
been properly studied yet. It is assumed that the
mounds occur and grow due to cryogenic or hydraulic
pressure of water-bearing systems during freezing; any
details of this process are still unknown. As shown by
profiles of the mounds, the top soil layer (0.5 to 0.8 m
thick) is underlain by the ice dome (up to 1.5 m thick).
Underneath the ice dome, there is a layer of water that
is usually separated from the dome by an air bubble. A
completely frozen water core of the mound is generally
shaped as a plano-convex lens. Ground ice is transpar-
ent and latently laminated, with the hypidiomorphic-
granular structure; it contains elongated cylindrical air
bubbles that are oriented perpendicular to the freezing
front.

While growing, the mounds periodically burst and
let water and air gush out. The volume of water lenses
may amount to dozens of cubic metres. An interesting
case is a hydrolaccolith as big as a two-storey house (!)
at the edge of the Charskie Peski mass. Geologists
F.I. Anikeev and V.N. Samoylenko (Udokan Geological
Expedition) drilled a small tunnel shaft at its base and
let the water core discharge. Under the ice dome inside
the hydrolaccolith, they found a large cavity, 7 m high
and 28 m in diameter [Krendelev, 1983].

Generally, the ground-and-ice roof subsides after
water discharges, and fractures are closed and sealed
with frozen water. In winter, stress increasing/decrea-
sing cycles repeat many times until the water-bearing
system is completely frozen or until heat emission to-
wards the day surface ceases. Formation of mounds
starts in November and December and stops in spring
during snow melt.

Destruction of mounds often leads to formation of
roundish crater-like depressions framed by chaotically
heaped ground banks with inclusions of fragments of
ground, tree stems, shrubs and turf shred. The craters
may transform to small lakes and thus become perma-
nent ground water discharge sites. V.S. Preobrazhensky
described an ice grotto located near the Charskie Peski
mass, which replaced a partially destroyed hydrolacco-
lith, about 35 m in diameter and over 3.5 m high. At the

grotto bottom, there was a small lake (1.3+ m deep)
and a streamlet flowing out of the lake along a fracture
[Preobrazhensky, 1961].

Ablation of bedded ground ice may take place al-
ready during break-down of the aufeis deposit due to
thermal erosion, and eventually thermokarst caverns
(Fig. 10, a), furrows and ditches are formed in such lo-
cations. If the ground sinking areas are covered with
vegetation, the vegetation is completely extinguished.
In the postglacial development stage of the valley, it
takes many years for the vegetation to restore. Uneven
melt-out of ground ice often leads to formation of ei-
ther single-level ice-ground terraces (0.5 to 0.8 m high)
(Fig. 10, b) that are separated by shallow channels of
migrating flows, or a series of flat-topped torso moun-
tains underlain by injection-ice layers (Fig. 10, c). In
summer, mushroom-shaped ice pillars may be found in
the aufeis glades. A 'mushroom stalk' is made of mel-
ted-out ice, and a cap is either a piece of turfgrass with
live plants or a large fragment of rock (Fig. 10, d). Be-
sides, cones and chains can be formed, which interior is
composed of aufeis- or underground injection ice.

While repeated-vein ice is melting out in the aufeis
glades, deep ditches filled with water are first to form,
surrounded by blocks of ground with the veins. In
plan, such an area looks like a polygonal network with
small lakes in nodes. Upon drainage of the ditches,
permafrost soil rapidly degrades, and the aufeis bed is
converted into a system of low butte mounds-silt pin-
nacles that disappear soon due to thermal erosion ac-
tivity of melt-aufeis-water flows.

Thermokarst processes are weakly manifested
during melt-out of texture-forming ice. Thermokarst is
mainly observed at the periphery of aufeis glades on
sites where aufeis ice occurs only occasionally. Defor-
mation of the surface of the aufeis bed are less signifi-
cant on such sites. However, under certain conditions,
there is potential for development of hazardous phe-
nomena. In [Alekseyev, 1976], a case of the Tunka basin
located in the south-western part of Pribaikalie is de-
scribed. In May 1973, in the Tibelti river valley, aufeis
melt water penetrated underneath seasonally frozen
sand deposits. As a result, a large gulley was formed in
a few days. It was almost 250 m long, 10 to 15 m wide
and 2 m deep (Fig. 10, e). The suffusion-erosion pro-
cess was accompanied by typical subsidence fracturing
and mass collapse of frozen blocks and overlaying
aufeis-ice slabs.

6. AUFEIS IMPACT ON CHANNELLING

In the zone of continuous aufeis formation, pass-
through water channels are influenced by specific gla-
ciohydrological and cryo-geological phenomena, and
seasonality of channelling is evident.
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Fig. 9. Hydrothermal movements of ground materials in the aufeis valley of the Kholodny creek, Charskie Peski site in the
northern Transbaikalia.

1 - cluster of deflated sandy deposits; 2 - aufeis-free section of the valley wherein the annual ground surface uplifting amount to 10 cm;
3 - section of the valley that is annually covered by the aufeis ice layer (1.0-2.5 m thick) and subject to hydrothermal vertical movements
ranging from 01 to 0.3 m; 4 - section of the valley with vacuum-infiltration ice layers, wherein the amplitude of cryogenic movements of
ground materials range from 0.8 to 1.2 m; 5 - icing mounds (0.5-3.5 m high) with pressure-injection ice lenses; 6 - permanent sources of
subpermafrost groundwater; 7 - channel of the creek with thawed ground ice in the expanding sections. Photos: a - general view of the
estuarine part of the aufeis valley after aufeis ablation, September 1978; b - vacuum-infiltration ground complex in early July 1978; ¢ -
icing mound with the ice core - pressure-injection ice-ground complex, June 1977; d - air cavity in the decaying hydrolaccolith, July 1978.

Puc. 9. 'mgporepmudecKkoe JBUXXeHHe TPYHTOB B HaJIeJHOM JoJIMHe py4ybsa XoJsiogHoro. Ypouulne Yapckue [lecku Ha ceBe-
pe 3abaiikasibs.

1 - MaccuB pa3BeBaeMbIX NecYaHbIX OTJIOXKEHUM; 2 — 6e3Ha/elHbIM y4acTOK JOJHUHbBI C BeJIMYMHOM eXerofHoro NoAHATHUS 3eMHOH IT0-
BepXHOCTHU 0 10 cM; 3 — y4acCTOK J0JIMHBI, €XKeroJHO MOKpbIBaeMblil HaJleJHbIM JIbJJOM ToUHON 1.0-2.5 M, c aMIIUTY 10l TUADPOTEP-
MHYecKUx JBmxeHUH 0.1-0.3 M; 4 - y4acTOK JOJIMHBI € IJIaCTaMU BaKyyM-MHQUIbTPALMOHHOTO JIbJa C aMIJIMTYAONH KPUOT€HHOT0 JBU-
»keHust TpyHTOB 0.8-1.2 M; 5 - 6yrpbl nydyeHus BoicoToi 0.5-3.5 M ¢ JIMH3aMU HaNOPHO-UH'BEKLIMOHHOTO JIbJIa; 6 — IOCTOSIHHO JIeCTBY-
Iol1e UCTOYHUKHY OAMEeP3JI0THBIX N0J3€MHBIX BOJ; 7 — PYCJI0 Py4bsl C BbITasABIIKMM MOA3€MHbIM JIbJOM Ha y4yacTKax pacunpeHus. Po-
Torpaduu: a - 061NN BUJ YCTbeBOM YacTH HaJleJHOU JOJIMHBI NOC/Ie CTauBaHUsl Haje[u, CeHTA0pb 1978 r.; b - BakyyM-UHPUIbTpa-
LIMOHHBIN TPYHTOBBIN KOMIIJIEKC B Hauyasle U0/l 1978 r.; ¢ — 6yrop ny4eHus ¢ JieJJsSHbIM SIAPOM — HallOPHO-UHbEKIIMOHHBIH JIeJOTPYHTO-
BbII KOMILJIEKC, MIOHb 1977 T.; d - BO3AylIHAs TOJIOCTD B pa3pylialeMcsl TUAPOTAKKOIUTE, U0Jib 1978 T.

187
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Irkutsk-Mondy motor road.

In winter, water-carrying channels are influenced by
three specific events: (1) obstruction of the water
stream due to its freezing to complete cessation of the
flow; (2) hydrodynamic impact of additional water in-
flow (subaqueous discharge of groundwater, water re-
lease from reservoirs etc.); and (3) static pressure of
ice under external loads (snowfall, atmospheric pres-
sure jump etc.). In the autumn-winter period (typically
lasting for 2 or 3 months), nothing extraordinary hap-
pens - deformations develop under ice, and soils are
redeposited according to schemes that are well-known
and described in detail [Belokon’, 1950]. In some sec-
tions of the river, as the runoff is depleting, river-water

Fig. 10. Forms of cryogenic movements of ground materials in aufeis sections of river valleys.

a - thermokarst-induced subsidence of the roof of the injected ground-ice layer; b - thermoerosion terrace of the aufeis ice-ground com-
plex; sod-cover pieces are squeezed in between the aufeis- and injection-ice layers; ¢ - thermoerosion remnants in the place of the decay-
ing vacuum-filtration ice mass; d - the boulder raised to a height of 1.2 m by injection icing; e - suffusion-erosion caving at the

Puc. 10. q)OprI KPHUOT€HHOI'0 ABUKE€HHUSA 'PYHTOB HAa HaJIEAHBIX Y9aCTKaX pe9YHbIX JOJINH.

a - TepMOKapCTOBas 0Cajika KPOBJU UHBEKLHOHHOIO NMOA3EMHOrO JIbJja; b — TepPMO3PO3HOHHAsA Teppaca HajleJHOro JieJlorPYHTOBOrO
KOMIIJIEKCA; 3UMOM KYCKM JIePHHMHBI 3a)KaThl MeX/y C/J0SMH Ha/IeJHOTO U MH'BEKIMOHHOTO JIbJ]d; C — TEPMO3PO3HOHHbIE OCTAHIbI HA
MeCTe pa3pyLIaloLerocss MacCUBa BaKyyM-QUIbTPALMOHHOTO JbJa; d — BaJyH, TOJHATHIH Ha BbICOTY 1.2 M B pe3y/ibTaTe UHbEKLIHOHHO-
o JIb000pa3oBaHus; e — cydHO3MOHHO-3PO3MOHHBIN NIPOBaJ Yy aBTOMOGUIBHOM Aoporu UpKyTck-MoHABL.

ice is sagging or hanging over the water flow. In other
sections, river-water ice is covered by a thin river-
water aufeis deposit which boundaries are usually
above the autumnal low water level by a few dozen
centimetres.

In the winter-spring period (from December or Jan-
uary), channelling is completely finished, while a num-
ber of phenomena develop and later on play a domi-
nant role throughout the course of transformation of
the channel network. In this period, ice mounds are
formed in the riverbeds between frozen river bars (Fig.
11), and stagnant water is periodically discharged at
high pressure from the ice mounds. In small rivers



Fig. 11. Icing mounds in channels of icing rivers.

a - in winter (Oyumrak river in South Yakutia); b - in summer
(Middle Sakukan river in the northern Transbaikalia) (photo by
V.R. Alexeyev).

Puc. 11. JlegsaHble 6yrpbl MyYeHUs B pycJax HaJleJHbIX
pex.
a - 3umoit (peka Owompak B l0xkHo# fkyTun); b - seTom (peka

Cpepuuit CakykaH B CeBepHoM 3abaiikasbe) (poto B.P. Anekce-
eBa).

beds, ice mounds are up to 3 m high, and radial frac-
tures at their tops often follow each other for many
kilometres. Once the water stream is completely fro-
zen, the channel deposits are frozen up to the lower
surface of the ice cover and uplifted together with ice
during further freezing of the underflow, and a mound
containing ground and ice is thus formed. Water, mud,
large boulders and pebbles gush out of such a mound in
case of its explosive failure. The Russian historical re-
cords describe a fatality case when a group of people
and a caravan of horses were killed by explosive failure
of the ice mound on the Zeya river in the Amur region.
The only survivor was a little boy who had been
knocked up by the air blast wave onto a nearby larch
tree [Derpgolts, 1971]. Another example is explosive
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failure of a ground-aufeis mound on the Onon river val-
ley near the Amur-Yakutsk motor road in the spring of
1928. When the headwater cryogenic system exploded,
large lumps of soil and ice were blasted out. Almost 19
m long, 5 m wide and 32 m thick lumps destroyed a
motor-road bridge and, together with its debris, were
carried away by gushing water streams to a distance of
120 meters down the river valley [Petrov, 1930].

In winter, the aufeis sections of the river valleys be-
come an arena of intense ground movements through
virtually their entire widths, not only within the limits
of the freezing river beds. Under the aufeis deposits
(including those located in forests), injection-ice layers
and lenses (up to 1.0 m thick) are formed at depths
from 0.3 to 0.8 m; they often include numerous boul-
ders and pebbles. An area of their distribution can oc-
cupy from 10 to 80 % of mature aufeis glades. In the
areas where stratal ice is formed, the overlying soil to-
gether with the aufeis ice can be uplifted to a height
from 0.8 to 1.0 m, and, in case of a large local hydro-
dynamic pressure, by 4 to 5 m above its previous level.
It is noteworthy that such vertical movements occur at
some distance from the base of the mountain slopes
and terraces, and by the spring time, the surface of the
river valley's bottom acquires a pyramidal-convex
shape complicated by hummocks and chains of hy-
droloccaliths. Thus, by the start of snow melting, an
uplifted ice-ground plate (including icebound trees and
shrubs) is formed in the zone of active aufeis formation
in the river valley. Its thickness ranges from 1.5 to 3.5
m (up to 7-12 m in some locations). This ephemeral
cryogenic structure extends across the entire width of
the valley, blocks the way for flood waters (Fig. 12, a),
and thus becomes an important factor predetermining
further development of hydrological processes.

In spring, the river-water flow goes out of a narrow
valley into a broad aufeis field, flattens and loses its
speed, and its actual erosivity is vanishing. Gradually,
however, water digs up several channels in ice, the
channels quickly deepen, the flows cut through the ice
mass and split it into several large ice slabs (Fig. 12, b)
and begin to intensively erode the aufeis bed. The soil
is actively redeposited in both the areas of open water
flows and under the ice cover. At this time, subsurface
erosion can significantly exceed soil drifting in the up-
stream sections of the river valley. Locations of ice
channels tend to vary from year to year, and areas of
erosion processes are thus shifted relative to each
other. Therefore, the entire aufeis bed is subject to the
mechanical impact of water flows. As a result, alluvial
deposits are repeatedly mixed up, the soil-and-sod lay-
er is destroyed, roots of trees and shrubs are washed
out of the ground, the moss cover is torn off, the vege-
tation remain intact only in elevated parts of the ter-
rain, i.e. on small islands and chains of hills with steep-
ly-dipping, sloughing cliffs striking along the valley.
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Fig. 12. Conditions of channeling in valleys of icing rivers.

a - during spring snow-melt period, a gigantic groundwater
aufeis deposit in the Middle Sukakan river valley in the northern
Transbaikalia (photo by A. Lesnyansky); b - in early summer,
a gigantic aufeis deposit in the Bulkut river valley in the Verkh-
nekolymsky district of Yakutia (photo by A. Mekheda).

Puc. 12. YcinoBusi opMHUPOBaHUS PYCJIOBOU CETH B JI0JIU-
Hax HaJIe/IHbIX PeK.

a - B IEPUO/J, BECEHHETO CHErOTasiHUSA; TUTaHTCKasi Hajle/lb MOJA-
3eMHbIX BOJ, B fo/1MHe peku Cpeanuii CakykaH Ha ceBepe 3abaii-
Kasbsl (poTo A. JlecHssHCKOro); b - B HavaJle JieTa; TUTaHTCKas
HaJleAb B JoJMHe pekH ByskyT B BepxHeKoJIBIMCKOM paiioHe
Axytuu (doTo A. Mexezpr).

During the snow-melt period, the channels are often
blocked by ice masses, and river-water flows have to
go through V-shaped gaps along the contact of aufeis
deposits and beach scarps. Such gaps, looking like frac-
tures, occur between ice and ground due to solar ra-
diation absorption and gradually develop into deep
drainage channels. Generally, during torrential flood in
spring, the major portion of water is transported by
such channels. Water streams rapidly erode the river-
bank sediments, and suspended drift and debris are
delivered to the bottom of the aufeis glades, deposited

into the ice tunnels and/or thrown onto the ice surface.
Drift and debris may concentrate in large amounts on
the ice surface and bury the ice bed. Quite often, water
penetrates very quickly underneath the seasonally
frozen ground layer and begins to wash away the
underlying melt deposits, which causes catastrophical-
ly rapid retrogress of the river banks as the frozen
beds collapse and get destroyed by thermal erosion
(see Fig. 10, e).

In summer, dissected ice slabs and large ice masses
shield the area from solar radiation and precipitation,
hamper thawing of alluvial deposits, and control the
direction of water flows. The ice slabs are displaced
during rain floods, and ice drift may occur. The top and
side surfaces of the ice masses are subject to ablation;
the bottoms are destructed by abundant under-ice
flows of water. During the melt period, large portions
of the ice fields hang over their beds or lie on the
ground-ice pillars and ledges of frozen rocks, and the
ice cover has to bend, crack and collapse. Massive ice
collapse creates a sound like a gunshot heard at a dis-
tance of many kilometres. Falling roofs of the ice tun-
nels and subsiding and rolling ice slabs compact the
soil, press down the stems of plants, break up and flat-
tened tree stems and shrubs. During rain floods, aufeis-
ice slabs attached to the slopes are washed away and
collapse together with the living soil cover that was
frozen up to the sides and bottom of the ice slabs.

After retrogress of the aufeis-ice edge, ground ice
melting begins and initiates formation of thermokarst
caverns, furrows, ditches and/or series of single-level
thermal erosion terraces (0.5-0.8 m high) separated by
channels of migrating water streams. Melting of injec-
tion ice can create mushroom-shaped ice pillars - a
'mushroom stalk' is made of melted-out ice, and its
‘cap’ is a piece of turfgrass with live plants. In other
cases, broken rock heaps, esker-like cones, mounds and
chains are formed with interiors composed of none-
laminated transparent ice. Typically, they subside by
autumn, and the surface of the aufeis bed is levelled.
Destruction of the mounds result in creation of quite
specific thermokarst landforms. Melting of the mound
ice cores or roofs leads to formation of roundish crater-
like hollows framed by chaotically heaped ground with
inclusions of fragments of soil, turf shred, stems of
trees and shrubs (Fig. 13, a). Such craters may trans-
form to small lakes and thus become permanent
groundwater discharge sites. Springs flowing out of the
lakes create and shape longitudinal furrows/channels.

In mountain river valleys, dissected masses of bu-
ried aufeis deposits can be observed (Fig. 13, b). Aufeis
ice is buried due to ample deposition of suspended
drift during the spring floods, mudslides, landslides
and collapse of rocks from the adjacent slopes. When
the buried aufeis deposit is destructed, flat hills (up
to 1.5 m high) are formed, which change the direction



Fig. 13. Ground-ice outcrops on aufeis glades.

a - injection ice of a decayed mound in the north-western Yakutia
(photo by Yu.A. Murzin); b - buried aufeis deposit in the Algama
river valley in the southern Yakutia (photo by I. Karman).

Puc. 13. O6Ha)keHHUd NO/j3€MHbIX JIbJ0B Ha Ha/IeJHbIX I10-
JISTHaX.

a - UH'BEKIVOHHBIH Jies, pa3pylLleHHOro 6yrpa Mmy4eHHUs Ha ce-
Bepo-BocToke fkyTtuu (dporto 10.A. Myp3uHa); b - norpebeHHas
HaJsle[b B AjoyivHe peku Anrama B I0xHo# Axytun (dpoto U. Kap-
MaH).

of water flows. Dry channels filled with loose ground
can be observed around the hills in autumn.

While repeated-vein ice is melting out in the aufeis
glades, deep ditches filled with water are first to form,
surrounded by blocks of ground with the veins. In plan,
such sites look like a polygonal network. Gradually,
small lakes are formed at the nodes of the network. If
the ditches are drained, low butte mounds-silt pin-
nacles are formed, which are separated by streamlets
and mud flows.

During aufeis melting, erosion within the aufeis
glades has to cease because the energy of branched or
sprawled water flows is now insufficient for mass
transfer of ground. However, the carrying capacity of

Geodynamics & Tectonophysics 2015 Volume 6 Issue 2 Pages 171-224

the main river above the aufeis deposit is not only
maintained at the same level, but critically increases
during rainfall floods. As a result, the major part of
trailed and suspended drift is deposited onto the
smoothed part of the valley bottom (Fig. 14). Below the
aufeis glade, the river flow energy increases again,
firstly, due to the additional influx of melt water (re-
sulting from melting of the aufeis deposit and ground
ice), and secondly, due to recombination of all the small
branches into a single channel.

In autumn, the aufeis deposits remain only in areas
covered with thick ice beds (over 5 to 7 m thick),
shaded sites and regions where summer is very short
and cold, such as in the Arctic and in the mountains
above the limit of forest. In this period, aufeis remnants
do not affect the development of erosion processes as
the surface runoff is either small in the already formed
channels or completely absent. With the onset of
winter, such aufeis remnants become a part of 'fresh’
masses and perform regulatory functions in the new
regime. In other parts of the aufeis glades, the setting is
stabilized in accordance with regimes of no-ice sections
of the valleys, i.e. thawing of frozen soil is ceasing, the
water level in the channel network is lowered, the
aufeis glade is drained and acquire typical features of
post-cryogenic areas (Fig. 15). Before the onset of win-
ter, the total discharge of water flows on the aufeis
glade is much smaller that the volume of flow in the
river at the inlet due to the fact that a part of water in-
filtrates into the interior of thawed soil beds while
sprawling across the entire width of the valley. If cryo-
hydrogeological conditions are favourable, groundwa-
ter is accumulated again in the main channel at the out-
let of the aufeis glade. In the absence of barrage (frozen
rocks or base rock ledges), filtering of groundwater
through the thick loose alluvium is continued, and
groundwater comes up to the ground surface on sites
considerably distant from the feed centres, often in
front of a new aufeis glade.

Characteristics of the channel network dynamics
during the warm period of the year are shown in
Fig. 16.

7. DEVELOPMENT STAGES OF AUFEIS SECTIONS OF
RIVER VALLEYS

In active icing zones, significant changes take place
in micro- and mesorelief, composition and properties
of soil, vegetation, water streams and other elements of
the natural complex. The changes may be related to
global warming/cooling cycles, regional environment
variations or transformations of the water-and-heat
balance of the ground surface due to impacts of human
activities. Besides, the cryogenic system may transform
in the course of its self-development in relatively stable
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Fig. 14. The Malaya Lagorta river bed in Polar Ural after
aufeis ablation (photo by A. Titov).

Puc. 14. Pycio pexku Masaga Jlaropta Ha [loasipHoM Ypase
nocse crauBanus Hajeau (doto A. TuTtosa).

hydro-climatic conditions. In any case, transformations
of the valley take place under a specific scenario re-
flecting the impact of the major factor, namely, long-
term and centennial variability of icing (aufeis) para-
meters. Under the aufeis influence, the valley bottom is
gradually extended and graded, the vegetation is either
extinct or transformed depending on the ice thickness
and life cycle, and the channel network evolves into a
complex system of shallow meandering channels which
orientations, shapes and configurations are variable
through the evolution of the aufeis terrain.

Our analyses of the available data give grounds to
distinguish five typical stages of aufeis development in
the river valleys.

Stage I. Pre-glacial development. This develop-
ment stage is typical of the majority of non-freezing
rivers with constant runoff and decreasing water levels
through the entire cold season. The double-layer ice
cover of their cryosystem comprises (Fig. 17) the bot-
tom horizon (h3) consisting of crystalline ice (80 to
85% of the total thickness) and the top horizon (h4)
containing aufeis ice (15 to 20 %). The aufeis ice
results from obstruction of the flow cross-section (h2)
during partial freezing of the flow, and also forms
due to an overload of the ice by the settled snow. The
outer limits of the ice do not propagate to the flood-
plain and go somewhat higher that the autumn low-
water level. In winter, with depletion of the flow, the
ice cover either subsides or bends. Under the ice cover,
redeposition of the bottom sediments is slowed down
and does not result in any critical changes in the riv-
erbed. The channel deposits are not frozen. The
riverbank slopes and the floodplain freeze to a depth
of 0.5 to 1.0 m. In spring, ice drift and floods take place

in the 'normal’ mode, without affecting the high flood-
plain. Ice jams are rare. The ice plough ability is mod-
erate and most often completely obscured by summer
rainfall floods and land floods.

Stage II. Transgression. This stage is typical of
through-freezing rivers. In spring, the ice cover has
three-layers (h2- hs). By mid winter, the river channel
at river bars is completely filled with crystalline ice,
and the thickness amounts to hs+hz. The middle layer
(h4) consists of frozen river water. The upper layer (hs)
is formed due to freezing of underflow groundwater
after its discharge to the ice surface due to partial
freezing of alluvium (horizon h:). The groundwater
aufeis deposit occupies the entire floodplain. It may go
beyond the limits of the floodplain, but does not reach
the valley wall and the distant bench of the above-
floodplain terrace. Typically, this part of the ice cover
(0.3 to 0.8 m thick) is destroyed by the start of spring
floods and thus does not impose any significant impact
on channelling. When the ice thickness exceeds 0.8-1.0
m, vegetation is transformed and extinguished later on
(Fig. 18, a). The river runoff is maintained almost until
the mid winter. By spring, the soil is frozen to depths
from 1.0 to 1.5 m, so that the ice bed is firmly joined
with the underlying rocks. In the floodplain areas, the
ice bed's bottom is 'armoured' with tree stems, shrubs
and herbaceous plants.

The most important factor for channelling is ice-
ground barrage under the riverbed. In its presence,
water lenses located between the river bars freeze
and swell, and fracturing and explosive failure of ice
mounds take place. On the floodplain of small rivers,

Fig. 15. The Aufeis glade in the Moma river valley in the
north-eastern Yakutia in mid September (photo by
Sandro).

Puc. 15. Hanegnasa mosissHa B GacceiiHe pekn Moma Ha
CeBepPO-BOCTOKe fKyTHUM B cepefuHe ceHTA6ps (doTo
Sandro).
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Fig. 16. Variations in the channel network configuration within the limits of the Bolshoi Eden aufeis deposit in East Sayan
according to ground-based survey data obtained in 1987. Absolute altitude 1800 m.

1 - subpermafrost groundwater aufeis; 2 - icing ‘bog’ on the surface of the ice cover; 3 - channel of the Bolshoi Eden river with ice banks
in the snowmelt period; 4 - flows of melt water on the aufeis surface; 5 - river water flow in the period of intensive ablation of the aufeis
and injected ground ice (20 June 1987) and after abundant summer snowfall (26 August 1987); 6 - gravel-sand deposits with inclusions
of large boulders underlain by sheets of injected ground ice (flat outliers with scarp slopes, which heights range from 0.5 to 0.8 m);
7 - channel deposits without any visible signs of ground ice (ridges, beach plains, and mid-channel bars); 8 - icing mounds and fragments
of ice domes; 9 - boundaries of the aufeis glade; 10 - slopes of the river valley which are composed of deluvial-colluvial sediments and
covered with mountain-tundra vegetation.

Puc. 16. U3MeHeHne KOHPUTYpaIlUK PYCJIOBOH CeTH B IpaHUIaX Bosbiiod 37eHckol Haneaud B BocTouyHbix CasiHaxX 1o
JAaHHBIM Ha3eMHbIX CbeMOK 1987 r. A6costoTHast BeicoTa 1800 m.

1 - Hajeap MOAMEP3/IOTHBIX MOJ3EMHBIX BOJ; 2 — HajlleIHOE «B0JIOTO» Ha MOBEPXHOCTH JIEASHOTO NMOKPOBa; 3 — pycsio peku bosbmioi
J/ieH B JleIHBIX Geperax B IepHUOJ CHETOTAsIHUS; 4 — IOTOKH TaJIbIX BOJ, HA OBEPXHOCTH HaJslein; 5 — BOJHBIN IOTOK PEKH B [IEpUOJ, UH-
TEeHCUBHOTO pa3pyLIeHHs HaJleJU, UHbeKIIMOHHBIX 03¢ MHBIX JIbA0B (20 nioHs 1987 r.) 1 nmocsie 06UIBHOTO JIETHETo cHeronaza (26 aB-
rycra 1987 r.); 6 - rpaBesnCTO-leCyaHble OTJIOKEHHUSI C BKJIIOYEHHUSIM KPYIHBIX BaJIyHOB, MO/ CTHU/IaeMble MJIACTAMU WHBEKIMOHHOTO
M0/I3eMHOTI0 JIb/ja (TJIOCKHEe OCTAHILOBble BO3BBIIIEHHOCTH C O6PBIBUCTBIMU CKJIOHAaMH BbIcOTOH 0.5-0.8 M); 7 — pyc/IOBBIe OTJIOMKEHUS
6e3 BUIMMbIX IPU3HAKOB N0/I3€MHBIX JIbJ0B (IPs/ibl, KOCBI, OCepesiKH); 8 — neAsiHble 6YyTphI TyYyeHHs U GparMeHThl JIeAsTHbIX CBOJI0B; 9 —
rpaHULbl HaJleJHOU NOJITHBL; 10 — CKJIOHBI peYHOH JOJIMHBI, CI0XKeHHbIEe Je/I0BUaIbHO-KOJUTIOBUATIBHBIMU OTJ/IOXKEHUSMH U IIOKPBIThIE
TOPHO-TYH/JPOBOH PaCTUTENBHOCTBIO.
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icing is accompanied by formation of injection ice lay-
ers and ice-ground breccia. In spring, melted snow wa-
ter have to pass the ice mounds and thus spread over
the entire width of the valley's bottom. In valleys of
small and medium-sized rivers, volumes of melted
snow water are often insufficient to make the ice cover
float up. Another hindering factor is the strong contact
of the ice cover with the underlying frozen soil. As a
result, ice drift does not take place on such rivers -
ice is cut into fragments that gradually decay at their
origin locations and protect the alluvium from erosion
by the water flows. Flood waters are often concentra-
ted at the contact of the ice bed with frozen riverbank
sediments, penetrate beneath the sediments, easily
wash out the thawing soil and cause fracturing and
collapse of the frozen roof. Therefore, the riverbank
slope is retrogressing, and a new channel is formed.
A new channel can also be initiated along the ice chan-
nel-trenches following a system of random fractures
and micro-depressions, including those across the val-
ley. Thus, by the beginning of summer, the channel and

Fig. 17. Generalized scheme of cryogenic channeling conditions.

1 - water flow under the ice cover; 2 - crystalline river ice; 3 - river water aufeis and snow ice; 4 - aufeis deposits composed of supraper-

deposits composed of intrapermafrost subchannel water and subper-

mafrost water; 6 - bedrocks; 7 - alluvium; 8 - perennially frozen rocks; 9 - layer of seasonal freezing and thawing ground materials.
Boundaries: 10 - permafrost, 11 - rocks of different compositions, 12 - elements of the river valley with different ice-thermal regimes.

Puc. 17. 0606111eHHast cxeMa YCJI0OBUH KPUOTEHHOTO TPe06pa30BaHUs PYCJI0BOM ceTH.

1 - noA/ieAHBIN BOAHBIN MOTOK; 2 — KPUCTA/IMYECKUI PeYHOM Jiefl; 3 — Hasle/Ib PEUHbBIX BOJ, U CHEXHBIH Jie[l; 4 — HaJle[jb HaZiMeP3JI0THbIX
MONUMEHHBIX U MO PYCI0BbIX MIOJ3EMHBIX BOJ]; 5 — HaJle/lb MEXKMEP3JIOTHBIX MO[PYCAOBBIX U OAMEP3JI0THBIX BOJ; 6 — KOPEHHbIE TOPHbIe
MOPO/ibl; 7 — aJ/II0BUAJIbHBIE OTJI0XKEHUST; 8 — MHOTOJIETHEMEP3JIble TOPHbIE OPOAbL; 9 — C/I0M CE30HHOTO MPOMEP3aHUsl U MPOTAUBAHUS
rpyHTOB. ['paHurpl: 10 - Be4HOU Mep3/0Thl, 11 — TOPHBIX OPOJ, PAa3/IMYHOrO COCTaBa, 12 — 3J1IeMEHTOB PEYHOU JOJIUHBI C PAa3JTUYHbIM

the floodplain are subject to annual changes that signi-
ficantly affect further channelling.

Stage III. Stabilization. At this stage, the valley bot-
tom is covered by aufeis ice from side to side. By spring,
the aufeis thickness can reach 5 to 8 m. River crystalline
ice is absent, i.e. in fact, a single-tier ice bed is formed
(Fig. 18, b). Water freezing lasts through the whole cold
period of the year. In the aufeis bed, layers and lenses
are made of vacuum-filtration ground ice, which cause
uplifting of the top rocks together with the aufeis depo-
sit. Ice-ground chains and round-shaped mounds crack
or explode, and water or mud flows gush out of the frac-
tures. In 30 to 70 % of aufeis glades, underlying ground
and ice are subject to heaving. The heaving zone's loca-
tion shifts from year to year. In summer, ground layers
are freed from ice and decomposed when ground ice is
melting; small mineral fractions are transferred by nu-
merous water flows to the bottom of the aufeis glade
and further outside the aufeis zone. The rocks are thus
not only annual 'shaken up’, but also intensively washed.
Finally, a specific 'aufeis' facies of alluvium is formed.
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Fig. 18. Active development stages of aufeis sections of river valleys in Yakutia.

a - transgression: the soil-vegetation is destroyed, trees are extinguished, and the ice thickness can be determined from blanched stems of
trees (the north-western Yakutia; photo by V. Solodukhin); b - stabilization: the vegetation cover is destroyed, and the underlying ground
is redeposited and compacted (the Suntar-Khayata river channel divided into several broad shallow distributaries, and the Suntar-
Khayata ridge in the north-eastern Yakutia; photo by M. Mestnikov); ¢ - regression: the ice thickness is decreased, or the aufeis deposit
has completely disappeared, the soil-vegetation cover is recovering (the Boryndzha river channel reassembled into one or several distrib-
utaries in the lower part of the valley, and the Momsky ridge in the north-eastern Yakutia; photo by Sandro).

Puc. 18. AKTUBHBIE CTaAUU pa3BUTHA HaJIEJHbBIX Y4aCTKOB pP€9YHbIX JOJINH B HKYTI/II/I.

@ - TPAHCTPECCUBHAS: THOHYT JlepeBbsl, yHUYTOXKAETCA PACTUTE/BbHBIN U MOYBEHHBIH MOKPOB; MOIIHOCTE JibAa GUKCUPYeTCs 10 0T6e-
JIEHHBIM CTBOJIaM ZiepeBbeB; CeBepo-3anasHas AkyTus (poto B. ConopyxrHa); b - cTabU/IM3alIOHHAs: PACTUTEbHBINA TIOKPOB YHUYTO-
KeH, OJCTUJIAIOLINH IPYHT [epeoT/I0XKeH U YIUIOTHEH; pycio peku CyHTap pa36UTO Ha Psiji MeJIKUX IIMPOKUX NPOTOKOB; XpebeT CyH-
Tap-XasiTa Ha ceBepo-BocToKe SKyTHH (poTo M. MecTHHKOBA); ¢ — perpeccUBHAsi: MOIHOCTD JIbd YMEHbIINIACh WU Hajle/b MOJHO-
CTbIO HCYe3J1a; BOCCTAHABJIUBAETCs TOYBEHHO-PACTUTEIbHBIN IIOKPOB; PYC/I0 peKu BopbIH/Ka co6upaeTcs B OAUH WM HECKOJIBKO PO-
TOKOB B NOHM)XeHHOU 9acTH JonHbI; MoMcKkui xpebeT, CeBepo-Boctounas Slkytus (poto Sandro).
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Transformations of the aufeis bed continue until
cessation of underground icing and completion of sub-
sequent erosion-thermokarst redeposition of sedi-
ments. Afterwards, denudation processes gradually
cease. The stabilization stage can last for a very long
time, until the icing mode is significantly changed. As a
result, the riverbed can spread through the entire
width of the augeis glade, loses its shape, and the aufeis
bed often looks like a stone pavement with compactly
and tightly placed boulders of flatiron-like forms (flat
sides up).

Stage IV. Regression. The reduction of the aufeis
volume or complete cessation of icing is accompanied
by localization of the transit water channel. It gradually
deepens and becomes the main drainage artery of the
aufeis glade. Branches are drained or converted into
small ditch-shaped lakes with stagnant water. Micro-
depressions and gaps between stones are filled with
fine-grained soil resulting from cryogenic weathering
of rocks or brought by melt water from the slopes and
the upper parts of the valley. The fine-grained soil is
compacted and colonized by pioneer plant species.
Soil-forming processes are activated; mosses, meadow
and shrub vegetation come up; soils are secured by
root system of plants and become more resistant to
erosion caused by aufeis melt water and rainwater
(Fig. 18, c). The above processes are accompanied by
long-term freezing of aufeis alluvium. The ground-
filtration talik persists only under the main river flow
bed. Sodded areas initially appear at the periphery of
the aufeis glades wherein snow and ice are the first to
melt. Later on, sodded zones occupy the entire width of
the valley as the seasonal icing area is steadily decrea-
sing. In case of aufeis migration, some sections of the
sodded area may be outcropped again, i.e. fall back to
the previous regime. In the final phase of regression of
the valley, the river comes into one channel and ac-
quires characteristics of the adjacent (upper and low-
er) flow sections. Generally, aufeis degradation, i.e. re-
duction of the mean annual aufeis volume, lasts for
many dozens and even hundreds of years. This process
depends primarily on the intensity and duration of
changes in climate characteristics and corresponding
transformations of cryo-hydrogeological structures
that are feeding the aufeis deposit.

Stage V. Postglacial development. This stage
starts after the valley bottom is completely and perma-
nently freed from ice, boulders are covered by soil and
vegetation that is typical of no-aufeis sections of the
valley. At this time, the ice-thermal regime of the river
and the main channel configuration are almost identi-
cal to the flow regime and the runoff channel morphol-
ogy in the periglacial stage. However, the former icing
area can be clearly detected by a number of characte-
ristic features, such as the lack of low terraces, flat ter-
rain with typical chains and mounds, specific structure

of loose sediments, age, morphology and physical
properties of soils, distribution and floristic composi-
tion of vegetation etc.

Generally, the development stages of the aufeis sec-
tions of the river valleys are well detectable from aerial
and satellite images of medium and large scales (Fig.
19). However, determining their boundaries and as-
sessment of duration of the development stages and
phases is challenging as the relevant experience is lack-
ing, and structural and dynamic features of the aufeis
terrains have not been properly studied yet. Our obser-
vation data show that even one aufeis section may con-
tain a wide variety of components of the aufeis bed
(Fig. 20), and the wider is the range of annual and long-
term variability of aufeis characteristics, the more diffi-
cult is establishment of trends in development of the
aufeis segments, and more challenging is determina-
tion of the phase status of the entire cryogenic system.
Moreover, aufeis terrains are variable depending on
geographic latitudes and altitudes, underlying rock
compositions, morphological parameters of the valleys,
water-discharge talik configurations, thicknesses of
permafrost and seasonal frost-bound layers etc. There-
fore, studying aspects of channelling in the permafrost
zone is a fairly complex problem of nature studies. This
problem can be solved only by combined analyses of
cyo-hydrogeological, hydroclimatic and landscape data.
In this laborious research process, it is important to
analyse the structure of the hydrographic network.

8. AUFEIS STRUCTURE OF THE CHANNEL NETWORK

Due to a combined effect of the above-described
processes, the valley bottom is gradually extended
and levelled in the aufeis sections. The vegetation cover
is either extinct or transformed depending on the
aufeis thickness. The channel network evolves into a
complex system of shallow meandering channels which
orientations, shapes and configurations are variable
through the evolution of the aufeis terrain. Hydro-
graphic networks in the active icing zones can be
studied from large-scale aerial and satellite images
and ground-based observation data. Besides, remote
sensing techniques are particularly effective in obtain-
ing parameters of the hydrographic networks and de-
tecting the aufeis terrain boundaries within specified
time limits. By comparing series of images taken in
different years, it is possible to assess the channelling
dynamics in annual and long-term cycles.

Based on our analyses of satellite images of the
aufeis valleys located in East Siberia and the north-
eastern regions of Russia, five types of channel network
patterns can be distinguished: fan-shaped, cone-
shaped, treelike, reticular, and longitudinal-insular

types.
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Fig. 19. Development stages of the aufeis section of the Middle Sakukan river valley. Chara basin. Stanovoe upland.

I - periglacial development, /I - transgression, /Il - stabilization, IV - regression, V - postglacial development.

Puc. 19. Ctasu pa3BUTHSA HaJleJHOTO y4acTKa JoauHbl peku CpegHuil CakykaH. Yapckasi KoT/0BUHA. CTaHOBOE HAarophbe.

I - nepurnanuanbHasg, Il - TpancrpeccuBHasg, Il - crabunusanuonHas, [V - perpeccuonHas, V - nocTriasinuanabHast.
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Fig. 20. A space image of the aufeis section of the Lower Ingamakit river valley (rank 3) in the northern Transbaikalia.

The dotted line contours the current aufeis glade with different stages of its development (Roman numbers). The dashed line outlines the

relict icing zone.

Puc. 20. KocMyuyecKrUil CHUMOK HaJIeJHOT'0 y4acTKa JoJuHbl peku HuxHuil UHramakut TpeTbero nopsjaka. CeepHoe 3a-

6alikajibe.

Touye4yHOH JIMHUEN MOKAa3aH KOHTYP COBpEMEHHOW HaJleZJHOW MOJISHBI C PAa3/IMYHBIMU CTAAUSAMU €€ PasBUTHSA (pUMCKHUe LHQpBHI), NyHK-
TUPOM 0603Ha4YeHa BHELIHSAS IPaHHLa PeJIMKTOBOW 30HbI Ha/leJe06pa30BaHUsl.

The fan-shaped pattern is a system of disbanding
and gradually disappearing channels, dry beds and
ditches separated by outcropped primary surface
zones with deformed or completely destroyed vegeta-
tion (Fig. 21, a). It forms in cases when aufeis-ge-
nerating water can be discharged to the day surface as
a concentrated flow, and it freely spreads over the
slope to create a blade-shaped ice mass. This pattern
can be observed (1) at outlets of side branches of small
and medium-sized rivers, (2) at outlets of mountain
streams going to flat terrain areas, (3) in front of
frontal benches of retreating glaciers that are not wide
(on outwash surfaces). The channel network is laid
mainly in spring, during the passage of melt water
flows that not only cut thought the ice thickness in dif-
ferent directions, but also penetrate underneath the ice
cover to intensely erode the bed. In most cases, the
runoff channels are not connected with each other;
they are straight and may be quite deep, with sloughing
steep walls. Generally, the sediments are coarse.

The cone-shaped pattern of the channel network is
typical of the lower parts of aufeis glades. This part of

the icing zone is the first to get free of ice. The runoff
channels are formed in summer due to melt aufeis wa-
ter, which spread in a wide front along the retreating
ice mass (Fig. 21, b). With distance from the aufeis de-
posit, the water-intake ditches are split up. Down-
stream, they gradually gather into a single channel. The
ditches are shallow, with low gently dipping slopes (0.2
to 0.3 m high) composed of fine material.

The treelike pattern of the channel network is typ-
ical of the upper parts of mature aufeis glades of any
modification and location. Its shape resembles a bran-
ching tree trunk (Fig. 21, c). The runoff channels are
formed in spring and early summer along fractures of
tricky configurations in ice, which result from thermal
erosion. The channels are rarely more than 0.5 m deep,
with trapezoidal or roundish cross-sections. The chan-
nels are separated by outcropped or sodded elongated
islands with flat surfaces. At the periphery of the aufeis
glades, the water flow beds often join together for in-
take of the entire volume of river water and melted
aufeis water. Loose sediments and the surface cover of
the aufeis glade often contain wood scrap, dead grass,



Geodynamics & Tectonophysics 2015 Volume 6 Issue 2 Pages 171-224

Fig. 21. Hydrographic network types in aufeis sections of river valleys in the north-eastern regions of Russia.

a - fan-shaped, b - pyramidal, c - treelike, d - reticular, e - longitudinal-insular. The dashed line outlines the aufeis glades.

Puc. 21. Tuns! ruaporpaduyeckol ceTH Ha HaJleIHbIX yYaCTKaX JOJIMH ceBepo-BoCcTOKa Poccun.

a — BeepHad, b- nupaMujasibHad, ¢ — ApeBOBHUHAaA, d- ceT4arad, e — IpoA0JIbHO-OCTPOBHAadA. HyHKTHpOM TMOKa3aHbl BHEIIHKWE I'PaHULbI
HaJIeAHbIX ITOJIAH.
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humus-like residue and other foreign materials that are
brought from the upper parts of the valley during the
spring flood.

The reticular pattern is mainly typical of central
parts of large aufeis glades (2.5 to 3.0+ m thick). Usu-
ally, it frames a wide shallow channel of the main
stream (Fig. 21, d). The aufeis bed is flat, almost hori-
zontal; runoff channels are bordered by numerous turf-
covered islands composed of boulder-pebble deposits
with gravel-andsand infill. The steeply dipping channel
walls are 0.5 to 0.8 m high, and often contain layers of
thawing ground ice. The channel network is formed in
mid summer during ice mass breakdown due to ther-
mal erosion, as well as after ice melting associated with
thermokarst phenomena (sinkholes, landslides and
ground settlement). The reticular pattern of the runoff
channels can be quickly transformed to function as
a water-transfer system of boulder-and-gravel beds
when the water flow is spread over the entire width of
the aufeis glade and quickly changes its configuration
depending on the volume of aufeis ice, the location and
the actual precipitation volume, i.e. according to the
transit river flow volume.

The longitudinal-island pattern of the river net-
work is typical of aufeis sections of large lengths with
well-developed longitudinal profiles of the valleys. In
such areas, the flat bed has been repeatedly subject to
cryogenic and fluvial processes; the alluvium is rela-
tively uniform; the main channel is quite well defined;
flat outlier chains go along the main channel, and every
year they are covered by a thin aufeis deposit. Under
the main channel, there is a cut-through water-release
talik. In spring, it provides for thawing of the ice mass
at its bottom and facilitates under-ice channeling for a
concentrated transit runoff and the lower thermal-
erosion activity of the melt water in the adjacent areas
of the bed. Elongated islands and chains varying in
shapes and lengths are typically stretching along the
valley's sides for many kilometres (Fig. 21, e).

The channel network patterns in the aufeis sections
of the river valleys are variable in both space and time,
depending on icing conditions, volumes of freezing
groundwater and surface water, destruction of ice and
frozen rocks, transit flow volumes and other factors.
Generally, the patterns of different types are conjuga-
ted without any clear boundaries between them. At
any large aufeis glade, elements of all types of the
patterns may be present. It is a challenging task to
decipher their complex combinations in order to reveal
the dynamics of the cryogenic system and to determine
its development stages and phases, and special studies
and observations are thus required. There are good
reasons to believe that morphological indicators and
properties of the aufeis terrains can be reliably defined.
Based on such knowledge, it will be possible to clarify
the history and the dynamic state of the cryogenic sys-

tem and to forecast possible ways of its transformation
in the near future.

9. AUFEIS RATIO OF THE PERMAFROST ZONE AND INCREMENT
OF THE CHANNEL NETWORK

A relative aufeis ratio, ¢ shows the aufeis develop-
ment scale in the studied region. It is calculated as a
percentage ratio of the total area of ice masses, XF, in
the period of their maximum development to the total
square area of the studied region, F: c=100 XF,/F. The
aufeis ratio can be calculated for each type of aufeis
deposits (river, groundwater, ice, melted snow water)
or for all the types. A commonly applied factor related
to groundwater freezing is cuw. Another aufeis coeffi-
cient is k,, showing a ratio between the river length, L.
and its part occupied by the river-water or groundwa-
ter aufeis deposit, La: ka=L./La [Alekseyev, 2005]. This
article provides information regarding groundwater
aufeis deposits.

The formation of groundwater aufeis deposits de-
pends on a complex set of environmental factors prede-
termining conditions of water- and energy exchange at
a given geographical point. Aufeis depositing is most
active in regions of continuous and discontinuous per-
mafrost and can be observed on practically all the river
valleys and basins. At some locations, aufeis deposits
occur on mountain slopes and in watershed areas. The
largest groundwater aufeis deposits are located in the
Arctic regions and in mountains in the regions of con-
trasting neotectonic movements in Yakutia, Chukotka,
Khabarovsk region, Transbaikalia and Pribakalie, the
Altai [Alekseyev, 1975, 1976, Alekseyev et al, 2012;
Alekseyev, Gienko, 2002; Alekseyev et al, 2011; Shes-
ternev, Verkhoturov, 2006; Shmatkov, Kozlov, 1994;
Tolstikhin, 1974], as well as in Spitzbergen, mountain
regions in Alaska, Middle Asia, and Tibet [Aker-
man,1982; Carey, 1973; French, 1976; Gorbunov, Er-
molin, 1981; Olszewski, 1982; Revyakin, 1981].

An aufeis deposit may occupy dozens of square ki-
lometres, and a specific water reserve in aufeis ice is
almost identical to the water reserve in the snowpack.
In the southern regions characterized by discontinuous
and sporadic permafrost, the number of aufeis deposits
per unit area increases, while their average size de-
creases (Fig. 22). In mountain valleys, the groundwater
aufeis thickness may reach 10 to 12 m. In average, the
ice thickness ranges from 1.0 to 2.5 m. The aufeis de-
posits are fed by a complex system of water-absorbing
and water-releasing taliks. In glacial areas, the feed de-
pends on the number and altitudes of periglacial lakes
that function as natural regulators of the surface and
groundwater runoff.

The groundwater aufeis deposits are usually
marked by aufeis glades. In [Alekseyev, 2005], a set of
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Fig. 22. Schematic maps showing distribution of groundwater aufeis deposits in the territories of the Kolyma upland (a), the
Muya river basin (Stanovoe upland, and Baikal-Amur Railroad zone) (b), and the southern part of the Irkut river basin

(Khamar-Daban ridge, and Tunka valley) (c).
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aufeis glade indicators is established, mean long-term
characteristics of ice masses are estimated, and aufeis
locations and dynamics are determined. The landscape-
indication method was used to compile catalogues of
the aufeis deposits observed in the Verkhoyansk-
Kolyma mountain country, Chukotka, regions near the
Okhotsk Sea, Putorana, South Yakutia, the Baikal-Amur
Railroad zone, Transbaikalia and Pribaikalie, and the
central part of East Sayan [Alekseyev, 1976; Alekseyev,
Gienko, 2002; Alekseyev et al, 2011; Deikin, Abakumen-
ko, 1986; Catalogue..., 1980, 1981, 1982; Shmatkov, Ko-
zlov, 1994; Simakov, 1961; Tolstikhin, 1974; Topchiev,
Gavrilov, 1981]. Based on the catalogued data, it be-
came possible to determine quantitative indicators of
aufeis of the permafrost zone and, based on the indica-
tors, to asses the role of aufeis in development of the
channel network.

The relative aufeis ratio in the permafrost zone var-
ies widely. It is the lowest in flatlands and low-moun-
tain regions (cuww=0.01...0.1) and the highest (cuw=
=0.1...1.0) in mountain-folded regions. The more con-
trasting is the terrain, the more active are neotectonic
movements, the lower is the mean annual air tempera-
ture, and the higher is the annual percentage of the ter-
ritory covered by aufeis ice. At the Putorana plateau,
the region of the volcanic origin, the average relative
aufeis ratio amounts to 0.37 % (maximum 0.87 %). At
the Stanovoe upland with its sharply dissected terrain
and thick discontinuous permafrost, the value of cuw
is increased to 0.69 %. In the north-eastern regions
of Russia with the complex systems of frozen mountain
ranges and plateaus, the value of c,w amounts to 1.0 %.
Thus, in the regions of more severe permafrost condi-
tions, the aufeis deposits occupy larger areas and have
larger lengths and widths, in average.

It is revealed that some characteristics of the aufeis
deposits depend on ranks and lengths of water streams
(Fig. 23). The ranks of water streams are roughly cor-
respondent to the hydrologic classification of lengths of
rivers. In average for the area, the higher is the rank of
the river valley, and the larger are the average width
and volume of groundwater aufeis deposits, while the
aufeis-ice thickness is lower, and the aufeis ratio of the
water streams is smaller. This trend is maintained as
the river systems come to piedmont plains and low-
lands. However, for rivers of ranks 5 and 6 and higher,
the groundwater aufeis volume decreases sharply, and
on the rivers longer than 500 km, no groundwater
aufeis is formed, and it is replaced by river-water ice
layers. In all natural zones, the majority of ice masses
with maximum dimensions are located in the river val-
leys of ranks 3 and 4 (Fig. 23).

A similarity is established between the majority of
cryo-geomorphological and hydrological processes on
the aufeis sections of the river valleys located in diffe-
rent climatic zones and altitude belts [Alekseyev, 2005].

Practically at all stages of aufeis channeling, only rela-
tive sizes of the elements of the cryogenic system are
changing, while their interface schemes remain the
same. We relay on this important conclusion in estima-
tions of the space-and-time regularities of aufeis con-
trol of erosion-accumulation processes taking pace in
the permafrost zone. A channeling intensity indicator is
given by the value of p calculated as a total incremental
length of runoff channels, XL, per unit length of an
aufeis glade through its entire length, L.g (km/km) or
per unit square area of the aufeis section of the river
valley, Fa (km/km?): p; = XL./Lag; pr = XLa/Fa. Parame-
ter p characterises the channel network density within
the limits of the aufeis glade without taking into ac-
count the length of the major water stream. Specific
regional features of aufeis channeling can be also esti-
mated with reference to the total incremental length of
the river branches per one aufeis: pn= XL:/n, where XL
is the total incremental length of the channel network
in the given river basin, n is the total number of aufeis
deposits of the similar size in the same territory.

In the study of the hydrographic structure of the
aufeis sections of the river valleys, it is reasonable to
consider the number of channels, m, resulting from
erosion and accumulation processes in the aufeis-
formation zone (increment values, o; and or are de-
termined as follows: o; = Xma/Lag; or = Xma/Fa ), as
well as the ratio of the total width of the water flows
along the typical transverse profiles of the valley bot-
tom, b, to the riverbed width above the aufeis, b, and
below the aufeis, by, to the width of the main water ar-
tery in the aufeis zone, b, or to the width of the entire
aufeis glade, Lag. In a similar way, variations of depths
of the erosion landforms can be estimated.

The scale of the channeling processes is estimated
from p; =2.5 km/km. This value was obtained in the
study of representative aufeis sections of the river val-
leys in the mountainous regions of the southern East
Siberia (Table 2). It is an average value for the ice
masses with the following parameters: F.=0.2...3.7
km?, Li=1.4...4.7 km, and Hi=1,5... 2.9 m, which pro-
vide for the bed expansion to b;=100...350 m. These
values correspond to the prevailing range of aufeis
characteristics in the territory of continuous and dis-
continuous permafrost. Here H; is an average thickness
of ice at the end of the icing period. Average values pr
and p, are also calculated for some basins and some
regions as a whole.

The below data refer to the mature aufeis glades
that are mainly in development stages Il and IV and
result from functioning of permanently active large-
flow groundwater sources. The mature aufeis glades
are well recordable by aerospace surveys. The availa-
ble data are collected in published aufeis catalogues
[Alekseyev, Gienko, 2002; Catalogue..., 1980, 1981, 1982;
Deikin, Abakumenko, 1986, Deikin, Markov, 1983]. The
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Fig. 23. Aufeis ratio variations depending on ranks and lengths of water streams.

a - variations in the square area of groundwater aufeis deposits with clearly defined aufeis glades (Putorana plateau); b - variations of the
aufeis coefficient (%) of water streams fed by aufeis deposits composed by river water and groundwater in the river channels on the Sta-
novoe upland (Lower Ingamakit, Middle and Upper Sakukan, Apsat, and Chara rivers), Khamar-Daban (Khangarul, Tumusun, Zun-Murin,
and Irkut rivers), and East Sayan (Bolshoi Eden, Ugega, and Uda rivers). Mean values are marked by dashed lines.

Puc. 23. I3MeHeHU e HEKOTOPBIX XapaKTEPUCTUK HaJeJHOCTU B 3aBUCUMOCTH OT MOPSAJIKA U AJHUHBI BOLOTOKOB.

a - U3MeHeHMe IJIOAAH HasleJled MOA3eMHBIX BOJ, C XOPOILIO BblpaXKEHHbIMU HaJleJHbIMU NoJisHaMu (m1aTo [lyTopaHa); b - u3MeHeHUe
ko3 duneHTa Halle[HOCTH BOJAOTOKOB, 06ecliedeHHOM Ha/leisIMU PeYHBIX U NI0J3€MHBIX BOJ, CPOPMUPOBABILUXCA B pycsax pek CTaHo-
Boro Haropbsl (peku Hmwxkuuit UHramakut, CpegHuil v Bepxuuit CakykaH, Ancat, Yapa), Xamap-/labana (peku Xanrapy., TymycyH, 3yH-
MypuH, UpkyT) u BocTounoro CasiHa (peku Bosibwioit daeH, 3rera, Yaa). [IlyHKTUpPOM MoKa3aHbl CpeJHUE 3HAUYEeHUS XapaKTEPUCTHK.
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Table 2.Comparison of channel networks in representative aufeis glades in East Siberia with regard to their

square areas and development stages

Ta6nuuna 2. CpaBHUTE/IbHAA XapaKTepPHCTHKA PYC/I0BOii CeTH penpe3eHTaTUBHBIX Ha/IeJHbIX N0JIIH BocTouHOM

CI/I6PlpPl B 3dBHCHUMOCTH OT UX IVIOIaAHU U CTAAUH PA3BUTUA

Region Aufeis glade and its F, Hi, Lag, Channel parameters per 1 km river Incremental length of
development stage km? m km length channel network
width, m depth, m
ba bb bag ha hb hag ELa, pi, PF,
km km/km  km/km?2
Stanovoe Lower Ingamakit 1 3.7 2.0 4.7 25 50 300 1.3 1.0 0.7 11 2.3 3.0
upland Middle Sakukan I 25 1.8 3.6 45 65 250 1.2 0.9 0.5 8 2.2 3.2
Mururin 1 22 2.0 2.4 40 55 350 1.2 1.0 0.3 7 29 3.2
Aldanskoe Leglier I 09 2.8 2.8 15 22 150 038 0.9 0.4 6 2.1 6.6
upland Samokit [ 0.8 2.9 3.0 30 25 270 0.7 1.0 0.3 10 33 12.5
East Sayan = Maly Eden I 03 1.5 1.5 8 15 120 0.8 0.5 0.3 3 2.0 10.0
Bolshoy Eden I 0.2 1.8 1.4 10 12 100 0.7 0.8 0.2 4 2.8 20.0
Average 1.5 2.1 2.8 25 35 1.0 0.8 0.3 7.0 2.5 8.3

N o t e. Symbols: ba, by, bag, ha, hv, hag — channel width (b) and water stream depth (h) above and below the aufeis and on the aufeis glace in

autumn, average values. Other symbols are given in the text.

[IpuMedyaHu e HHIEKCbL: ba, bb, bag, ha, hb, hag — UpHHA pycia b U riy6MHa BOAHOrO NOTOKA h BbILIE, HIDKe HajleAu U Ha HaJleJHOH
T0JISTHE B OCEHHIOI0 MeKeHb, cpefiHue. OcTalbHble 0603HAYEHHUST B TEKCTE.

aufeis areas in development stage II usually do not
have clear boundaries, do not form every year, and are
not thick. Their role in channeling is insignificant,
though numerous future runoff channels are often ini-
tiated within the icing zone.

The channeling effect of aufeis phenomena is well
correlated with the main aufeis ratios in the river ba-
sins, morphostructural and cryo-hydrogeological con-
ditions of the territory.

The incremental length of the channel network, p,
per one aufeis deposit is increased, in average, from
3.5 km in mountains in the southern regions of East
Siberia (Table 3) to 11.4 km at the Putorana Plateau
(Table 4) and 23 km in the Verkhoyansk-Kolyma
mountain system and Chukotka (Table 5). The value
of p, is decreased to 2.2 km in the plains and inter-
mountain depressions of the Baikal rift system where
the average dimensions of the ice fields are smaller
(Table 6).

In general, in the regions and the river basins, the
total incremental length of the channel network, XL;
reaches gigantic values. For instance, in the section of
the Baikal-Amur railroad zone from Ust Kut to Nyukzha
(1256 km), 273 aufeis deposits occur near the railroad,
and the total aufeis length is XL=274 km. The average
square area of ice masses is F,=0.216 km2. The channel
network length is increased by 685 km due to active
icing processes. Therefore, the aufeis hazard is high in
the territory along this railroad section (Table 6). In
basins of the Chara (riverhead), Muya and Upper Anga-
ra rivers (F=42000 km?), the incremental length of the

runoff channels in the aufeis sections of the river val-
leys is XL=3679 km, i.e. about 80 metres per one
square kilometre of this territory. In the river basins in
the Putorana plateau (F=433500 km?), 2124 aufeis de-
posits are observed, the incremental length of the
channel network exceeds 20.2 thousand km, i.e. in
average, 11.4 km per one aufeis deposit or 40 m per
square kilometre of this territory. In the north-eastern
regions of Russia, the number of aufeis deposits is
increased proportionally to the square area of the river
basins, the average square area of the aufeis fields
is dramatically increased, and the total length of water-
courses in the aufeis glades is also increased cor-
respondingly.

The average data for the studied regions (total area
over 1.5 mln km2) are shown in Table 7. To the east of
the Yenisei river, a clear trend is evident - the scale of
aufeis control of channeling is increasing from the East
Sayan ridges in the south-west to Chukotka, inclusively,
in the north-east. It is known that in the same main di-
rection, severity of climatic and permafrost conditions
is increasing. In the southern regions of East Siberia
and the Far East, wherein sporadic permafrost is do-
minant, the aufeis ratio is nearly twice lower than in
the northern regions of the permafrost zone, although
almost all the river beds are covered by heterogeneous
formations through 60 to 70 % of their lengths - the
bottom is composed of crystalline river ice, and the
top is composed of aufeis ice. The ice cover of a similar
vertical structure is observed on many mountain rivers
of the North, mainly in the areas located between large
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T able 7.General icing characteristics and incremental lengths of channel networks in aufeis glades in East Siberia

and the north-eastern regions of Russia

Ta6.uauma 7.06mas XxapaKTepruCcTUKa HaJIeAHOCTH U PUPOCT PYC/I0OBOi CETH Ha HaJIeJHBIX MoJIAHAX BocTouHoit

Cu6UpH U ceBepo-BOCTOKa Poccun

Icing area Region Relative Icing characteristics Incremental length of channel net-
square area, aufeis ratio, work
thou km? % Quantity Square area, km? cumulative, per one per one
total  perone cumulative  average thou km aufeis, km km?
km?
North-eastern 1012.4 1.00 5062 5 8715 1.700 110.0 23.0 0.120
regions of Russia
Putorana plateau 433.5 0.37 2124 5 1741 0.820 20.2 11.4 0.040
Priokhotsky 117.1 0.84 1249 11 985 0.789 13.6 10.9 0.116
Stanovoe upland 42.0 0.69 1112 28 245 0.455 3.7 35 0.90
South-western 14.8 0.39 1403 95 120 0.085 - - -
Pribaikalie
Total 1619.8 10950 11806 147.5
Average 0.66 29 0.770 12.2 0.091
N o t e. Symbol “~“ means “No data”.

[1pum™edyaHu e [Ipouepk B rpade - HET JaHHBIX.

ice masses (taryns). The major part of this channel sys-
tem undergoes development stages I or V, i.e. the ice
cover occupies the entire floodplain across the 'normal'
flow cross-section, yet does not go beyond it. As a re-
sult, the cryogenic impact on channelling is mainly li-
mited to destruction of the slopes during spring floods
and expansion of the river channel due to thermal ero-
sion. Thus, any 'additional’ branching of the cryogenic
origin does not take place, but shapes and dimensions
of the runoff channels are significantly changed - they
become wide and flat. A characteristic feature of such
rivers is a smoothed longitudinal profile of the bed
with long shallow natural bars or stretches.

10. LONG-TERM VARIABILITY OF THE AUFEIS CHANNEL
NETWORK STRUCTURE

Even in the harshest climate conditions, the frozen
zone of the lithosphere is penetrated by water-con-
suming and water-releasing taliks, which locations and
configurations remain permanent for many years. Ra-
dical restructuring of the water-exchange system takes
place only as a result of profound climate changes
through many hundreds and thousands of years.
Therefore, the aufeis deposits formed in the zone of
permanently active groundwater sources are also qua-
si-constant in time, and their volumes range around
some average values depending on local variations of
the main characteristics of climate, particularly tem-
perature and precipitation. However, substantial spa-
tial changes occur depending on self-development of
the cryogenic system with account of some random
factors. Runoff channels maintain their relatively stable

positions only in aufeis development stages I and V
when the ice-ground complex does not go beyond the
level of high floodplain. In other cases, i.e. in stages of
transgression, stabilization and regression, the chan-
nels are offset from year to year due to specific features
of aufeis ablation and formation of cryogenic land-
forms. Another important factor is shifting of the geo-
metric centres of ice masses from side to side of the
valley and up or down the river.

During the snowmelt period, the runoff channels are
cut at different places by melt water flows that spread
over the vast ice field, so the configuration of the chan-
nel network varies from year to year. Such annual vari-
ations are accompanied by transformations of the
aufeis glade, which mainly depend on the erosion-
accumulation activity of branched water flows. A part
of the aufeis glade may be temporarily out of the
aufeis-formation regime and, later on, it is covered by
new aufeis-ice layers. As a result, the valley bottom is
flatten and expanded, and its longitudinal profile is
stepped. It is noteworthy that in some years, many
aufeis deposits demonstrate a sharp increase of their
square areas (by 20 to 30 %), spread into in the neigh-
bouring forests (i.e. beyond the well-defined aufeis
glade) and thus leave traces resembling passage of high
floods. Inexperienced specialists are puzzled and led to
false conclusions concerning the river regime in the
warm season. In some cases, the aufeis deposits are
steadily formed in the near-river forests and on islands
and generate erosional landforms that are similar in
shape to old channels but differ in genesis. The largest
documented aufeis deposit located on the Moma river
in Yakutia is such an example (Fig. 24). In other cases,
the ice fields may decay or drastically reduce in size.
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forested areas and numerous islands are ‘flooded’.

Such a case is the Kyra-Nekharanskaya aufeis deposit
(almost 100 km?) that has recently broken up into
several separate ice masses.

In mature aufeis glades, annual transformations of
the channel network are not always noticeable, as the
runoff channels have low and flat banks, and inter-
stream areas are devoid of vegetation. In some cases,

pacn. Caxa(Fiymus)

Fig. 24. The gigantic Moma aufeis deposit (Ulakhan Taryn) in the north-eastern Yakutia.

a - photo taken from an aircraft (photo by Sandro, Yandex: Fotki..0_6020d_1324d2b0_orig); b - hydrographic network after ice melt
(satellite image, Google). According to different estimates, the area of the Moma aufeis deposit ranges from 76 to 112 km?, its maximum
thickness amounts to 6 m, and the average thickness ranges from 3 to 4 m. In spring, the width of the ice field exceeds 2 km, and large

Puc. 24. Bosbias MoMmckas HasleZb (Y1axaH TapblH) Ha ceBepo-BOCTOKe Ky THH.

a - cHUMOK c camoJieta (¢poto Canzpo, fAupekc. Potku...0_6020d_1324d2b0_orig); b - cTpykTypa ruaporpadpudeckoil ceTH nocae CTau-
BaHU#A JbAa. CHUMOK U3 KocMoca, Google. [lnomanb MoMckoi HaneAy MO pa3HbIM OLiEHKAaM cocTaBjsieT 76-112 kM2, MakcuMaJsbHast
MOILHOCTb ZOCTUTAET 6 M, CpeJiHss KosiebJieTcs B pesesax 3-4 M. BecHo# mMprHa Jie[THOrO MOJIs MPeBbIaeT 2 KM, IPU 3TOM «3aJId-
BaIOTCSI» 3HAYUTEJIbHbIE YIACTKH Jieca 1 MHOTOYHC/IeHHbIe OCTPOBA.

the aufeis bed can develop into a shallow pool that is
periodically dried, and only special methods and
observations can help detecting numerous traces of
water flow movements taking place during ablation
of ice masses (Fig. 25). Aerial surveys and satellite ima-
gery are particularly effective in revealing the long-
term changeability of the channel network. Valuable
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Fig. 25. The channel network on the aufeis glade in the Akkem river valley, Altai.

a - photo taken from a helicopter (NATA-SOLAR; Yandex: Fotki.. 0_80592_66abc943_orig); b - configuration of the current river network
as determined from the photo; c - surface of the aufeis glade with traces of erosion activity of water flows (‘filtered-out’ fragment of the

photo of the middle part of the aufeis glade).

Puc. 25. CTpyKTypa pyc/JI0BOH CETH Ha HaJIeTHOU MOJIsTHE B TOJIMHE PeKU AKKeM, AJTTai.

a - ciuMok c Beptosieta (NATA-SOLAR. fngekc. ®otku... 0_80592_66abc943_orig); b - koHPUrypauus cCOBpeMEHHONU PeyHOH ceTy,
onpejesneHHas M0 GOTOCHUMKY; ¢ — HOBEPXHOCTb HaJIeJHOH TOJISIHBI CO C/IeJaMH 3PO3UOHHOH JIeSITeJIbHOCTH BOJAHBIX MIOTOKOB («OT-
unpTpOBaHHBIN» GparMeHT CHUMKA [IeHTPaJbHOU YaCcTU Ha/leJHOM MOJISIHbI).

information can also be obtained by comparing medi-
um- and large-scale topographic maps constructed or
updated in the past 60-70 years.

Our analysis of the available data shows that in the
valleys of many rivers in the permafrost zone, aufeis
multi-channeling does not occur locally and can be ob-
served almost continuously for many dozens or even
hundreds of kilometres (Fig. 26). This is caused by re-
gional and local crustal faults, which zones are deve-
loped by river valleys of ranks 3 to 6. Tectonic faults of
various generation ranks are associated with water-
releasing taliks that feed large-flow groundwater
sources and their corresponding giant aufeis deposits
(taryns). Besides, it should be noted that square areas
of the ancient aufeis glades are considerably larger that
the areas of the current hydrographic network (Fig. 26,
a-f). This fact gives an evidence of the activity and
long-term variability of channeling in both the current

period and the distant past, including, probably, the
Holocene (10-12 thousand years) and earlier periods.
This aspect has not been studied at all, despite its high
paleogeographical importance, in particular for explo-
ration and evaluation of placer deposits of minerals.

11.ZONATION OF THE TERRITORY OF RUSSIA BY CRYOGENIC
CHANNELING TYPES

Identification of large taxonomic categories from ef-
fects of ice and melt water to channeling should be
based on the known axiomatic concepts that follow
from the Grigoriev-Budyko periodic law of geogra-
phical zonality of natural processes [Grigoriev, 1966]. A
channel is a linear type of landform which is formed by
a water flow. Primarily, where there is no water, there
is no channel (an example is the Moon surface). The
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Fig. 26. Configurations of channel networks in areas of gigantic aufeis deposits (taryns) in the river valleys of the Verkho-
yansk-Kolyma mountain system.

Fragments of topographic maps, scale 1:100000. Grid square 2x2 km. River valleys: a - Kuidusun, b - Yudoma, ¢ - Inya, d - Moma, e - Sun-
tar and Kyuente, f- Charky. The black dotted line outlines the ancient and contemporary aufeis glades. Remnants of the aufeis deposits as

of the topographic survey data are shown in red.

Puc. 26. Kondurypanus pycioBoi ceTH Ha y4acTKaX GOpPMHUPOBaHHUs TMTaHTCKUX HaJle/|[el-TapbIHOB B I0JIMHAX pek Bep-
X051HO-KO0JILIMCKOU TOpHOM CTPaHbI.

®parmeHTH! Tonorpadudeckux Kapt mMacmraba 1:100000. KBagpart cetku 2x2 kM. JlonnHbl pek: a - Kyiaycyn, b - 0goma, ¢ - Uns,
d - MomMa, e - CyHTap u KioeHTe, f - Yapkbl. To4euHOH JIMHUEH YEPHOTO IBETA NNOKA3aHbl BHELIHUE I'PAHULbI IPEBHUX U COBPEMEHHBIX

HaJIeAHbIX [10JIAH; KPAaCHbIM LIBE€TOM BblZl€JIEHbl OCTATKH Ha]le,[[efl Ha AaTy Tonorpa(l)uqecxoﬁ CbEMKH.
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quantity of water involved in channeling is climate de-
pendent. All climate zones of the Earth fall into one of
three basic categories:

(1) zones with permanently positive temperatures
of the near-ground air layer through the year; in such
zones, channeling takes place under the laws of non-
freezing rivers;

(2) zones with permanently negative temperatures
at the boundary between the atmosphere and the litho-
sphere (permafrost conditions); in such zones, rives
are absent as all the water is accumulated as snow and
ice (for example, in Antarctica and inner regions of
Greenland);

(3) zones with alternating positive and negative
temperatures at the ground surface; in such zones,
rivers are covered by ice for many months, and the
majority of the rivers freeze either partially or com-
pletely.

Zonmes in category 3 are parts of the transitional belt
of the cryosphere, wherein the regime of water flows
and corresponding erosional-accumulation events are
dependent on the duration and severity of the cold pe-
riod of the year, solid precipitation volumes, types of
feed, presence of permafrost and seasonally frozen
areas etc. Ratios of water, ice and frozen rocks, which
determine specific features of channeling in the transi-
tional belt of the cryosphere, are shown in Fig. 9. If the
water layer in the runoff channel of thickness hi, does
not get covered by ice through the year, channeling
takes place under the laws of non-freezing rivers. In the
permafrost zone, processes of this type take place rare-
ly, mainly on sites of large permanent polynya formed
by strong subaqueous groundwater sources, as well as
at afterbays of river dams, and are always influenced
by icing events that occur in the adjacent river sections.
In all other cases, the presence of the ice cover and its
temporal and spatial changeability provide for the
stage-by-stage cryogenic development of the hydro-
graphic network, which reflects principles of self-
development of the geosystems within the limits of
specific climate characteristics and uniform geological
and geomorphological conditions. Obviously, seasonal,
long-term and perennial changeability of the cryogenic
systems of this types is manifested not only along the
river of a certain rank, but also within natural and cli-
matic zones and altitudinal belts, and this is reflected in
characteristics of ice, the underlying bed and the hy-
drographic structure in general. These conclusions fol-
low from an unsophisticated physical geographical
analysis of the situation and are supported by the ma-
terials presented in the previous sections of this paper.

Based on the above, we propose a general classifica-
tion of cryogenic channeling types. It refers to condi-
tions of formation of the channel networks in practical-
ly all cold regions of the Earthiapa (Table 8), primarily
regions of the permafrost zone.

In our classification, the key indicator is represented
by a ratio of thicknesses of genetically inhomogeneous
glacial formations on rivers, specifically snow-ice thick-
ness, hq, river- and groundwater aufeis thickness, h,,
and crystalline river ice thickness, h.. Five types of
cryogenic channeling are distinguished according to the
following conditions: (1) hsn>ha>ha; (2) Asnow>her<hs;
(3) hsn<he>ha; (4) hen<ha< ha; and (5) hsn>0<ha.

Type 1. Snow (hsa>ho>h,;). Snow-type channeling
is typical of the regions characterised by short-term
and seasonal freezing, short freeze-up periods (up to 4
months) and a relatively thin ice cover. Ice does not
extend above the autumnal low-water level, sags while
the subsurface feed is depleting, decays without ice
drift, and does not put any significant impact on
channeling. The floodplain sections of the valley are
deformed and the sediments are redeposited during
the spring-flood period due impacts of melted-snow
water.

Type 2. Snow-ice (hsnow>hcr<ha). Snow-ice chan-
neling is typical of the regions characterized by deep
seasonal freezing of soils and rocks, sporadic and mas-
sive sporadic permafrost (up to 50 % of the area) on
mountain slopes and in boggy river terraces (rarely on
high floodplains). By spring, due to river-water aufeis
depositing, the ice cover extends beyond the autumnal
low-water level and reaches the inner boundary of the
floodplain. During the snow-melt period, the ice slabs
floats with melted snow water and contributes to re-
deposition of riverbed material and floodplain alluvi-
um, but does not cause any significant changes in the
structure of the river banks and the river bed.

Type 3. Ice-aufeis (hsm<ho>ha). Ice-aufeis chan-
neling is typical of the regions with discontinuous per-
mafrost (50 to 95 % of the area) and freezing river sys-
tems. In the first half of winter, the crystalline-ice cover
is overlaid by river-water aufeis deposits and, in the
second half of winter, by groundwater aufeis deposits.
In the aufeis-formation period, the snow cover gets in-
cluded in the ice bed and creates cloudy bubble-rich ice
sublayers. The glacial complex, extending to the level of
high floodplain, is complicated by aufeis- and ground-
aufeis mounds. In spring, the river bed is significantly
transformed during the ice-drift period - the bank
slopes are deformed; alluvial deposits, that are frozen
in and frozen up to the ice slabs' bottoms, are trans-
ferred; bars, chains and scattered structures containing
sand, gravel boulders and pebbles are constructed on
the beaches; subaqueous furrows and runoff channels
are formed. During the ice-drift period, ice may be de-
posited outside the floodplain. It melts in place and
thus does not put any impact on channeling.

Type 4. Aufeis (hsn<hc<ha,). Aufeis channeling is
typical of regions with continuous permafrost (more
than 95 % of the area) and ubiquitous freezing of water
flows. The thick aufeis deposit (composed mainly of
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T a bl e 8. Characteristics of cryogenic channeling types (for rivers of ranks 1 to 6)

Ta6auima 8 Tunosiornyeckas XapaKTepUCTHKA YC/I0BHIl KPMOTEHHOTO Pyc/1006pa3oBanus (A1 pek 1-6-ro nopsaka)

Characteristics Types of cryogenic channeling
1. Snow (S) 2. Snowr-ice (SI) 3.Ice-aufeis (IA) 4. Aufeis (A) 5. Glacier (G)

Map symbol 1 2 3 4 5
Intensity of cryogenic channeling Very low Low Medium High Very high
Period of maximum manifestation, I11 I\Y% V-VI V-VII VI-VIII
month
River runoff under ice, month Continuous XI-III  Continuous X-IV  Intermittent X-I Intermittent X-XI None
Duration of freeze-up period, num-  1-4 4-6 6-7 7-8 8-10
ber of month
Average ice snow, hsn 0.3 0.3 0.3 0.2 0.5
thickness, m crystalline, hcr 0.2 0.5 0.7 0.3 None

aufeis, ha 0.1 0.2 0.5 1.5 2.0

total 0.6 1.0 1.5 2.0 2.5

ratio hsn > her > ha hsn > her < ha hsn < her > ha hsn < her < ha hsn >0 < ha
Presence of seasonal (h>1 m) None In floodplain In floodplain and  Under river bed None
permafrost under river bed

perennial None Sporadic Discontinuous Continuous Continuous
Taliks over-permafrost None None In floodplain Under river bed Under river bed

inter-permafrost None None Under river bed In floodplain and  Under river bed

under river bed and glacier

Snow cover thickness, m 0.5-0.8 0.3-1.0 0.2-0.8 0.5-1.0 1.0-1.5
River feed in the critical period of Subsurface Subsurface Subsurface Aufeis Glacier

the year (zero precipitation)

groundwater) occupies the channel, floodplain and low
terraces and often spreads through the entire width of
the river valley. Lenses and layers of injection ice form
under the aufeis deposit, and the soil layers have to
bulge and thus obstruct the way for melt and rain wa-
ter. As a result, the water flows are forced to change
their directions. The underlying bed and the beach
scarps are intensely eroded. Due to melting of aufeis ice
and injection ice, an additional network of streamlets is
created, and thermokarst collapse is accompanied by
the formation of small lakes or lengthy trenches that
accumulate the melt water runoff. In the icing zone, the
sediments are redeposited, and large fragments of
rocks are displaced every year. As a result, the river
bed is expanded and flatten, and the water flow is
spread and divided into a series of shallow-water
branches and loses its velocity and carrying capacity.
Type 5. Glacier (hsn>0<h,). Glacier-type channeling
develops below tongues of mountain-valley glaciers
and at the walls of ice caps in conditions of continuous
recent or relict permafrost. In case of complete freezing
of the icing bed, the channel network is formed only
due to erosion-accumulation activity of thawing snow
and glacial water. The runoff regime is characterised by
evident daily water level variations due to atmospheric
air temperature changes. The flow rates may reach ca-
tastrophic values; in such cases, glacial materials are

considerably redeposited and reworked, and river
channels shaped in the previous year are significantly
transformed. Generally, the bottoms of glacial valleys
are flat and cut by numerous channel branches that are
filled during daily increase of the water level and in
case of rains. The impact of glacier floods can be traced
for dozens and hundreds of kilometres down the val-
ley; it is reflected in the morphological structure of
near-glacier outwash plains.

At the edge of the warm glaciers containing the re-
serve of intra- and subglacial water that is discharged
in winter, the snow-aufeis complex is formed. It modi-
fies the activity of melt water, and in some cases leads
to formation of typical aufeis glades with mounds and
intra-soil injection-ice layers that are sometimes
viewed as remnants of a degraded glacier.

Zonation by the cryogenic channelling types is
shown in Fig. 27. Almost 2/3 of the territory of Siberia
and the Far East, the northern part of the Ural and
Priuralie and the Arctic islands are strongly influenced
by cryogenic processes, which is evidenced by the
structure and functioning of the hydrographic network,
in particular its upper part (water streams of ranks 1 to
5). The aufeis deposits play a significant role in this
large-scale natural phenomenon, which should be ta-
ken into account in infrastructure engineering projects
aimed at development of the permafrost zone.
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Fig. 27. Zonation of the territory of Russia by cryogenic channeling types.

Cryogenic channeling types: 1 - snow, 2 - snow-ice, 3 - aufeis-ice, 4 - aufeis, 5 - glacier (channeling conditions are described in table 8);
6 - areas of gigantic aufeis deposits (taryns). Mountains and plateaus are shaded.

Puc. 27. PafionHupoBaHue TeppuTopur Poccuu 1o TUIaM KpUOTEHHbBIX PYCJI006pa3yoiUX IPOLeCCOB.

Tunbl KPUOTEHHBIX PYCI006Pa3yIOIIUX MPOLECCOB: 1 — CHEXKHBIN, 2 — CHEXKHO-JIe/I0OBbIH, 3 — HaJle[JHO-JIe[JOBbIH, 4 — HaJleAHbIH, 5 - e jHU-
KOBBIH (XapaKTepUCTHKA YCJIOBHUH pycyoreHe3a cM. B Tabsuie 8); 6 - paloHbI paclpocTpaHeHHUs] TUTAHTCKUX HaJsle/ed-TapbIHOB. LITpu-

XOBKOM MMOKa3aHbl TOPbI U IJIOCKOT'OPbA.

12. DISCUSSION

According to the recent studies [Koroleva, 2011], the
permafrost zone of Russia amounts to 10.7 mln km?
(65 % of the territory), including 5.2 mIn km2 (49 %) of
continuous permafrost, 2.4 min km2 (22 %) of discon-
tinuous perennial permafrost, and 3.1 mln km2 (29 %)
of mass-sporadic and sporadic permafrost. Groundwa-
ter aufeis zones are large and well manifested by aufeis
glades in the territory of 7.6+ mln km? (71 % of the
permafrost zone). The relative aufeis ratio determined
from parameters of 10000 ice fields amounts to 0.66 %
in average (see Table 7), i.e. almost 56000 km2, If an
error of 20 %, that occurs because the aufeis fields are
less numerous in the lowland plains, the total annual

square area of the groundwater aufeis deposits
amounts to almost 45000 km2. The number of ice
masses, each occupying an area of 0.770 km? in
average, may be significantly larger than 60000. Many
or few? For comparison, we can refer to the square
area (Fg) and the number (Ng) of glaciers in the conti-
nental Russia: Fg=2551 km?, and Ny=1727 [Dolgushin,
Osipova, 1989]. Thus, the total aufeis (congelation-ice)
square area in the permafrost zone is higher by a factor
of 18 than the 'classical’ (sublimation, sedimentation-
metamorphic) icing area. The number of large ground-
water aufeis deposits, which square area is equivalent
to the mountain-valley glaciers in the Asian regions of
Russia, is significantly more than 60000, i.e. by a factor
of 35 exceeds the number of glaciers. Estimations



based on the above-mentioned data show that the total
increment of the hydrographic network amounts to
690000 km in the territories of continuous and discon-
tinuous permafrost (F=7.6 mln kmz2).

The above values do not take into account aufeis
deposits of the heterogeneous origin (fed by river wa-
ter and groundwater) which, as a minimum, occupy
60 % lengths of the rivers of ranks 1 to 5 in the remai-
ning regions wherein permafrost is developed. In Sibe-
ria and the Far East, the total length of rivers of ranks 1
to 5 (up to 500 km long) amounts to 6.641 mln km.
Almost half of such rivers run in the territories of con-
tinuous and discontinuous permafrost. Rough esti-
mates for Siberia and the Far East show that the total
square area of the aufeis deposits occupying the entire
river channels, but not exceeding the limits of the
'standard’ floodplain, amounts to 68000 km?, i.e.
twice as large as all the groundwater aufeis deposits
with 'fixed' beds (taryns).

The above-mentioned values are just the first ap-
proximation. Anyway, such data give evidence of the
significant role of aufeis phenomena in channeling, as
well as in the evolution of the structure and dynamics
of the geosystems in the northern territories. Consider-
ing hydrological, geological and landscape develop-
ment aspects, there are grounds to conclude that the
role of aufeis deposits is many times more important in
this respect than the role of glaciers. This conclusion is
based not only on the above-mentioned information,
but also on the comparison of the aufeis and glacier
runoff volumes. The thaw-aufeis water volumes are
just incomparable to the glacier water runoff. Most of
the aufeis deposits are subject to complete ablation
during the warm season each year, and their annual
‘active layer' equals the aufeis-ice thickness. All the
thaw-aufeis water goes into the river network and ac-
tively participates in channelling. As for the glaciers,
only the top thin parts are 'in operation' and only in the
ablation zone, which square area is generally signifi-
cantly smaller than that of the accumulation zone.

Anyway, glaciers have always been given special at-
tention in all the regions in the USSR and Russia. There
is still a trend to report a 'geographical discovery' even
when presenting a description of a small-sized glacier
located somewhere in Pribaikalie or on the Koryak
tableland. Aufeis deposits were less ‘lucky’ and became
the subject of active studies only about 50-60 years
ago; however, in the past two decades, the aufeis stu-
dies ceased. Why the current situation is inadequate?
There is no need here to mention factors of 'perestroi-
ka' and the social and economic crisis; the negative
consequences are evident. There is, however, a number
of subjective factors - an adequate understanding of
glacial phenomena and especially aufeis is lacking
among many researchers, engineers and science ma-
nagers, and the importance of such phenomena for de-
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velopment of regions with cold climate is under-
estimated. The aufeis sections of the river valleys,
being the 'hottest’ spots of the permafrost zones, are
unavoidable and cannot be eliminated. The only way is
planning human activities with account of the aufeis
phenomena, which requires the knowledge of laws
and regularities of development, structure and proper-
ties of the cryogenic systems. Long-term monitoring,
testing and experiments are needed to obtain such
knowledge. Besides, a wide-scale inventory of relevant
research subjects needs to be conducted. Neither Skol-
kovo nor Olympic Games projects can be sufficient for
solving the scientific and applied problems of nature
resources development in our country of abundant
snow, ice and permafrost. It is critical to plan and im-
plement independent nature research programmes
targeted at problem solving in the specified fields of
science and practice.

In late 1980, large-scale research data were consoli-
dated in the USSR Glaciers Catalogues. The World Atlas
of Snow and Ice Resources, presenting a unique sum-
mary of the current knowledge on snow and ice on the
Earth, was published in 1997. Less ambitious, yet no
less successful initiatives and publications by individu-
al scientists and research teams should be also men-
tioned as valuable contributions to the knowledge on
aufeis phenomena [Alekseyev, 2007; Catalogue..., 1980,
1981, 1982; Shesternev, Verkhoturov, 2006; Sokolov,
1975; Tolstikhin, 1974]. Unfortunately, the techniques
and methods applied in these studies were imperfect,
and the input information was motley. Now it is chal-
lenging to analyse and compare such data. Many as-
pects were skipped as the input data was lacking. To-
day, when data obtained by highly efficient GIS tech-
nologies and nearly simultaneous serial space imagery
can be available, the pressing demand to revise and
update the databases can be met. It becomes feasible to
stock-take the icing and glaciation objects of the entire
Earth or the territory of Russia, as a minimum, by es-
tablishment of monitoring sites for ground-truth ob-
servations to confirm satellite data. Studies of ice-
ground complexes as a unique phenomena of icing on
the Earth should be also included in a comprehensive
research programme. With this approach, many issues
of cryogenic morpholithogenesis, including those men-
tioned in this article, can be clarified.

The materials reviewed herein and data on other
regions published in [Petrov, 1930; Podyakonov, 1903;
Romanovsky, 1983, 1993; Sannikov, 1988; Strugov, 1955;
Tsvid, Khomichuk, 1981] show that annual formation
and ablation of aufeis and subsurface ice are accompa-
nied by soil heaving, thermokarst and thermal erosion.
Combined, these processes lead to a rapid (often unex-
pected) reconfiguration of the surface and subsurface
runoff channels, abrupt uplifting and subsiding of the
ground surface, decompaction and 'shaking-up' of sea-
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sonally thawing and seasonally freezing rocks, thereby
producing exceptionally unfavourable conditions for
construction and operation of engineering structures.
All the above-described phenomena need to be taken
into account in applied research and engineering for
development of natural resources in the northern re-
gions.

It should be noted that aufeis hazard has not been
duly considered yet in applied aspects, despite the
availability of scientific and engineering publications
on glaciology, hydrogeology and geocryology of the
northern and north-eastern regions of Russia [Alekseev,
2005]. Researchers are mainly focused on studies of ice
and water above ice. Processes under the ice caps and
aufeis deposits remain unknown, and the lack of such
knowledge hampers the search for solutions of applied
problems. An indicative case is the Kerak aufeis deposit
at the Transbaikalian (Far East) Railroad (KP 7352).
For over 50 years, the railroad bed and icing on site
were monitored [Rumyantsev, 1964, 1991]. Nearly eve-
ry year, management decisions concerning assurance
of safe railroad operations were taken on the basis of
theoretical considerations, without any research of 'in-
herent' factors leading to hazardous engineering geo-
logical processes, and such decisions were actually use-
less. Only after core-drilling studies initiated by hydro-
geologist P.N. Lugovoy and detailed observations on
this site, a correct and reliable method was selected for
protection of the railroad bed, and the aufeis hazard
was thus eliminated.

Obviously, aufeis problems are well known to scien-
tists and engineers, especially those involved in road
construction projects [Chekotillo et al, 1960; Kazakov,
1976], yet aufeis studies are generally limited to road
sides. Typically, front-end engineering surveys do not
include long-term field observations that would facili-
tate clarification of the origin and dynamics of aufeis
and cryogenic-geological phenomena - it is conven-
tionally believed that aufeis hazard can be eliminated
by standard protection actions. It is, however, evident
that regularities of formation of ice-ground complexes
and their development depend on a complex combina-
tion of many natural factors, including the topography
and geological setting of the territory, permafrost and
hydrogeological conditions, geographic latitudes and
elevations of areas subject to icing etc. In order to solve
applied problems, it is required to employ specialized
approaches on a case-by-case basis as specific indica-
tors of the above-mentioned relationships have not
been established yet. Besides, total and unit sizes of
aufeis deposits should be taken into account. Based on
results of his studies of the northern Amur region,
B.N. Deykin made the following conclusion: within the
limits of the well-defined aufeis glades, the square area
and the volume of stratal ice amount to 41.5 % and
15 % of the unit dimensions of an average aufeis de-

posit, respectively [Deikin, 1985]. In our preliminary
calculations based on the established indicators, simi-
lar values (55 % and 20 %) are obtained. What is the
extent of distribution of injection ice and mounds in the
areas wherein giant aufeis deposits (taryns) occupy
dozens of square kilometres? Does formation of the ice-
ground complexes differ in the northern and southern
areas of the permafrost zone? These questions remain
unanswered. The studies that started 30-35 years ago
at the Baikal-Amur Railroad, in Yakutia and the north-
eastern regions of Russia were suspended and have not
been resumed yet. The information collected for road
construction projects in the southern regions of the
permafrost zone is evidently insufficient for assess-
ment of the extent and specific development features
of hazardous aufeis phenomena in areas of harsh cli-
mate conditions. That is why the express methods ap-
plied for engineering design of industrial linear facili-
ties, such as the East Siberia - Pacific Ocean pipeline
(ESPO), fail to fully provide for reliable assurance of
stability and environmental safety of the industrial sys-
tems.

The problem will be surely aggravated in construc-
tion of linear facilities of large lengths, such as a trans-
continental railroad to Alaska - by-passing or crossing
the 'hot spots' without any environmental risk will be
the major challenge. In view of the above, special
studies are required to catalogue the data on aufeis
glades and to study the aufeis dynamics, conditions and
development with account of interactions of the ice
masses with the underlying rocks and the environment.
Upgrading the methods for identification and assess-
ment of aufeis hazards is of high practical importance,
and new techniques should be developed with applica-
tion of remote sensing and ground-truth observations
to confirm satellite data.

In order to solve engineering problems related to
aufeis sections of the river valleys, it is proposed to es-
tablish sites for pilot testing and monitoring. Studies on
such sites can facilitate the identification of specific fea-
tures in the behaviour of natural and man-made sys-
tems, such as pipelines, embankments, bridges, under-
ground and surface utilities and other facilities opera-
ting in complicated conditions, as well as contribute
to establishing principles and methods of design,
construction and operation of engineering structures in
territories subject to aufeis hazards. It will be possible
to test theoretical models and technological schemes
aimed at development of the territories wherein hun-
dreds of thousand square kilometres are ice-covered
each year.

In our opinion, it is also important to study the
aufeis alluvium, specifically its structure, locations and
development. This well-washed and sorted material is
affordable and can be widely used in construction of
various facilities. The aufeis glades can be considered



as a kind of traps for placer gold due to the annual
'shake-up' of loose sediments, decay of the energy of
water flows and morphological characteristics of the
channel network in the aufeis glades. The aufeis glades
are abundant in the 'golden belt' stretching from the
Sayan mountains to the Kolyma upland in the north-
eastern regions in Asia, as well as in Alaska. It stands
for reason that Yu.A. Bilibin, the pioneer and expert in
geology of gold placers, gave much attention to studies
of aufeis phenomena when prospecting for 'gold-
bearing sands' [Bilibin, 1963]. Specialized mining and
tunnelling works are needed to study this aspect.
Hopefully, this problem will attract the attention of
specialists who can conduct proper scientific and ap-
plied studies.

Based on our analyses of the current state of
knowledge on the aufeis sections of the river valleys,
some topical problems can be stated for the future
studies. In our opinion, objectives for the near future
shall be as follows:

(1) Conduct detailed studies of cause-and-effect
relationships and regularities in seasonal and long-
term development of geodynamic and glaciohydrologi-
cal phenomena in the zone of active icing; such studies
shall be based on long-term observations on special
aufeis polygons;

(2) Develop a technique for field surveys and map-
ping of aufeis hazard sites in the regions wherein giant
aufeis deposits (taryns) are abundant; reveal and eva-
luate indicative properties of the aufeis deposits and
aufeis glades;

(3) Study how industrial facilities, such as pipelines,
utilities, roads, railroads, bridges, dams, towers of
overhead power and communication lines etc., interact
with aufeis deposits and aufeis ice-ground complexes
of the main types;

(4) Determine principles of engineering develop-
ment of the aufeis sections of the river valleys in zones
differing in climate and geocryological conditions; pro-
pose and develop standard technological schemes for
design, construction and operation of engineering
structures on sites of active icing;

(5) Study deposits on the aufeis glades as sources of
building materials and accumulators of some useful
minerals.

The above-mentioned problems can be solved only
by joint efforts of specialists from interested institutes
and authorities, who can establish a multi-discipline
team for implementation of a comprehensive project
titled "Development of concepts and methods for as-
sessment, mitigation and elimination of aufeis hazard in
the permafrost zone of Russia”. It is reasonable to con-
duct activities aimed at preparation and implementa-
tion of the project with resources of the Siberian
Branch of RAS, particularly with involvement of spe-
cialists from Melnikov Permafrost Institute (Yakutsk),
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Institute of the Earth's Crust (Irkutsk), Earth Cryo-
sphere Institute (Tyumen), and Sochava Institute of
Geography (Irkutsk).

13. CONCLUSION

1. The groundwater aufeis deposits, which are
abundant in the territory of Siberia and the Far East,
are many times more substantial than the 'classical’
(sedimentary-metamorphic) form of icing, considering
their number, dimensions and the current morholitho-
genetical importance. The more contrasting is the ter-
rain, the more active are neotectonic movements, the
lower is the mean annual air temperature, and the
higher is the annual percentage of the territory covered
by aufeis ice. The aufeis ratio of the permafrost zone,
which is determined from parameters of over 10000
ice fields, amounts to 0.66 % (50000 km?2). In moun-
tains and tablelands, the total area of aufeis deposits
amounts to 40000 km?, and the number of ice clusters
(0.77 km? in average) exceeds 60000. On the rivers as
long as 500 km, the size of aufeis depends on ranks of
the streams. In all the natural zones, the majority of
gigantic aufeis spots produced by groundwater are lo-
cated in river valleys of ranks 3 or 4. The area of aufeis
deposits of mixed feed, i.e. produced by river water and
groundwater, which occupy the entire river channel,
yet do not go beyond an ordinary floodplain, amounts
to 68000 km?, i.e. by a factor of 1.7 larger than the area
of all the aufeis deposits (taryns).

2. Due to local groundwater seeping and freezing in
layers that accumulate over each other and create large
ice clusters on the ground surface, specific conditions
of energy- and mass transfer are created in the atmos-
phere - soil - lithosphere system. In winter, the vertical
temperature distribution curve is significantly disrup-
ted due to heat emission from the aufeis layer of water
during its freezing, and a thermocline is thus formed.
Deformation of the temperature curve is gradually de-
creasing in size downward the profile and decays at
the interface of frozen and thawed rocks. Values and
numbers of temperature deviations from a normal’
value depend on heat reserves of aufeis water and the
number of water seeps/discharges at a given loca-
tion. Upon occurrence of a thermocline, the mode of wa-
ter freezing and the mechanism of ice saturation of the
underlying layers is changed, and double-layered ice-
ground complexes (IGC) are formed. IGCs are drasti-
cally different from cryogenic deposits in the adjacent
segments of the river valley. By specific genetic charac-
teristics and ratios of components in the surface and
underground layers, seven types of aufeis IGCs are dis-
tinguished as follows: massive-segregation, cement-
basal, layered-segregation, basalt-segregation, vacuum-
filtration, pressure-injection, and fissure-vein. IGC struc-
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tures and properties are variable depending on icing
conditions and processes.

3. Annual processes of surface and subsurface icing
and ice ablation are accompanied by highly hazardous
geodynamic phenomena, such as winter flooding,
water freezing, soil heaving, thermokarst and thermal
erosion. Combined, these processes lead to a rapid
(often unexpected) reconfiguration of the surface and
subsurface runoff channels, abrupt uplifting and
subsiding of the ground surface, decompaction and
'shaking-up' of seasonally thawing and seasonally
freezing rocks, thereby producing exceptionally un-
favourable conditions for construction and operation
of engineering structures.

Impacts of aufeis deposits and genetically associated
cryogenic-geological processes are most actively mani-
fested in the formation and development of the channel
network. Five types of cryogenic channelling are
distinguished with regard to ratios of thicknesses of
crystalline (h.), aufeis (ha) and snow (hsa) ice layers,
conditions and specific impacts of icing: (1) snow
(hsa>hee>h3), (2) snow-ice (hsn > her < ha), (3) aufeis-ice
(hsn < her > ha), (4) aufeis (hsn < her < ha), and (5) glacier
(hsn > 0 < hj). The cause-and-consequence relation-
ships concerning the above-mentioned types of chan-
nelling are controlled by infill of the runoff channels
with ice and the ice thickness, as well as by the degree
of discontinuity of permafrost and depths of seasonal
freezing and thawing of soil.

4. The impact of aufeis ice on channeling and the
underlying rocks is most vivid in the regions with dis-
continuous and continuous permafrost. The average
thickness of the ice cover on rivers ranges from 1.0 to
2.5 m, and it major part (90-95 %) is formed due to
discharge and subsequent freezing of river- and
groundwater. It is revealed that the intensity of cryo-
genic channeling depends on aufeis deposits above
the autumnal low-water level. If the runoff channel is
filled with ice up to the level of high floodplain, chan-
neling of the ice-aufeis type takes place, and the river
bed is deformed mainly due to thermal erosion and
exaration during the spring ice-drift period. The beach
scarps, river bars, islands and midstream sandbanks
are cut off; chains, bars and scattered structures con-
taining sand, gravel boulders and pebbles are con-
structed at the river sides; subaqueous furrows and
other cryogenic terrain structures are formed; the
riverbed is expanded and box-shaped. If ice extends
above the level of high floodplain, all the indicators of
channeling of the aufeis type are observed. This type of
channeling is manifested by aufeis glades, i.e. expanded
and flatten sections of the river valley, devoid of wood
vegetation, with flat terrain and the network of shal-
low-water branches. The aufeis glades are arranged as
a ‘string’, one after another, on the main water-artery
bed and indicate locations of permanent groundwater

sources with large flow rates.

5. It is revealed that the aufeis sections of the river
valleys develop by a typical sequence of events due to
self-development of the geosystems and transfor-
mations under the influence of climate changes and
cryo-hydrogeological conditions. In the regions with
continuous and discontinuous permafrost, five stages
of cryogenic channelling are distinguished: I - pre-
glacial development, Il - transgression, III - stabiliza-
tion, IV - regression, and V - post-glacial development.
Each stage is characterised by a specific glaciohydro-
logical regime of runoff channels and their specific
shapes, sizes and spatial patterns. In the mature aufeis
glades, there are sites undergoing various development
stages, which gives evidence that aufeis channelling is
variable in a wide range in both space and time. The
channel network is subject to the maximum transfor-
mation in aufeis development stages III and IV, when
the transit flow channel is split into several shallow-
water branches, producing a complicated plan pattern
of the terrain.

With respect to sizes of aufeis glades, river flow ca-
pacities and geological, geomorphological, cryo-hydro-
geological conditions, the aufeis patterns of the channel
network are classified into five types as follows: fan-
shaped, cone-shaped, treelike, reticular, and longitudi-
nal-insular. Trends in further development of the river
valleys with aufeis deposits can be determined from
the structure and the status of their channel networks,
and such knowledge is valuable for industrial and eco-
nomic development of the regions.

6. The cumulative morpholithogenetical effect of
aufeis phenomena is expressed by an increment in the
channel network as compared to parameters of the riv-
er segments located upstream and downstream of the
aufeis glade. This indicator is quite well correlated with
the main characteristics of the aufeis deposits in the
river basins, morphostructural and cryo-hydrometeo-
rological conditions of the territory under study. In the
mountain regions, multiple branches of small and me-
dium-sized rivers, which are formed due to aufeis pro-
cesses, can be traced for dozens and hundreds of kilo-
metres almost without any gaps; such branches are
highly variable in both time and space. The increment
in the channel network, p, per one groundwater aufeis
deposit is increased, in average, from 3.5 km in moun-
tains in the southern regions of East Siberia to 23 km in
the Verkhoyansk-Kolyma mountain system and Chu-
kotka. The value of p, is decreased to 2.2 km in the
plains and intermountain depressions of the Baikal rift
system where the ice fields are smaller in size. The
average increment in the channel network per one
groundwater aufeis deposit amounts to 12.2 km,
and the total increment in continuous and discontinu-
ous permafrost areas (F=7.6 mln km?2) is estimated
at 690000 km.



7. A combination of impacts of aufeis and icing pro-
cesses on underlying rocks and the channel network is
a specific form of cryogenic morpholithogenesis that is
typical of regions with inclement climate and harsh en-
vironment. Annual formation and ablation of aufeis de-
posits provide for development of specific geodynamic
processes and phenomena, such as destruction and
transformation of vegetation, formation of laminated
and lenticular ground ice layers, activation of cryogenic
weathering of rocks, soil heaving, formation of ice- and
ice-ground barriers, mechanical compaction and cryo-
genic relocation of alluvial deposits, thermokarst sub-
sidence and caving, thermal erosion and exaration, re-
distribution of water resources, and melted aufeis run-
off. The above-mentioned processes create specific
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Abstract: Seismicity migration is studied by a new method based on space-time diagrams and a combination of clus-
ter and regression analyses. Data from the global and Baikal regional earthquake catalogues are analysed with the
application of the specially designed geographic information system (GIS) in order to establish parameters and mech-
anisms of seismicity migration in space and time. We study the migration of seismic events in the following geostruc-
tural systems: the Baikal rift zone (BRZ), the area between BRZ and the Indo-Eurasian interplate collision zone, the
area between BRZ and the West-Pacific seismic foci Benoiff zone, and two segments of the Middle Atlantic ridge.

As evidenced by the obtained results, studying regimes of seismic migration provides for analyses of space-time
distribution of seismic energy in the fault-block structure of the lithosphere and facilitates more detailed studies of
the origin of deformation waves and mechanisms of the seismotectonic regime of the Earth. Forward (from the equa-
tor) and backward (towards the equator) migration of seismic events are established in all the regions under study. It
is assumed that this phenomenon may result from regular changes of the polar compression of the Earth due to varia-
tions of its rotation regime. Besides, it is revealed that energy clusters of migration are regularly generated, and the
regularity may be related to the 11-year cycle of the solar activity which impacts the seismic regime. We discuss the
need to study the interference of wave deformations in the lithosphere which are initiated by several external energy
sources. It is proposed to consider the regimes of planetary seismicity migration as a reflection of redistribution of
endogenic (primarily heat) energy of the Earth during the destruction of its lithospheric shell under the impacts of
cosmogenic factors via triggering mechansms. With reference to our positive experiences of applying the proposed
concept to BRZ, we consider possibilities of using the seismicity migration data for prediction of earthquakes in the
planetary and regional scales.
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WU3YYEHUE MUTPALIUHA CEHCMHUYECKOH AKTUBHOCTH C TIOMOIIIBIO
INIOCTPOEHHUA ITPOCTPAHCTBEHHO-BPEMEHHBIX ITUATPAMM

E. A. JleBuHa, B. B. Pyxxu4

Huecmumym 3emHotl koput CO PAH, Hpkymck, Poccus

AHHoTanus: V3y4yeHue npoLeccoB ceiCMOMUIpalii MPOBOJAUIOCh HOBBIM METO/I0M NOCTPOEHHUsI NPOCTPAHCTBEH-
HO-BPEMEHHBIX JUarpaMM U IOCPEJCTBOM COUYETAHHS KJIACTEPHOIO U PerpecCHOHHOTO0 aHasiu3a. C moMolbo paspa-
60TaHHOU reorHbopMannoHHo# cucteMsbl ('MC) U c ucnoIb30BaHKWEM BCEMUPHOT0 U 6aliKa/IbCKOT0 perMoHaJbHOT0
KaTaJIoroB 3eMJIETPSICEHUH pellaiCh 33/layy 10 BbISICHEHUI0 IapaMeTPOB U MEXaHU3MOB NPOCTPAHCTBEHHO-Bpe-
MEHHOW MHUIpALMM CEHCMHYECKOH aKTUBHOCTH. CeliCMOMHUIpaLlMOHHBIE SIBJIEHUS H3y4YaJUChb B CJIELYIOILIUX Teo-
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CTPYKTYPHBIX CUCTeMax: B npejesax baiikanbckoil pudToBoit 30HbI (BP3), Mexxay BP3 u o6nactbio Unao-EBpasuii-
CKOM MeXIJIMTHOU KoJs1u3uu, Mexy bP3 u 3anagHo-TuxookeaHckol ceiicModokanibHOU 30HOM beHboda, a Takxke B
JIByx cerMeHTax CpeAUHHO-AT/IaHTUYECKOr0 XpebTa.

Ha ocHoBe aHa/nM3a NoJiy4yeHHbIX pe3yJbTaTOB N10Ka3aHO, UTO U3y4YeHHe PeXXMMOB ceiCMOMUTIpaLUil N03BoJIsEeT
aHa/IM3UPOBaTh NPOCTPAaHCTBEHHO-BpEMeHHOe NlepepacnpefieieHue celiCMUYeCKOd sHepruu B pa3Jo0MHO-6J10KOBOM
CTPYKType JUToCchephl ¥, COOTBETCTBEHHO, 60Jiee yray6JeHHO U3y4yaTh AedpOpMallMOHHO-BOJHOBYIO IPUPOAY U Me-
XaHU3Mbl GOPMHUPOBAHUA CEICMOTEKTOHUYECKOT0 peXKuMa 3eMJIM. YCTaHOBJIEHO NpOosiBJeHue NPAMBIX (0T 3KBaTO-
pa) ¥ 06paTHBIX (K 9KBATOpy) celicMOMUIpaLUil AJis1 BCeX pacCMOTpPEHHbIX pailoHoB. [Ipesnosaraercs, 4YTo Takoe
sIBJleHHe MOXeT GbITb 00'bSICHEHO NepUOAUYeCKUM U3MeHeHHeM MOJIAPHOr0 CKaTus 3eMJIM 3a cyeT BapUalUi ee
pPOTaLMOHHOTO peXHUMa. BrisiBleHa Takke MepUOJUYHOCTb B PeXXHMMe reHepallUM 3HepreTUYeCKUX KJIACTepOB MU-
rpalyy, YTO MOXKeT ObITh CBSI3aHO C BJUSHUEM Ha CelicCMUYeCKUH pexxuM 11-JeTHero nMKJa COJTHEYHOM aKTHUBHOCTH.
06cyxaaeTcss HEO6XOAUMOCTb UM3yYyeHUs1 UHTepdepeHIMU BOJHOBBIX AedopMauuil B autocdhepe, BO30YKAEHHBIX
HeCKOJIbKMMH BHELUIHUMU 3HepreTH4YeCKMMHU UCTOYHMKaMU. C 3TUX NO3ULUM peXUMbI NJIaHETAapHOHN celicMOMHUTpa-
LMY NpeAJaraeTcsl pacCCMaTPUBATh Kak OTpaXkeHUe NepepacnpesiesieHUs] IHA0TeHHOM, IPeuMylleCTBEHHO TelJIOBOH,
3HepPryy HalleHd NJIaHeTHhl B X0Je AeCTPYKLUUH ee JUTOCHepHOH 060I0YKH 110/, BO3/IeCTBMEM KOCMOTEeHHBIX paKTo-
POB Yepe3 TPUTTEPHble MeXaHU3Mbl. Ha 0CHOBe MOJIOXKUTENBHOTO ONbITA st BP3 06CyX/1al0TCsA BO3MOXKHOCTHU MPH-
MeHEeHHUs MOJIyYeHHbIX CBeJIeHUH 0 celicMOMUTpalMy [T IPOrHO3a 3eMJIeTPSICEHUH B MJIaHETAapPHOM U pervoHaJib-
HOM MacluTabe.

Katouegole c06a: ceicMoMUrpanys, IpoCTPaHCTBEHHO-BPEMEHHbIE JUAarpaMMbl, KOCMOTeHHble GaKTOophbl, AedopMa-
LIMOHHbIE BOJIHBI, UHTEpdEPEHLIHS BOJTHOBBIX lepOpMalui, IPOrHo3 3eMJIeTPsSICEHUH.

1. INTRODUCTION

Earthquake migration, that was first recognized in
the middle of the 20th century, has been revealed in all
the seismic belts of the Earth [Mogi, 1968; Ruzhich et
al, 1989; Ruzhich, Levina, 2012; Vikulin et al, 2000;
Chery et al, 2001; Bykov, 2005; Liu et al, 2010; Levina,
Ruzhich, 2010; Levina, 2011; Vikulin et al, 2012; Sher-
man, 2013, 2014; Novopashina, 2013; Novopashnina,
San’kov, 2015; Dolgaya, Vikulin, 2015]. The term of
'earthquake migration’, however, has not been unani-
mously accepted due to the fact that earthquake foci
and epicentres do not actually migrate but occur in the
inter-block medium and are manifested in implicit pat-
terns and trends in space and time. In some publica-
tions, parameters of seismic migration were estimated
from data on rare separate epicentres of strong earth-
quakes, while the analysed data ranges were small and
not representative statistically. Some studies were fo-
cused on sequences of the occurrence of earthquake
epicentres along fault zones of various scales, including
interplate ones, and considered trends in the distribu-
tion of earthquake epicentres in the lithosphere blocks
in space and time. In our opinion, among the synonyms,
the term of 'seismicity migration' seems preferable for
describing space-time patterns and statistically signifi-
cant trends in the distribution of seismic events that
occur between the hierarchically regular blocks of the
lithosphere.

The phenomenon of 'seismicity migration' is typi-
cally characterized by two parameters, direction and
velocity. In our previous publications [Levina, Ruzhich,
2010; Levina, 2011; Ruzhich, Levina, 2012], it was
shown that estimations of the velocity of earthquake

foci migration can differ significantly depending on
grouping of seismic events by their energy levels.
Moreover, due to the lack of a uniform approach to
studies of seismic migration, an adequate comparison
of published regional data and estimations is impossi-
ble, and geodynamic conditions causing the seismicity
migration phenomena during the destruction of the
lithosphere cannot be reliably clarified.

Since 2009, we have been developing our method
that refers to total amounts of seismic energy released
by earthquakes, instead of data on separate earthquake
epicentres of various energy levels. A total amount
of released seismic energy is calculated for a selected
area in appropriate space and time windows [Levinag,
Ruzhich, 2010; Levina, 2011; Ruzhich, Levina, 2012]. Our
approach is sufficiently formalized and can be applied
to studies and analyses of seismicity of the entire Earth
or separate regions, pending the availability of earth-
quake catalogues containing records of coordinates,
time and energy of each seismic event.

2. DESCRIPTION OF THE METHOD

In order to study seismicity migration within the
Baikal rift zone (BRZ) and the Baikal-Himalayan region,
we use data from the BRZ Earthquake Catalogue pub-
lished by the Baikal Branch of the Geophysical Centre,
Siberian Branch of RAS (Irkutsk, Russia). The catalogue
contains records from 1963 to 2014. We also use data
on earthquakes (M=23.5) from the world catalogue pub-
lished by the Northern California Earthquake Data Cen-
ter (USA) [Northern California Earthquake..., 2015].

In order to study the seismic process, we analyse



coordinates, time and energy levels of seismic events
and actually deal with the following equation con-
taining three variables:

E=f(¢ A1),

where E is seismic energy, ¢ is latitude, A is longitude,
and t is time. It is a complicated task to visualise and
study the function of the three variables as its diagram
needs to be a 4D curve; therefore, we apply the dimen-
sion reduction method [Popov, 2013] as described
below. For the region under study, a belt-shaped area
is selected with specified coordinates of datum points
and a specified width. The band is split into rectangular
segments which sides are perpendicular to the central
line. The length of such a segment is equal to that of
the specified spatial window (Fig. 1). For each segment,
we estimate total amounts of the seismic energy re-
leased within specified time windows. The space-time
matrix is established, and the above-mentioned func-
tion is transformed as follows:

E=f(rt),

where r is distance from the datum point at the central
line of the selected band. This exercise provides for
presenting the two spatial coordinates, ¢ and A by
one value, r. It becomes possible to make a function
containing two variables and construct its 3D surface.
For further analyses, a cross-section of the studied sur-
face by plane K=Ks and its projection to the space-time
plane are constructed (Fig. 2). Values of Ks are selected
with regard to specific features of the seismic regime
of the region under study and aims of the study. In
further data processing, differences in energy classes
of individual cells are not taken into account, while
each cell is considered as a point on the space-time
plane. As a result, the function is transformed as
follows:

T=£(r),

where T is time, and r is distance from the estimation
start point.

To clarify a method for analyses of the obtained
diagrams, we compile a test catalogue of 12 restraint
events. Maps and diagrams constructed on the basis
of the test catalogue are given in Fig. 3. Two tests use
data on the same events but in different sequences. In
the first test (left top map), restraint events 'migrate’,
i.e. propagate in time in the following sequence: from
SW to NE (red dots), then backward, to SW (green
dots), and again to NE (purple dots). The correspon-
ding diagram is shown next to the map. In the second
test (right bottom map), the events migrate from NE to
SW (purple dots) and then backward, to NE (green

Geodynamics & Tectonophysics 2015 Volume 6 Issue 2 Pages 225-240

dots) and again to SW (red dots). The corresponding
diagram is shown next to the map. The diagrams show
that the migration of the events in time along the speci-
fied line correspond to diagonal chains of dots in the
diagrams. It is noted that if the events migrate away
from the datum point, the chains are inclined to the
right, and if the events migrate toward the datum point,
the chains are inclined to the left. The inclination to the
left, which is often recorded in the latter case, means
the backward seismicity migration. This phenomenon
is demonstrated in BRZ (Fig. 2). Generally, researchers
pay little or no attention to the backward seismicity
migration.

For further studies of the obtained diagrams, we
combine methods of cluster and regression analyses.
The cluster analysis deals with sets (n) of objects, and
each of such objects is characterized by measurements
(k). Clustering is the task of grouping a set of objects
in such a way that objects in the same group (called a
‘cluster') are more similar (in some sense or another)
to each other than to those in other groups (clusters)
[Zagoruiko, 1999]. In the past 10-15 years, thanks to
the development of IT technologies, cluster analysis
was widely used to address the need to process larger
and larger data sets.

Typically, input data are presented as clustering al-
gorithms. We use a modification of the non-hierarchic
clustering method that is often called 'k-mean values
method' [StatSoft.., 2015]. In our study, clusters are
identified by grouping elements of the diagram around
diagonal chains of the elements which are visually
identified, and then specific elements are added into
one cluster or another with respect to their proximity
to the initial chain. The proximity is defined as a
Euclidean distance from the given point to the straight
line constructed across the initial chain and calculated
from the equation. Values of distances, which deter-
mine whether the point is a member of a specified clus-
ter, are fixed for each diagram with regard to the study
aims and actual ranges of values. The difference bet-
ween this method and the conventional k-mean me-
thod is that as the centre of the cluster is considered to
be the line, instead of the point. By applying the algo-
rithm, three clusters are identified in the diagram (Fig.
4). A linear regression is constructed for the set of
points in the given cluster: Y=aX+b, where X is distance
(km), Yis time (year), and a and b are coefficients.

3. RESULTS

The regression analysis results for BRZ are shown
in Table 1.

The first column of the table gives a list of clusters
(from the earliest one) identified in the diagram. The
second and third columns show coefficients of the
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Fig. 1. In the map, the solid graduated line shows the central line of the zone under study; distances are shown in kilometres
from the datum point; dotted lines show boundaries of the studied epicentral field. To consolidate the earthquake data for
the period from 1963 to 2005 (K=12-17), the BRZ territory was divided into rows of rectangles, and the total energy
amount released by the earthquakes was calculated.

Puc. 1. Ha kapTe cniomiHOM JIMHUEN IOKa3aHa LeHTpaJibHasi OCb pacCMaTpUBaeMOM 30Hbl C HAHECEHHbIMU Ha Hee JleJIeHu-
SIMU U YKa3aHUEeM PacCTOSIHUS B KUJIOMEeTpax NpH yAaJeHUH OT HayaJbHOW TOYKH, MIYHKTUPOM OTMe4yeHbl I'PaHULbl U3Y-
4YaeMoTo 3MUIeHTPaIbHOrO noJist. JJanHble 0 3eMyeTpsiceHusx B BP3 3a nmepuog 1963-2005 rr. (K=12-17) cobupasnuck my-
TeM pasfesieHUsl TEPPUTOPUHU Ha PAABI IPSIMOYTOJbHUKOB U MO/ CYeTa BblAe/IMBIIeNca CyMMapHOH 3HEPTUHU 3eMJleTpsice-

HUH.
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Fig. 2. Space-time diagram for seismic events (K>8) in the
entire BRZ. The general blue background of the diagram is a
cutting plane (K=12); other colours show maximums of
seismic energy in excess of this value.

Puc. 2. IIpocTpaHCcTBEeHHO-BpeMeHHas JuarpamMma CoGObl-
Tui ¢ K>8 as1a Bceit BP3. 06 cMHUEM GOH JUarpaMMbl —
3TO cekyas miaockocTb (K=12), Apyrumu nBeTamMu noka-
3aHbl MaKCHMMyMbl CEHCMHUYECKON 3HEpruM, IMpeBbILIal0-
11IMe 3TO 3HaYeHHe.
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regression equation. The fourth and fifth columns
show the correlation coefficient and its errors. The
sixth column shows migration velocities for the given
cluster according to the following equation:

1
V=-
a
where V is velocity, and a is coefficient of the regres-
sion equation.

The seventh, eighth and ninth columns show start
time, finish time and duration of each cluster, which

Table 1.Parameters of three clusters identified for BRZ

Fig. 4. Space-time clustering of events (K=8). Clusters are
revealed by grouping elements of the diagram in areas
stretching from SW to NE, which reoccur regularly with
time.

Puc. 4. BoifesieHue npoCcTpaHCTBEHHO-BPEMEHHBIX KJlac-
TepoB AJA cobbiTui ¢ K=8. Kputepuem st BblJesieHUs
KJIaCTepoB CJy:KWJa TPyNNUPOBKa 3JIeMEHTOB JHUarpam-
MbI B 06J1aCTSX, IPOCTHPAIOLINXCS C I0r0-3anajia Ha ceBe-
pPO-BOCTOK M MOBTOPAIILUXCA C HEKOTOPOH BpeMeHHOH

NepuogNuIHOCTBIO.

are calculated from the repression equation. The
space-time diagram and assumed migration lines are
shown in Fig. 5.

The above-described calculation method is also ap-
plied to studying seismicity migration in other territo-
ries. The map showing boundaries of the regions under
study is given in Fig. 6. Studied regions: 1. BRZ; (2)
Himalayas - BRZ; (3) Japan - BRZ; (4) Northern Atlan-
tic Ocean; (5) Southern Atlantic Ocean.

Seismicity migration in the Pamir-Baikal segment,
including the territory from the Himalayan collision
area to BRZ, is studied for the period from 1963 to

Ta6auma 1. MlapaMmeTpsbl Tpex BblJeJeHHbIX KjacTepoB AJiA BP3

Cluster a b r sr \Y Started in Finished in Duration
(year) (year) (years)

1 2 3 4 5 6 7 8 9

1 - bottom 0.0141 1961.27 0.95 0.041 70.92 1961 1985 24

2 - medium 0.0121 1976.15 0.77 0.11 82.64 1976 1996 30

3 -top 0.0086 1993.87 0.85 0.09 116.28 1994 2008 14
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Fig. 5. Space-time diagram showing assumed lines of mi-
gration from SW to NE (solid lines) and backward (thin
lines).

Puc. 5. [IpocTpaHcTBeHHO-BpeMeHHas AuarpaMma c HaHe-
CEeHHBbIMU Ha Hee NpeAlnoJiaraeMbIMU JUHUSAMU MUTPAaLUU
B HaNpaBJIEHHU C I0ro-3anajia Ha ceBepo-BOCTOK (ToJI-
CTble JIUHUM) U B 0O6paTHOM HampaBJjieHUU (TOHKHUE JIU-
HUHU).
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Fig. 6. Map showing boundaries of studied regions of seismicity migration. Red dots show earthquake epicentres; black tri-
angles show volcanoes.

Puc. 6. KapTa c HaHeCeHHBIMU Ha Hee rPAaHUIIAMHU PACCMOTPEHHBIX PalOHOB MUTpALUU CeCMUYeCKON akTUBHOCTH. Kpac-

HbIMH TOYKaMH OTMe4YeHbl 3ITULEHTPbI 3EMHeTpHCEHHﬁ, YEpHbIMHU TPEYyroJIbHUKAaMH — BYJIKAHbI.
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Fig. 7. Diagram of seismic activity propagation from the collision region to NE, towards BRZ in the period from 1963 to 2014
(M=4.5). Thick yellow lines show assumed lines of migration from SW to NE; thin green lines show backward migration. In
the digram, the BRZ area is located to the right of the black vertical line. Migration lines for BRZ from diagram 8 are shown

in pink.

Puc. 7. luarpaMmMa pacnpocTpaHeHUsI CeICMUYEeCKON aKTUBHOCTH OT KOJIJIM3UOHHOM 06J1aCTU Ha CEBEPO-BOCTOK, B CTOPO-
Hy BP3, 3a nepuop 1963-2014 rr. (M=24.5). [IpefnosiaraeMble JUHUMA MUTPALlMM B HallpaBJEHUH C IOT0-3aMa/ia Ha CEBepo-
BOCTOK MOKa3aHbl TOJICTBIMH eJTbIMU JJMHUSIMHU, B 00paTHOM HanpaBJeHWU — TOHKUMHU 3eJleHbIMU JTMHUAMU. CpaBa oT
BepTHUKaJbHON YepHOH JIMHUHU Ha AuarpaMMe pacnoJiaraetcs o6sacts BP3. JIMHUK MUTrpanuy s Hee ¢ AUarpaMMsbl 8 no-

Ka3aHbl pO30BbIM LIBETOM.

2014 (events M=4). The dynamics of the seismic events
within the specified area in space and time is shown in
the diagram (Fig. 7).

According to the digram, the seismic regime of the
Pamir-Tien Shan segment (P average direct = 11 years)
is quasi-cyclic, and earthquake foci tend to migrate as
deformation fronts from SW to NE with velocities of
about 90 km/year. It is also noted that the migration
is intermittently progressive and thus reflects the im-
pulse regime of the propagation of the deformation
fronts.

Based on our studies of the regularities in seismicity
migration within the specified area, it can be concluded
that the observed occurrence of seismicity migration
waves can be explained by the quasi-periodic propaga-
tion of the deformation fronts in the crust from SW to
NE, i.e. from the side of the Indo-Eurasian collision area
[Levina, 2011; Ruzhich, Levina, 2012]. In this respect,
the rotation model of the block geomedium, which is
proposed by A.V. Vikulin and A.G. Ivanchin [Vikulin,
Ivanchin, 2015], is of interest. In terms of geomechan-
ics, it assumes that rotation movements of the Earth

are related with the occurrence of wave deformation
and the generation of earthquakes.

In the transgression stage, movement of the defor-
mation wave fronts to NE and actions of triggering
mechanisms are accompanied by the activation of po-
tential earthquake sources varying in ranks; such
sources are located on sites characterized by the ex-
tremely high dynamic instability. Therefore, the seis-
micity migration mechanism of the initiation of seismic
activity and directional trends of migration processes
within BRZ (being a linear zone of the developing meg-
afault) are a reflection of the kinematics of the recent
deformation and destruction of the lithosphere under
the influence of the external energy sources. This point
of view of the authors does not contradict with con-
cepts developed by other researchers [Vikulin, 2003;
Sherman, 2013, 2014].

Another region under study is the territory from the
Japan islands to BRZ. The space-time diagram is given
in Fig. 8. The belt-shaped area selected for studying the
seismicity migration in this region is oriented from SE
to NW. Since the proposed method can be applied to
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Fig. 8. Diagram of seismic activity propagation from the
Benioff zone to NE, towards BRZ in the period from 1963
to 2013 (M=4.5). Thick orange lines show assumed lines of
migration from SE to NW; thin green lines show backward
migration. In the diagram, the BRZ area is located to the
right of the black vertical line.

Puc. 8. /luarpamMa pacnpocTpaHeHUs] CeCMUYeCKOH akK-
TUBHOCTU OT 30HbI beHboda Ha ceBepo-3ama/; B CTOPOHY
BP3 3a nepuoj 1963-2013 rr. (M=24.5). [IpeanosiaraemMbie
JIMHUY MUTPALMU B HalpaBJIEHUH C I0TO-BOCTOKA Ha ceBe-
po-3ama/i MoKa3aHbl TOJCTHIMU OPAHXKEBbIMU JIMHUSMU, B
06paTHOM HaIMpaBJIEHUM — TOHKUMU 3eJIeHbIMU JIMHUSIMU.
CnpaBa OT BepTHUKaJbHOW YepHOH JIMHUM HA JHarpaMmme
pacnoJiaraetcs o6Jactb BP3.

areas of various orientations, an obvious question is
how to compare directional trends of earthquake foci
migration in different regions. In this study, migration
from the equator (in the northern hemisphere) is
termed as 'forward', and migration to the equator is
called 'backward'.

Windows of 300 km (space) and one year (time)
are used to construct the diagram (Fig. 8). Five clusters

Geodynamics & Tectonophysics 2015 Volume 6 Issue 2 Pages 225-240

of forward migration are identified. An average for-
ward velocity amounts to 365 km/year, and an average
forward interval between the tracks is 11 years. For
backward tracks, an average backward velocity
amounts to 233 km/year, and an average backward
interval between the tracks is 16 years. Special atten-
tion should be given to results obtained in the study of
seismicity migration in the southern and northern
segments of the Atlantic mid-oceanic ridge (being an
interplate boundary zone). Two space-time diagrams
shown in Fig. 9 are constructed with windows of 300
km (space) and one year (time). For forward tracks in
the Northern Atlantic Ocean, an average forward velo-
city amounts to 335 km/year, and an average forward
interval between the tracks is 8 years. For backward
tracks, an average backward velocity amounts to 225
km/year, and an average backward interval between
the tracks is 9 years. For the Southern Atlantic Ocean,
an average forward velocity amounts to 411 km/year,
and an average forward interval between the tracks is
10 years; an average backward velocity amounts to
437 km/year, and an average backward interval be-
tween the tracks is 10 years. It is noteworthy that the
starting points of the seismicity migration tracks from
the equator towards the poles are close in time in both
parts of the Atlantic Ocean.

Table 2 contains parameters of seismicity migration
for all the regions of the world in our study.

4. DISCUSSION OF RESULTS

The data obtained by the proposed method are
briefly reviewed and interpreted below. In Fig. 10,
there are two diagrams for BRZ with the time diffe-
rence of four years. In the right digram, the horizontal
pink line separates a part of the digram with the end
of the earlier left digram. It can be observed that some
of the dots, that are not included in any clusters in the
left digram, are included in the new developing cluster
in the right (newer) diagram. The top yellow line at
the right shows an assumed migration line in it. Com-
paring these two diagrams illustrates seismic predic-
tion capacities of the proposed method that is similar
to the method described in [Sherman, 2013]. According
to the figure, in 2014 and 2015, the most clearly mani-
fested maximums of seismic activity migrated to the
NE flank of BRZ.

[t is reasonable therefore to assume that earthquake
migration along the fault zones and inside the geo-
blocks is currently related to the propagation of defor-
mation waves of various amplitudes and frequencies
which are capable of initiating the activation of seis-
micity in the lithosphere [Bykov, 2005; Vikulin et al,
2000; Levina, Ruzhich, 2010; Sherman, 2014]. It can
be thus concluded that the directional trends of the
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migration of seismic sources can help reveal the char-
acter of deformations in the form of deformation waves
or disturbance fronts.

One of the sources of wave deformation of the crust
is the rotational regime of the Earth. A potential rela-
tionship between the global seismicity of the Earth and
irregularities in its rotation has been a subject of inten-
sive studies [Vikulin et al, 2000; Sidorenkov, 2004;
Tyapkin, 2012]. It is known that the Earth is in an ellip-
tical orbit around the Sun. The distance between the
Earth and the Sun is changing due to the ellipticity of
the orbit. According to the Kepler's second law of pla-
netary motion, the speed of the Earth increases at peri-

helion (early January) and decreases at aphelion (early
July), and the speed difference amounts to almost 1
km/sec [Odessky, 1972]. Since the total momentum of
the system's motion quantity remains constant, an in-
crease of the orbital speed of the Earth should cause a
decrease of its rotation velocity, and vice versa. It is
now established that the angular velocity of the Earth
rotation decreases centennially due to tidal friction.
In the 20th century, the day's length increased by
0.0016 sec [Odessky, 1972]. Besides, it is revealed that
the angular velocity of the Earth rotation is subject to
regular annual changes (minimum in April, and maxi-
mum in August) and irregular sharp fluctuations.

T able 2.Parameters of seismicity migration for regions of the world

Ta6.uauima 2. [lapaMeTpbl MUTPALAM CEMCMUYECKOH aKTUBHOCTH /I Pa3JINYHBIX pailOHOB MHpPa

Region Number of = Vaverage forward P average direct  V average backward P average backward
events (km/year) (year) (km/year) (year)

BRZ 31305 90 14 62 16

Himalayas - BRZ 14960 90 11 160 16.5

Japan - BRZ 3107 365 11 233 16

Northern Atlantic Ocean 1901 335 8 225 9

Southern Atlantic Ocean 5339 411 10 437 9.5
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Puc. 10. [IpaBas guarpamMMa nocTpoeHa 4yepe3 4yeThlpe rojia mnocJje JjieBou. BepxHss esTas JIUHUA cOpaBa NOKa3blBaeT
npejnoJaraeMyo JUHHAI0 MUTPallMi B HOBOM GpOpMUpYyIOLIeMcsl K1acTepe.

Being in the state of hydrostatic equilibrium, the
Earth reacts to a change of its angular velocity by a
change of its polar compression (Fig. 11):

a—c

a= ,
a

where « is equatorial radius, and c is polar radius of
the Earth.

The Earth rotation axis is not fixed in space. Since
the rotation axis is precessing due to the gravity of the
Sun and Moon, the celestial pole moves in a loop
around the ecliptic pole in a cycle of approximately
26000 years. Gravity forces are changeable as the
Sun and Moon continuously change location relative
to each other and relative to the Earth, and thus the
Earth's axis is subject to nutation. The largest compo-
nent of Earth's nutation has a period of 18.6 years, the
same as that of the precession of the Moon's orbital
nodes. The movements of the Earth axis in space are
schematically shown in Fig 12. Moreover, the Earth
wobbles around the rotation axis, and the current pole
(while moving from west to east) follows a spiral-
shaped centroid curve within a 30x30 m square area
on the surface of the Earth. Concerning the pole

movements, the centennial trend is revealed, and two
periodic wobbles - the free (Chandler) which has a
period of 14 months, and a forced wobble with a
period of one year - and non-periodic wobbles are
recognized.

In 1970s, some of the researchers concluded that
stresses that occur in the Earth crust due to the rota-
tion are sufficiently large to disturb the integrity of the
crustal layer [Stovas, 1963; Tsaregradsky, 1963; Vikulin
et al, 2000; Bykov, 2005]. Besides, it was revealed that
the gravity interrelations in the Sun-Earth-Moon sys-
tem are periodically changing [Vorobiev, 1971; Dovb-
nich, 2007; Maximov et al., 1967; Revuzhenko, 2013].

According to [Utkin et al, 2012], variations of the
Earth rotation regime are always preceding an increase
of the general seismicity of the Earth: the change of the
sign of the Earth movement acceleration is a general
(for all the earthquakes on the planet) short-term pre-
cursor of a tectonic earthquake, and all the earthquakes
with M>6 were mandatory preceded by a sudden
change of the Earth rotation acceleration. In analyses of
Table 2 and the space-time diagrams (Fig. 5, and 7 to
10), it is noted that the migration lines are located in an
enchelone pattern and reoccur with time. The regular
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I Fig. 11. Variations of the polar compression of the Earth.

Puc. 11. CxemMa, WJIIOCTPUPYIOLLAs U3MEHEHUE NOJISIPHO-
ro CKaTHs 3eMJIN.

occurrence of earthquakes in BRZ is noted by many
researchers, and an 11-year cycle is related to the cycle
of the solar activity [Lyubushin et al., 1998]. There are
grounds to suggest that the seismicity migration along
BRZ and the regular occurrence of earthquakes in BRZ
may manifest the same regularities. If so, the identified
cycle of the reoccurrence of the migration clusters
(11 years) is another confirmation of the fact that
seismicity is influenced by the solar activity cycles
[Sobolev et al., 1998; Shestopalov, Kharin, 2004].

In Fig. 13, the curve shows earthquake quantities in
BRZ in the period from 1963 to 2013 versus changes
of the Wolf (relative sunspot) number [Levi et al., 2012]
in the same period; the values are averaged in the one-
year cycles. A relationship between two rows of digits
can be given by the following equation: y=0.28*x19541,
with correlation coefficient R=0.47+0.11.

An interpretation of the curves can provide an
additional support for the conclusion that the seismo-
tectonic regime of the Earth is influenced by the solar
activity. In this respect, noteworthy is another concept
of a potential mechanism of the relationship between
the Earth seismicity and the solar activity. According to
[Orlov et al, 2007], the mechanical recoil momentum,
that is received by the Sun in case of a strong emission
during the flare, can change the gravity field and thus
cause corresponding deformation disturbances in the
crust of the Earth. This conclusion is based on long-
term oscillation records by laser deformation meters
and an assumption that the planetary orbits are stable.

In our studies of the earthquake migration in BRZ,
it is noted that maximums of seismic activation can
relocate in space under a complicated pattern [Levina,
Ruzhich, 2010; Levina, 2011]. This assumption is well
illustrated by a case of seismicity migration in the peri-

od from December 2012 to January-March 2015. In this
period, the Irkutsk Seismic Station registered a strong
earthquake (M=7-8) at the boundary between BRZ and
the Republic of Tyva and indicators of the seismicity
migration from the boundary towards the NE flank of
BRZ. Near Severomuisk, starting from 03 January 2015,
an energy cluster continued its development. This spa-
tially dense swarm of earthquakes is represented by a
series of seismic events, including earthquakes with
K<13.2 (M=7-8) and numerous (160+) weak and mea-
surable shocks. In [Ruzhich, 1997], it is discussed that
such a high swarm-type seismic activity occurs typical-
ly at the intersections of faults generating seismicity
and may last for many months and even years.

In view of the above-mentioned periodicity, that is
characteristic of the seismic regime of BRZ, the ob-
served seismicity migration regime can be considered
as a manifestation of the whole range of deformation
waves with various amplitude, frequency and velocity
values. Important information on parameters of de-
formation waves was published in [Sherman, 2013,
2014].

Taking into account a wide variety of energy sources
capable of generating the wave oscillations in the litho-
sphere of the Earth, it becomes obvious that their in-
terference needs to be studied, and the challenge of

precession

nutation «—

1
precession and nutation
C S

Fig. 12. The Earth's axis movement in space as viewed by
an extraterrestrial observer. The scheme was published in
[Sidorenkov, 2004].

Puc. 12. CxemMa JBUXXKeHUSI OCU 3eMJIU B IPOCTPAHCTRBE [IJis1
BHE3eMHOI'0 HabJro/aTess (cxeMa U3 cTaTbu [Sidorenkov,
2004)).
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I Fig. 13. Comparison of number-of-earthquake curves for BRZ and variations of Wolf numbers (both values are averaged in

one-year intervals) for the period from 1963 to 2013.

I Puc. 13. CpaBHeHue rpaduKOB KoJiMyecTBa 3eMJeTpsiceHni B BP3 u namenenus yuces Bosibda (06e BesMUUHBI yCpeaHe-

HbI 110 UHTepBasly BpeMeHH B 1 rox) 3a nepuon 1963-2013 rr.

determining the wave parameters and their origin be-
comes even more complicated due to wave superposi-
tion and interaction.

5. CONCLUSION

Many researchers are interested in studies of the
seismicity migration and search for possibilities to
estimate and analyse its parameters in space and time
with account of contact interactions in the interblock
lithospheric medium at different scale levels. Our
method applied to studies of seismicity migration can
be viewed as an instrument for identification of causes
and mechanisms of directional propagation of the
seismic energy generated by recent destruction of the
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JIOKAJIbHOE IEGOPMHUPOBAHUE U PEOJIOTUYECKHE TAPAMETPBI
10 U3MEPEHHUAM B IITOJIBHE (CEICMOCTAHLIMA TAJIAS,
BAUKA/IBCKUA PETUOH)
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AHHoTanua: Ha6uroleHHs HaKJIOHOB B LITOJIbHE celCMOCTaHLMU Tasnas BeAyTcs yKe OKOJIO Tpex AecATHIeTHH (c
MmapTa 1985 roza no Hacrosiee BpeMms). B paboTe npejcraB/ieHbl pe3yabTaThl U3MepeHHUi. [losydyeHHble rpaduku
xo/a AepopMalil aHAJIU3UPYIOTCA C UCNOJIb30BaHUEM YIPYTUX U YIPYrOBA3KUX MOJeseH reoJIorMiecKoi cpespbl.
OnpezesneHbl roZ0Bble CKOPOCTH eGOPMHUPOBaHUs, BbISIBJIEH ero UK/INYEeCKHUH XapaKTep ¢ nepuojaMu ot 3 jgo 18
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JIeT U aMIUIUTYJaMU o 5 cekyHJ Ayru (2-10-5). PasquyHbIMU MeTOAaMu ONpejeseH YIPYyTUil MOAyJ/b KOPeHHBIX
MopoJ, cjaararwuux AoauHy p. Tanol, ero BeauuuHa coctaBuia 20 I'Tla. C ucnosb3oBaHMEM KPUBOU 3aTyxaHus Je-
dopmanuu 3a nepuos 1989-2014 rr., B paMKax BS3KOynpyrou mozenu KenbBrHa noiydeHo 3HayeHUE 3P PeKTUBHOMU
BA3KOCTU cpeAbl 1019 [Ta-c. C mpuBJieyeHHEM AaHHBIX O CKOPOCTSIX BepTHKaJbHbIX JIBIXKEHUH NpoBeJieHa OlleHKa
06J1acTH, Ipe/iCTaBUTEJbHOM /sl MOoJIyYyeHHbIX TapaMeTpoB (oT 0.1 go 6.0 kM). IKcllepUMeHTaIbHO ONpe/ie/leHHble
napaMeTpbl MOTYT ObITb MCIIOJIb30BaHbl IPU MOJEIMPOBAaHUH TEKTOHUYECKUX, KOCeHCMUYeCKUX U MoCTceilicMuye-

CKHX IIPOLIECCOB.

Kawuesvie caosa: NPHUJIHNBHbIE KBaplLeBble HAKJIOHOMEPDI, BA3KOYyIIpyrue Moaeau ,ELe(l)OpMI/IpOBaHI/IH, 3(1)(l)eKTI/IBHbIe

peoJsioruyeckre napameTpsl, balikasibCKUM peruoH.

1. INTRODUCTION

In studies of recent movements, which are an inte-
gral part of geophysical monitoring of the Earth's crust,
recent deformation of the crust and mantle is described
by elastic, plastic, viscoelastic models and combina-
tions of such models. Obtaining field experimental re-
sults is essential for development of theoretical models
of recent shear and deformation fields. Variations of
such fields are determined for periods from a few days
to decades. In such studies, measurements by exten-
siometers and the horizontal pendulums installed in
special underground gallery is one of the common
methods. Upon analyses of strain variations in time, a
model showing deformation and rheology is selected,
and it becomes possible to reveal factors and forces
that influence the process of deformation. Interpreting
of the obtained data can be challenging due to the fact
that strain measurements are taken at the surface
of the Earth and may be distorted by local impacts.
Besides, there is an uncertainty of a total value of
accumulated strain. Actually, accumulated strain can be
estimated only at the qualitative level from neotectonic
reconstructions, knowledge of the stage of seismic ac-
tivation, and structural models of the region. Observed
periods of deformation are indications of current
regional activity; for instance, in the Baikal rift, i.e.
in the intracontinental area, representative earth-
quakes occur in periods of 3 to 150 years. Determina-
tion of rheological parameters of the geological me-
dium and estimation of deformation or strain rates are
major objectives of our studies. We study processes
on the data basis collected by long-term observations
using tidal quartz tiltmeters that were installed in
the underground gallery at Talaya Seismological
Station (TSS, 51.68°N, 103.65°E) in March 1985 and
ensure non-stop data recording. TSS situated near
the northern boundary separated of the south-western
part of the Baikal rift zone and the Siberian platform.
The Main Sayan fault, being the boundary between the
Siberian platform and the mobile area [Levi et al,, 1997;
Solonenko, 1993], is located a few kilometres to the
north. In this region, lateral inhomogeneities of the

crust and upper mantle cause deviatoric stresses of
35-40 MPa, according to calculations published in
[Kaban, Yunga, 2000], and such stress values are close
to maximum stresses estimated for the Baikal Rift.
Left-lateral shift motion takes place at the Main Sayan
fault. According to the available geological data and
tectonic models of south-western part of the Baikal rift
zone, horizontal displacement rates are from 0.8 to
2.0 mm per year, and displacements are mainly
directed to the east [San'kov et al., 1999, 2000; Calais et
al, 2002; Lukhnev et al, 2010; Timofeev et al, 2012,
2013].

2. QUARTZ TILTMETERS, CALIBRATION METHODS, AND
STRAIN RECORD

The first measurements of tidal and technogenic til-
ting were obtained in 1960s when a tiltmeter designed
by A.E. Ostrovsky was used; the tiltmeter mechanism
included steel springs [Ostrovsky, 1978]. A pilot quartz
tiltmeter NK-1 (Zo6llner suspension type) was designed
in 1973, manufactured and tested in 1974; it provided
for photoelectric recording, and a new calibration
method was proposed for calibration of the tiltmeter
[Bulanzhe et al, 1975]. Stations in Siberia used pilot
NK-1 units and sets of tools manufactured at the pilot
plant of the Siberian Branch and in the Institute of Ge-
ology and Geophysics SB. In the TSS gallery, quartz ho-
rizontal pendulums have been in use since March 1985
[Gridnev et al, 1990]. Analogue records of measure-
ments were collected from 1985 to 1998. Digital re-
cords are available since 1998. The tiltmeter is cali-
brated in laboratory conditions under the impact of
elastic force of a quartz spring, and regular calibration
checks are conducted on the permanent measurement
inside the TSS tunnel. In the laboratory conditions, the
calibration error amounts to 0.1 %. In situ conditions,
when operator approaches the tiltmeter installed in the
underground gallery (Fig. 1), an error may increase to a
few percent. Maintaining stable recording of metrologi-
cal parameters in time is challenging as measurements
are impacted by the following factors: the electric
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I Fig. 1. Calibration pulses at the background of tidal variations of slope (underground gallery, Talaya seismic station). Minute

interval of record.

| Puc. 1. Kanm6posounsle cBurn Ha GpoHe IPHUIMBHBIX BapHaLMii HAK/IOHA (IITOMBHS ceficMocTaHIMK «Tasas»).

power network of the seismic station is unstable, ele-
ments of the photo-electric sensor need to be periodi-
cally replaced, voltage may vary, it may be needed to
disconnect the tiltmeter when seismological and geo-
physical equipment is in service operation. Such factors
cause gaps in records and disturb stabilization of
temperatures inside the TSS tunnel (+1°+1°C).

At Talaya Seismological Station, the tiltmeters were
calibrated with the use of a quartz-spring micrometer
or an electromagnetic calibration device [Gridnev,
Timofeev, 1990]. For example, calibration for the period

from 29 September 1999 to 01 October 1999 was
done by shifting with a quartz spring, as shown in
Figure 1. Figure 2 shows examples of tiltmeter calibra-
tion and attenuation of natural oscillations of the pen-
dulum after shifting. The tiltmeter base ranges from
300 to 100 millimetres. Measurements are conducted
on a pedestal (0.7 m x 1.4 m) mounted on the bedrock.
The horizontal pendulums were installed in two azi-
muths, N-S and E-W. Examples of digital records of til-
ting for every component are shown in Figures 3 and 4.
Tidal tilt amplitudes amounted to 0.03 arc-seconds.
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I Fig. 2. Calibration pulses and inclinometer pendulum attenuation. A typical own period ranged from 8 to 18 seconds. Plotted

time from 05 sec-56 m-07 h to 32 sec-12 m-08 h, 04 May 2000.

Puc. 2. Kaiu6poBoYHbIH CABUT U 3aTyxaHHe MasTHHUKA HakJoHOMepa. O6bIYHO COGCTBEHHBIN MEPUO/J, COCTaBJAI OT 8 70
16 cekyna. Bpems Ha rpaduke c 05 c-56 MuH-07 4y o 32 c-12 MuH-08 4 4 masg 2000 r.
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I Fig. 3. Tidal variations and systematic tilt run (E-W) from 27 December 1999 to 28 January 2000.

I Puc. 3. [IpuMBHbIe BapUallUH U CHCTEMaTUYECKUH X01 HakIoHa (B-3) 3a mepuox 27.12.1999 r. - 28.01.2000 .
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Fig. 4. Tidal variations and systematic tilt run (N-S) from 28 September 2007 to 12 October 2007. Tilt azimuth East-West.
Time counters across 3 minutes. Tilt at East (1 sec.arc = 4000).

I Puc. 4. [IpuvBHbIe BapUalUu U CUCTeMaTHYecKul xo1 HakioHa (C-10) 3a nepuoj 28.09.2007 r. - 12.10.2007 r.



Tilt records in analogue and digital formats were
analysed at the IPGG SB RAS, and the Royal Observato-
ry of Belgium [Timofeev et al, 2000, 2008]. Then tidal
parameters, i.e. amplitude and phase-lag factors, were
compared with models of tidal deformations of the
Earth. A good correlation was revealed with the
DDW99 tidal model (static part) and SCW80 tidal
ocean model (dynamic part) [Schiwiderski, 1983;
Dehant et al, 1999; Ducarme et al, 2008]. Deviations
from the global tidal tilt model amounted to 7 % for
amplitudes (E-W) and +9° for phases (N-S), which can
be explained by the effect of the geological structure
of the Main Sayan fault. This fault is located 3 km to
the north of Talaya Station and strikes sub-latitude the
region where the station is located.

3. SHORT-PERIOD VARIATIONS AND EFFECTIVE
ELASTIC MODULI

Based on measurements of short-period variations
associated with atmospheric pressure drops, we calcu-
lated effective elastic moduli of rocks in situ [Gridney,
Timofeev, 1989a, 1989b]. Variations were recorded in
periods from a few minutes to hours in case of rapid air
pressure variation. A simple Young modulus (E)
ratio was used for interpretation:

E = AP/ As, (1)

where AP is an atmospheric pressure drop; Ae is a
corresponding variation of vertical strain.

The first data were received using a vertical quartz
extensometer, quartz tiltmeters and a quartz micro-
barograph [Gridnev, 1975]. Calculations based on re-
cords by the vertical strain meter yielded an effective
elastic modulus of the rocks which is quite low,
E=4.7-10° Pa. In this case, significant impacts of cavity
effects should be noted as such effects are maximum
when the tool is installed (in a vertical or horizontal
position) across the tunnel. According to calculations
reported in [Harrison, 1976; Blair, 1977], horizontal
strain is variable:

e wn = (3ex + 0.5eyy), (2)

where e and eyy are horizontal strain values for the
homogeneous medium.

A similar reduction of the modulus value is due to
the strain value as follows:

€ zzn = 3€4. (3)

The effect of the triple increase of the tidal ampli-
tude of vertical strain was also revealed in Osakayama
(Japan), an old tunnel where vertical strain meters
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were installed [Ozawa, 1967, 1974; Melchior, 1982]. The
effect disappears when a vertical strain meter is in-
stalled in the tunnel in a specially drilled hole.

In case of short-period pressure variations (half a
minute, less than 1 hour), it is possible to determine
the effective modulus from records by tidal tiltmeters.
In such cases, the following ratio is used:

Eer = (24P In1y )/ (mAyy), (4)

where: AP, AP, is a load; r; is a distance between tilt
and load measurement points (in case of rapid varia-
tions, frontage orthogonally to isolines) normalized to
the tiltmeter base; Ay; is a tilt balance in the azimuth,
orthogonal to the atmospheric front, i-th individual
determination.

Our experiments show that the accuracy in this case
is low because of difficulties in determining the posi-
tion of the atmospheric front and challenges related to
local mapping of pressure isolines in case of rapid vari-
ations (errors from 50 to 100 %). The effective modu-
lus calculated from the tilt measurements is much
closer to that estimated from petrophysical data,
E=1.5-1010 Pa.

Based on petrophysical studies of core samples
(Archean marble from Well 1608 located 100 m
from the tunnel entrance in the TSS territory) (Fig. 5),
the following values were estimated: density
p=2.87-103 kg/ms3; seismic velocity Vp =
= \/(?\+ 2w /p = \/(K +4/3w)/p = 4.16km/sec, ve-
locity Vs = m = 2.62 km/sec; and ratio Vs/Vp =
= 0.63. Core studies were conducted at IPGG SB RAS.

The obtained values are as follows: for Poisson
ratio, v=0.17; for bulk modulus, K=2.34:1010 Pa; for
shear modulus, u = G = E/[2(1 +v)] =1.97 - 10'° Pa
From ratio K = E/[3(1 — 2v)], Young modulus is E=
=4.63-1010 Pa, and Lamé parameter is

o 2v6 E,
T1-2v (1+v)(1-2v)

A =1.01-10° pa.

The most effective reference to short-period strain
variations was demonstrated in the study of co-seismic
deformations near earthquake locations. When an
earthquake (M=5.5-5.7, 51.71°N, 102.70°E) took place
on 29 June 1995, it was for the first time when a tilt
change was recorded at a distance of 67 km to the west
of the station. The anomalous tilt amounted to 0.25
microradian (extension, +2.5:10-7) at azimuth 124°N,
which correlates with the solution of the earthquake
mechanism [Melnikova, Radziminovich, 1998]. The
most striking example is the Kultuk earthquake of
27 August 2008 (M=6.5, 51.61°N, 104.07°E) which
occurred at a distance of 25 km from the station
[Melnikova et al., 2009], when extension of +1:10-¢ was
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Fig. 5. Geological map and mining plan, underground gallery No. 9, Talaya seismic station. Scheme and cross section of the
tunnels, Talaya seismic station.

The circle shows the location of Well 120; tilt meters were installed in the gangway, 50 m from the entrance; rod- and laser deformation
meters were installed in distant gangways. 1 - alluvial deposits; 2 - marble; 3 - amphibole-piroxene crystalline schist; 4 - crystalline
schist and skapolite-amphibole-diopside gneiss; 5 - garnet-biotite gneiss; 6 - garnet-pegmatite; 7 - shaft tunnels; 8 - quarries; 9 - tren-
ches.

Puc. 5. F'eostoruvyeckasi KapTa U COBMELIEHHBIN MIJIaH TOPHBIX BIPABOTOK, MITOJNbHS N2 9 celicMocTanuuu «Tanasa». Cxema u
paspesbl ITOJBHY ceicMOoCcTaHIMU «Tanas».

KpyxkoM o603HauyeHa 120-MeTpoBasi CKBOXKHMHA, HAKJIOHOMEDBI YCTAaHOBJIEHHI B IITpeKe, B 50 MeTpax oT BxoAa, AedopMorpadsl LITaH-
roBbl€ U JIa3epHBIE, PACIOJIOKEHBI B JAIbHUX LITPeKax. I - a/UIl0BUa/IbHbIE OTJIOXKEHHS; 2 — MPaMOpbl; 3 - KPUCTaLJI0CIaHLbl aM$u6oI-
MUPOKCEHOBBIE; 4 — KPUCTAJIOCTAHLBI U THEHChI CKANOIUT-aMbUO0II-AUOIICUI0BbIE; 5 — THEHChI I'PaHaT-GUOTUTOBBIE; 6 — TPAHUT-TET-

MaTUThI; 7 — IUTOJIbHY; 8 — Kapbephbl, 9 — KaHaBBI.

registered [Boiko et al, 2012]. This result is in good
agreement with the model making by seismological
data of the Baikal Branch GS SB RAS, Irkutsk.

4. LONG-TERM TILT VARIATIONS AND LOCAL RHEOLOGY

We consider long-term tilt variations by individual
components of the tilt vector (N-S and E-W, Fig. 6 and
7). Dates of strong regional earthquakes are marked by
changes in directions and rates of tilting at the curve.
Arrows show dates of strong regional earthquakes as
follows: 13 May 1989 (M=5.9, 50.2°N, 105.5°E), 27 De-
cember 1991 (M=6.5-7.0, 50.98°N, 98.08°E), 29 June

1995 (M=5.5-5.7, 51.71°N, 102.70°E), 25 February
1999 (M = 5.7-6.0, 51.63°N, 104.89°E), and 27 August
2008 (M=6.3,51.61°N, 104.07°E).

Tilting runs manifest strain recurrence from 3 to 18
years (Fig. 6, 7, 8, and 9). In the vector diagram, this is
reflected in the time period from 1985 to 2003 (Fig. 8).
The average annual strain rate in some periods is vari-
able from 0.05 second of arc to 2 second of arc per year
(10-8+10-6), and such values are consistent with data
obtained by space geodesy techniques in this region
[San'kov et al, 1999; Lukhnev et al, 2010, Timofeev et
al, 1994, 1999, 2012].

Tilting as local deformation of the geological medi-
um can be caused by stress variations due to seismic
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North
sec.arc

I Fig. 6. Tilt variations at N-S azimuth (1 arc-second = 4.8-10-¢). Observations from March 1985 to April 2014. Arrows show

time of strong regional earthquakes.

Puc. 6. Bapuaiuu HaKkJIoHa B a3UMyTe CeBep-1oT B ceKyHAax AyrH (1 cekyHzaa ayru = 4.8-10-6). [lepuoj Habr0AeHUH ¢ Map-
Ta 1985 r. mo anpesb 2014 r. CTpesikaMy OKa3aHbl MOMEHTHI CUJIbHBIX peTMOHA/bHBIX 3eMJIETPSCEHUH.

activity in the region. In the vector diagram (Fig. 9), all
the registered events are shown: M>3 at a distance of
50 km (L), M>4.5 at 50 km < L < 100 km, and M>5 at
100 km < L < 200 km. At the start period the tilt curve
shows that northward motion when a strong earth-
quake occurred to the south of the station on 13 May
1989 (M=5.9, 50.2°N, 105.5°E). It was followed by
strong aftershocks that occurred within a few months.
In the area where in 13 May 1989 earthquake took

10

place, several strong events were recorded in the past:
M=5.6 on 10 May 1929, M=6.5 on 06 February 1957,
and M=5.1 on 01 March 1987.

After the earthquake, the stress state changed. The
measurements had lasted for ten years before the next
group of strong earthquakes (M>5) was registered to
the west and east of the station. The first strong event
occurred on 29 June 1995 (M=5.5), and the second on
25 February 1999 (M=5.8). For 50 km zone around the

East,
sec.arc

F - - - v v v v v v v v e o~

2001.06

I Fig. 7. Tilt variations at E-W azimuth (arc-second) from March 1985 to April 2014.

I Puc. 7. Bapuanuu Hak/JIoHa B a3MMYTe BOCTOK-3ana/l B cekyHaax ayru (03.1985 . - 04.2014 r.).
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Puc. 8. BekTopHas [uarpaMma Xo/ila HakJIoHa B CeKyHAax Ayru 3a nepuoj 1985-2003 rr., mocTpoeHHas Mo eXXeMeCTUHbIM
JlaHHBIM, I0Ka3aHbl IHBAPCKHE AAThl KAXKJ0TO0 roja.
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Fig. 9. Vector diagram of tilt run (arc-second) as per monthly data. January dates are shown in the box. Arrows show time of
neighbouring earthquakes (magnitude and distance, km).

Puc. 9. BekTopHas AuarpaMMa xo/ia HaKJIOHA B CEKYHAaX AyTU. [paduK NOCTpoeH 1Mo exxeMecIYHbIM JaHHBIM. BpeMs (sH-

Bapb KaX/,0ro rojia) nokasaHo B paMke. CTpesJIkaMU OTMeuyeHbl MOMEHThI GJIM3KUX 3eMJIeTpsICeHUH (MarHUTYyAa U paccTos-
HUe B KUJIOMeTpax).
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Fig. 10. Tilt variations at -33°NE azimuth (arc-second). Observations from March 1985 to April 2014. Theoretical calcula-
tions of shear deformation release (arc-second) are plotted: W(t)=[11-e(-t/D-2].

Puc. 10. Bapuanuu Hak/1oHa B asumyTe -33 °N B cekyHax ayru. [lepuoy HabaoaeHui ¢ mapta 1985 roga no anpesb 2014
roja. [IpuBe/ieH TeopeTUYECKUH rpadUK pa3rpy3Ku CABUTOBOH AedopManuu B ceKyHaax ayru: W(t)=[11-e(-t/D-2].

station, it is possible to distinguish two periods: the
first period until 1990 (weak earthquakes, M=3.5+4.0;
one or two events per year), and the second period
from 1990 to 1994 (no earthquakes) (Fig. 9).

Continuous tilt underground sites measurements al-
low us to estimate both elastic and viscous parameters
of the geological medium. Structural rock mass ele-
ments are known to have rheological properties, i.e.
they can be deformed with time under constant loading
or release stresses in case of constant deformation. In
simulations, equations of state generally include elastic
and viscous elements. The number of such elements
and their combinations (serial, parallel) are deter-
mined by the available experimental data. Definitely,
the basic model envisages elastic deformation (Hooke
body). As shown above, the elastic response is clearly
manifested in case of rapid pressure changes and near-
by strong earthquakes (co-seismic effect). Data on
long-term variations of strain provide for estimation of
effective viscous parameters, and the simplest viscoe-
lastic models consisting of two elements are analysed
as follows:

Maxwell body ¢ = 6/pu+0/n,€ =0c'/u+c/n (5)
and

Kelvinbodyo=1n-:-£€4+p-g0=n¢+ e, (6)

where ¢ and ¢ are tangential stresses and strain; p is
shear modulus; n is viscosity; € is differentiation of
strain in time, t. The deviatoric form of (5) and (6) is
due to the fact that viscous deformation does not
change the volume.

Based on the experimental results concerning shear
deformation progress / tilting and the simple concepts
of stress changes from 1985 to 1989 ¢ # 0 and later on
o = 0, we use the Kelvin model and consider the strain
attenuation curve at azimuth -33°N in the main gang-
way of the shaft tunnels; this direction is orthogonal to
the Talaya stream valley, where in a zone of fracturing
is revealed [Timofeev et al, 2012], and to the Main
Sayan fault located a few kilometres to the north of
the station (Fig. 10). There is an approximate correla-
tion between the notion of the zero component at
azimuth -33°N and principal strain orientations in the
given period according to strain data obtained by
rod- and laser measurement systems.

The rheological equation for a solid Kelvin body is
obtained from a simple algebraic combination of equa-
tions for a solid Hooke and a Newtonian fluid. For
strain, it can be written as follows:

e (t) = e, - exp(—t/T) [e, + 0.5n [ P, - exp(t/T)dt], (7)

where e is deformation at time t; e, is initial defor-
mation; P, is instant stress; n is viscosity; t is time;
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Puc. 11. Gangway located 50 m from the entrance to the
shaft tunnel.

Quartz tidal slope meters installed on the pedestal (April 2014).
In the zone of intrusion, the shaft tunnel walls are composed of
crystalline schist and skapolite-amphibole-diopside gneiss. See
zoomed-in photos of points marked by arrows in Fig. 12 and 13.

Puc. 11. llITpek B 50 MeTpax OT Bx0/Ja B LUTOJIbHIO.

KBap1ieBble NpUIMBHbIE HAKJIOHOMEPHI Ha NIOCTaMeHTe (amnpesb
2014 ropa). Mopoapl, cnararmliiye CTEHbl IITOJIbHU B 30HE HH-
TPY3UU — KPUCTAJIOCTAHLBI U THEMChI cKanouT-aM$r601-A10-
NICUTOBbIE. YBeJWYEHHOEe U300paKeHUEe TOYeK, YKa3aHHbIX
CTpeJIKaMy, N0Ka3aHo Ha puc. 12 u 13.

T =n/p is time constant or lag time for rigid-viscous
movement; u is shear module.

In case of permanent stress
P, = const, and equation (6) is as follows:

e= ZP—:S + (eo - ZP—:S) - exp (%) (8)

After 1989, P, = 0:

(1985-1989),

e=-¢e, exp(—t/T). 9)

A value of viscosity, n; is determined from the strain
attenuation curve and equation (9) as follows:

Y =[11-eC4/D - 2], (10)
where ¥(t) is deformation (tilt of the ground surface
at azimuth -33°N).

Figure 10 shows attenuation in case of recalcula-
tions of variations for azimuth -33°Nin the N-S and
E-W directions, and the curve based on experimental

data covering 30 years of observations at Talaya Seis-
mological Station. In our analysis of these data, time

constant, T is 10 years. For u; = 20GPa, the effective
viscosity of the crustal material, g amounts to 6.3-1018
Pa-sec.

Based on the available measurement data, it is pos-
sible to estimate an additional local stress of the crust
from the maximum tilt value:

Ozx = Us " €. (11)

For e = 5x4.8-107° and u, = 20GPa, the variable
portion of the tectonic crustal stress, g,, amounts to
5 bar (0.5 MPa).

Estimating the size of the area being representative
for tilt observations is complicated due to the following
factors: in the area of Talaya Seismic Station, the
terrain is strongly dissected; a zone of fracturing
strikes along the Talaya stream valley; the Main Sayan
fault zone is located 3 km to the north of the station.
Based on the recorded tilt variations (from 0.1 to 3
arc-seconds per year) and velocities of vertical
movements (according to space geodesy techniques,
1-3 mm per year) [Timofeev et al, 2013], the size of
the zone can be estimated from the following ratio of
the annual tilt rate:

AY = Ah/1, (12)
where 1 is size of deformation area; Ah is velocity of
vertical movements.

For different rate, the estimated size of the defor-
mation zone varies from 100 m to 6 km.

Fig. 12. Crystalline schist and gneiss in the shaft tunnel
wall.

Puc. 12. [TopoAsl, ciararwlijye CTeHy IITOJbHU, — KPUCTAJ-
JIOC/TIaHLbI ¥ THEHCHI.



I Fig. 13. Large mica inclusions in the shaft tunnel wall.

Puc. 13. Ilopojpl, caaramwijyde CTeHbl WITOJbHU, — KpyH-
Hbl€ BKJIIOUEHHS CJII0/IbI.

5. CONCLUSION

Determining the rheological parameters of rocks in
situ is discussed. In the shaft tunnel of Talaya Seismo-
logical Station, it is possible to measure deformations
from 0.1 nanostrain level (1 nanostrain = 10-°). How-
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ever, cavity and thermal effects can distort the ob-
tained parameters. Such effects should be taken into
account during developing observation in well or in
tunnel. The petrophysical studies of the core samples
yielded elastic parameters of the bedrocks in the
Talaya stream valley (Archean marble) as follows:
u=G=2-101° Pa for the shear modulus, and v=0.17 for
the Poisson ratio. The tilt measurement database co-
vering 30 year period provided for strainattenuation
analyses. Using the viscoelastic Kelvin model and the
experimental curve, we estimated the apparent visco-
sity of rocks in the shaft tunnel: ns~101° Pa-sec.

In our experiments, the obtained parameters are
representative for the area ranging from 0.1 km to
6.0 km, i.e. may be valid to the underground gallery, the
Talaya stream valley and the Main Sayan fault zone. In
the shaft tunnel, viscoelastic behaviour of the rocks
may be outcome of their composition and fine struc-
ture (see Fig. 5, 11, 12 and 13). In the Talaya stream
valley and the Main Sayan fault zone, viscoelastic be-
haviour may be caused by the impact of the linear frac-
turing zone (striking along the valley and along the
fault strike) which is characterized by high water-cut.
The reported rheological parameters of the geological
medium can be useful for modelling of tectonic, co-
seismic and post-seismic effects.

The study was supported by Integration Project
No. 76 in the Siberian Branch of RAS, RAS Presidium
Project No. 4.1, and RAS Project No. ONZ 6-2.
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COMPOSITIONAL AND THERMAL DIFFERENCES BETWEEN LITHOSPHERIC
AND ASTHENOSPHERIC MANTLE AND THEIR INFLUENCE ON CONTINENTAL
DELAMINATION
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Abstract: The lower part of lithosphere in collisional orogens may delaminate due to density inversion between the
asthenosphere and the cold thickened lithospheric mantle. Generally, standard delamination models have neglected
density changes within the crust and the lithospheric mantle, which occur due to phase transitions and compositional
variations upon changes of P-T parameters. Our attention is focused on effects of phase and density changes that may
be very important and even dominant when compared with the effect of a simple change of the thermal mantle struc-
ture. The paper presents the results of numerical modeling for eclogitization of basalts of the lower crust as well as
phase composition changes and density of underlying peridotite resulted from tectonic thickening of the lithosphere
and its foundering into the asthenosphere. As the thickness of the lower crust increases, the mafic granulite (basalt)
passes into eclogite, and density inversion occurs at the accepted crust-mantle boundary (P=20 kbar) because the
newly formed eclogite is heavier than the underlying peridotite by 6 % (abyssal peridotite, according to [Boyd, 1989]).
The density difference is a potential energy for delamination of the eclogitic portion of the crust. According to the
model, P=70 kbar and T=1300 °C correspond to conditions at the lower boundary of the lithosphere. Assuming the
temperature adiabatic distribution within the asthenosphere, its value at the given parameters ranges from 1350 °C
to 1400 °C. Density inversion at dry conditions occurs with the identical lithospheric and asthenospheric composi-
tions at the expense of the temperature difference at 100 °C with the density difference of only 0.0022 %. Differences
of two other asthenospheric compositions (primitive mantle, and lherzolite KH) as compared to the lithosphere
(abyssal peridotite) are not compensated for by a higher temperature. The asthenospheric density is higher than that
of the lithospheric base. Density inversion occurs if one assumes the presence of the asthenosphereic material in the
composition similar to that of the primitive mantle or lherzolite KH in amounts no less than 1.40 and 0.83 wt. %,
respectively, of the conventionally neutral fluid. This amount of the fluid seems to be overestimated and thus does not
fully correlate with the current estimates of the fluid content in the mantle. Therefore, the most appropriate material
for delamination of the thickened lithosphere is only the fluid-bearing asthenosphere which composition corresponds
to that of the depleted mantle of middle-ocean ridges (DMM) being the reservoir existing from the Precambrian. In
our model, abyssal peridotite is most similar to DMM as compared with other more fertile compositions of the litho-
sphere. Heat advection due to uplift of fluid-bearing plumes that occurred much time after collisional events may ini-
tiate repeated delamination of gravitationally instable parts of the orogenic and cratonic lithosphere.

Key words: delamination, lithosphere, asthenosphere, collisional orogen, craton, eclogites.
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BEIIECTBEHHBIE U TEPMAJIbHBIE PA3JIMYUA MEXKAY JIUTOCPEPHOM U
ACTEHOC®EPHOI MAHTHE#N U MX BJIMAHUE HA KOHTUHEHTAJIbHY IO
JEJIAMUHALMIO

A. U. Kucenes, A. B. UBaHoB, b. C. lannjioB

HHcmumym 3emHoll kopwt CO PAH, Hpkymck, Poccus

AHHOTanus: B KO/TM3MOHHBIX OpOreHaxX HMXKHSS 4acTb IUTOoCchepbl MOXKET OTCJIauBaThCs ([leJJaMUHUPOBATh) U3-3a
BO3HUKILEN HHBEPCUU MJIOTHOCTEH MeXAY acTeHochepoi U 6oJiee X0I0JHOU YTOJIIEHHONW IUTOCOEPHOH MaHTHEH.
O6bIYHO B MO/JieJIsIX AelaMUHalLMM He pacCMaTPUBAIOTCA MJIOTHOCTHbIE U3MEHEHUs B KOpe U JIUTOCPepHOI MaHTHH,
obycJioBJIeHHble (pa30BbIMU NlepexoJaMU U BapHallUsIMU MUHepaJbHOro cocTaBa pu uaMeHenuu P-T ycnoBuil. Mel
aKLeHTUpyeM BHHUMaHHUe Ha TOM , YTO 3TH 3pPeKThl MOTYT ObITb OYEHb BaXKHBIMH, BO3MOXKHO Npeo6,/1afjaloliuMH, 110
OTHOILIEHUIO K 3pPeKTy NPOCTOro U3MeHeHHUsI TepMaJbHON CTPYKTYPbl MAaHTHUHU. B cTaTbe M3/10XeHbI pe3y/bTaThbl
YHCE€HHOTO0 MOJIeJINPOBAaHUS C MOMOIIbI0 MPOrPaMMHOT0 KoMIlJIeKca «CesleKTOp» SKJIOTUTH3aluu 6a3a/JlbTOB HUX-
Hell KOPBI, a TaKKe U3MeHeHUs1 pa30BOro COCTaBa U MJIOTHOCTH HIXKeJlexalllero Nepru0TUTa, 06yCI0BIEHHbIX TeK-
TOHUYECKUM YTOJIILeHHeM JIMTocPepbl U ee MOTpy>KeHHeM B acTeHocepy. [l HIXKHEH KOPbI C yBeJUYeHHUeM TJIy-
OGMHHOCTH OCHOBHBIe I'DaHyJIUTH! (6a3a/bThbl) MEPEXOAAT B 3KJOTUTHI, [Ipy 3TOM Ha NpUHATON TrpaHHIE - Kopa-
MaHTHA (P=20 x6ap) oTMeuyaeTcss WHBepCHs MJOTHOCTEH, TaK KaK HOBOOOGPA30BAaHHBIM 3KJOTUT Ha 6 % Tskesee
HIDKeJIeXxalero nepugotura (abruccanpHoro nepugotuta no ®@. boiay). PasHuna B MJI0THOCTSAX ABJISETCS NOTEHIU-
a/JIbHOW 3Hepruey JeJaMUHALMU 3KJIOTUTOBOM 4acTH KOphL. 1o ycI0BUAM MOJe/IMpOBaHUs HWXKHEH rpaHule JIUTO-
cdepnl cooTBeTcTBYIOT P=70 k6ap u T=1300 °C. [IpuHuMas agjuabaThyeckoe pacnpejejieHde TeMepaTyphl B acTe-
Hocdepe, ee 3HaUEHUe NPU JaHHbIX IapaMeTpax olieHuMBaeTcs B npegesax 1350-1400 °C. MHBepcus MJIOTHOCTU B
CYXUX YCJIOBUSX JOCTUTAETCS TOJIBKO IPU U30XMMHUYHOCTH COCTABOB JUTOCeph! U acTeHOocdephl 3a CUeT Nepenasa
TeMiepaTyp B 100 °C. OgHaKo pasHHULA B IJIOTHOCTSX NPU 3ToM cocTasisieT Bcero 0.0022 %. BelecTBeHHble pasiu-
Yus ABYX JPYTUX MOJIe/IbHBIX COCTAaBOB acTeHocdephl (IPUMUTHUBHAsA MaHTHU4, JeproauT KH) no oTHowmeHuo K Jin-
Tocdepe (abuccaJIbHOMY NEPHUJOTUTY) He KOMIIEHCUPYIOTCS 60Jiee BBICOKOHM TeMnepaTypoi. [lioTHOCTE acTeHOChe-
PpbI osy4aeTcs: 60J1ee BBICOKOH, YeM IJIOTHOCTb HU30B JIUTOChephl. UHBEpCHs MJIOTHOCTEN JOCTUTAETCS, €CTH JI0-
MYCTUTb NPUCYTCTBHE B COCTaBe acTeHOCHephl, aHaJIOTMYHOM NIPUMUTHBHOW MaHTHH, uiu Jepuoauty KH, cootseT-
cTBeHHO, He MeHee 1.40 u 0.83 mMac. % ycsioBHO HelTpasibHOTO Qutonaa. Takoe Kosin4ecTBO GJII0UA IBHO 3aBbILIEHO
M COBEpPLIEHHO He COIJIAaCyeTCsl C COBPEMEHHBIMU OIleHKaMH cojep:KaHus ¢JongoB B MaHTHUH. Cie0BaTesNbHO,
TOJIbKO QUIIoOMZCOoAepKalias acTeHocdepa, OTBevarllas COCTaBy JeNJeTHPOBAHHOW MaHTHUU CpeAUHHO-OKeaHHU4e-
ckux xpe6ToB (DMM) - pe3epByapy, CyLIECTBYIOIEMY C JOKEMOPUS, — ABJASETCS HauboJiee MOAX0/sIel cpeoit st
JleJJaMAHAIUU YTOJIEHHON sinTochepbl. B HacTosIel Mo/iesd abUCCabHBIN MEePUAOTUT OJIMXKE BCEro COOTBET-
ctByeT /IMM 10 OTHOIIEHUIO K APYTrUM 6osiee GepTHUIBHBIM COCTaBaM acTeHochephl. AJBEKLIUs TelJIa, CBsI3aHHAs C
noAbeMOM QUIIOMA0COAePKAILMX MJIIOMOB, Ja/JIeKO OTCTOSIIIUX 110 BpeMEeHHU OT KOJIJIN3WOHHBIX COOBITHUMH, TaKXe MO-
JKET BBI3bIBATb I'PABUTAIlMOHHYIO HECTAOM/IBHOCTD OPOT€HHOH U KPaTOHHOH JInTOChEPHI U ee JieJJaMUHALMIO.

Karuesvie cnosa: AeJlaMHUHallkd, J]uToccbepa, aCTeHoccbepa, KOJIJTM3UOHHBIN OporeH, KpaToH, 3KJIOTUTHI.

1. INTRODUCTION

Mechanical exfoliation and removal of lower parts of
the mantle lithosphere are typically termed as delami-
nation, no matter which mechanism they result from.
The term ‘delamination’ was introduced by P. Bird
[1979] who used it to describe how the lithospheric
mantle is peeled off from the overlying crust due to up-
lifting and emplacement of the asthenospheric material
between them. In [Houseman et al, 1981], another
mechanism was proposed for gravitational (convec-
tive) instability of the base of the tectonically thickened
lithosphere accompanied by complete or partial sepa-
ration of its mantle part and its foundering into the as-

thenosphere. Another commonly used term is ‘mantle
unrooting’ [Marotta et al., 1998].

Fairly recently, delamination has been referred to as
an alternative explanation for rapid regional uplift and
extension, accompanied by lithospheric thinning and
increased magmatic production within mobile belts
[Peccerillo, Lustrino, 2005]. Delamination involves an
abrupt separation and rapid foundering of the lower
tectonically thickened lithosphere into the astheno-
spheric mantle due to density inversion at the post-
collisional stage. A potential energy that drives this
process is released as the hot low-density astheno-
spheric mantle replaces the separated part of the cold
dense lithosphere and interacts with its remaining



thinned part. Thermal and mechanical effects of the
asthenosphere on lithosphere thinned by delamination
is considered as a main cause of post-collisional mag-
matism, including batholith formation within mobile
belts which undergone strong tectonic thickening du-
ring the collision. The purpose of the present discus-
sion is to study by means of numerical modeling the
effect of compositional differences between the litho-
sphere and the asthenosphere as well as the phase
transition for possibilities of mechanical destruction of
the lower lithosphere after its tectonic thickening.
Some consequences of delamination in terms of struc-
ture and composition are discussed.

2. PHYSICAL AND CHEMICAL BASIS FOR DELAMINATION FOR
THE LOWER CONTINENTAL LITHOSPHERE

The lithosphere is usually considered as the strong
mobile surface layer resistant to the high tangent (up
to 1 kbar) tension, despite the less strong underlying
asthenosphere. It should be emphasized that the defini-
tion of the lithosphere relies on rheological characteris-
tics, but does not take into account the composition
that changes laterally from continents to oceans espe-
cially at the crustal level. In the context of rheology, the
lithosphere is a bilayer. The upper mechanical bounda-
ry layer (MBL) possess properties of an elastic rigid
body exposed to fragile destruction [Anderson, 1994]. A
thermal boundary layer (TBL) is situated below the
isotherm of 650+100 °C; within its limits, the litho-
sphere behaves as a viscous (fragile-elastic) fluid capa-
ble to flow but transferring deep-seated heat by con-
duction from depths where the temperature is close to
the temperature of solidus of mantle rocks. The lifetime
of TBL depends on its growth rate and viscosity. Its
own weight is a cause of its instability. If TBL occurs at
a plume side or it thickens in orogenic belts, it became
instable. The lower part of TBL cannot resist high
stresses and remains bounded with the mechanical
boundary layer during a long period of time. The conti-
nental lithosphere is destroyed by partial or complete
separation of TBL due to its convective instability re-
sulting from quick thickening, and such destruction is
defined as ‘thermal thinning’ [Houseman et al,, 1981]
analogous to ‘delamination’.

According to evaluations of the surface heat flow
and the available seismological and thermodynamic
data, the oceanic lithosphere thickness ranges from 75
to 100 km, and the continental lithosphere thickness
amounts to 200+ km.

Stabilization of the lithosphere is determined not
only by simple cooling of the mantle substance but its
chemical stratification. A newly formed oceanic crust is
hot and thin in zones of spreading. Changes of the litho-
sphere thickness are controlled by dynamics of its heat
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balance. As the lithosphere moves away from construc-
tive boundaries, its thickness increases due to slow
conductive cooling. The lithostatic equilibrium be-
tween the lithosphere and the asthenosphere is go-
verned by partial melting of the ascending astheno-
spheric matter at the boundary between plates and dif-
ferential moving of melting and solid phases. Upon re-
moval of the basaltic liquid from the asthenospheric
peridotitic substrate, its density decreases due to the
loss of the iron part, while the solidus temperature in-
creases. However, basaltic liquid extraction cools the
asthenospheric mantle; the process which partially
compensate the decrease of density [Jordan, 1978].

In general cases, when thermal and compositional
parameters determining the mantle lithosphere are
combined, the lithosphere density is lower than that of
the underlying asthenosphere. However, during com-
pression, the lithosphere becomes denser, thicker and
more instable due to its quasithermal ‘transition’ into
the asthenosphere. Under such conditions, the litho-
sphere may delaminate itself, i.e. it can exfoliate in its
lower part but only after a critical amount of reduction
determined by the difference between densities of the
asthenospheric and lithospheric mantle at specific P-T
parameters. A theoretical possibility of the lithosphere
excessive density relative to the asthenosphere may be
realized in collisional orogens where compressive
thickening of the lithosphere is followed by extension.
Delamination is crucial in this case.

Together with thickening of the lithosphere, the
phase transition of basalt into denser modification-
eclogite [Ringwood, Green, 1969] makes a significant
contribution to inversion of densities between the
lithosphere and the asthenosphere. The low-pressure
pyroxene-plagioclase-olivine paragenesis of minerals
passes into a high-pressure eclogite composed of py-
rope garnet and omphacite. The density of eclogite is
similar to or may exceed the density of underlying
mantle. Eclogitization may occur both in the lower
crust and the lithospheric mantle. If basaltic melts pass
into eclogites in the mantle, each 10 % of eclogite will
increase its density by 1 % [Kay, Kay, 1993]. The con-
tribution of the lower crust in delamination depends on
its density, which determines the direction of move-
ment of the lower crust material. In continental regions
with the crust thinner than 45 km, the density of the
lower crust of any composition must be lower than that
of the mantle. In this case, the crust material can flow
(especially in the presence of melt) laterally or towards
the surface. Conversely, in the regions where compres-
sion results in thickening of the crust to 50 km and
more (up to 70 km in Tibet), the density of rocks of ba-
saltic composition in the lower crust is increased to
higher values at the transition into eclogites and the
trend to foundering. According to [Sobolev, Babeyko,
1989], the crust thickness can reach maximum values
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at phase transitions because the rocks of basaltic com-
position are classified (by their density and seismic ve-
locities) as ‘crust’ if they are gabbroid in terms of mi-
neralogy, but as ‘mantle’ if eclogitic. Thus, only the lith-
ospheric mantle is assumed as gaining the negative
buoyancy, and the lowest part of the thickened crust
(if it is of basaltic composition) also contributes to
the negative buoyancy. In regions with the thick crust,
when the lithospheric mantle delaminates, the lower
part of the crust delaminates also. Thermal thinning
without advection of heat as an alternative to delami-
nation is unrealistic since conductive mass transport
and radioactive heating are very slow [Yuen, Fleitout,
1985]. Heating and softening of a large volume of the
lithospheric mantle for its transition into the astheno-
sphere are impossible during short-time intervals cor-
responding to the observed tectonic transformations in
the orogenic zones.

3. NUMERICAL MODELING OF PHASE AND DENSITY CHANGES
IN THE CONTINENTAL LITHOSPHERE DURING ITS
TECTONIC THICKENING

Generally, standard delamination models have ne-
glected density changes within the crust and the litho-
spheric mantle which occur due to phase transitions
and compositional variations during tectonic thicke-
ning. Our attention is focused on effects of phase and
density changes that may be very important and even
dominant when compared to effect of a simple change
of the thermal mantle structure. This section reports
results of numerical modeling of the basaltic lower
crust eclogitization as well as changes of phase compo-
sition and density of the underlying peridotite, which
result from tectonic thickening of the lithosphere and
its foundering into the asthenosphere.

Our concept of the delamination model is illustrated
in Figure 1 that shows geotherm positions and litho-
sphere sections before and after lithospheric thicken-
ing followed by delamination. Data on accepted model
compositions of the lower crust, lithospheric mantle
and asthenosphere are given in Table 1. Chemically, the
lower crust is presented by quartz tholeiite and alka-
line olivine basalt used in the experiments to study the
phase transition of basalt into eclogite [Ringwood,
Green, 1969]. The composition of abyssal peridotite
characterizing of the post-Archean lithosphere [Boyd,
1989] is used in the model as the analogue of the litho-
spheric mantle. A quantitative determination of the
bulk composition of the asthenosphere is indistinct.
Thus, the primitive mantle (A1) after [McDonough,
1990] and abyssal peridotite (A3) are accepted as two-
side constraints of its composition. Moderately deple-
ted spinel lherzolite from Kilbourne Hole (Mexica) is
accepted as the model composition of the astheno-
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Fig. 1. Lithospheric sections and geotherm positions be-
fore and after tectonic thickening followed by delamina-
tion. From [England, Houseman, 1989], with minor addi-
tions.

Puc. 1. TpaguuuoHHOe oToOpakeHUe JIUTOCHEPHBIX pas-
pPE30B U MOJIOKEHUH Te0TEPM 10 U NI0CJIe TEKTOHUYECKOTO
YTOJILEeHUS C Toc/eAyolel fesaMuHanueit (o [England,
Houseman, 1989], c MUHUMaJIbHBIMU JIOTIOJTHEHHUSIMH).

sphere (A2), which is intermediate between composi-
tions of the primitive mantle and abyssal peridotite
[Basaltic volcanism..., 1981]. It should be noted that the
primitive mantle is the most dense and fertile among
possible bulk model compositions of the asthenosphere
that is depleted, to a certain degree, in the basaltic
component and, most likely, consistent with the as-
thenosphere of early stages of the mantle evolution in
the Early Precambrian.

Besides, there is geological evidence concerning the
asthenosphere composition. Some peridotitic orogenic
massifs (Lanzo in Italy, Lerz in France and others) are
considered as examples of local contacts and the litho-
sphere-asthenosphere boundary [Menzies et al,, 1991].
Within these massifs, unmetasomatized porphyroclas-
tic plagioclase and spinel peridotites, that are composi-
tionally similar to DMM (depleted mantle of the mid-
ocean ridges), are assigned to the asthenospheric sub-
stance. It is believed that DMM, which fragments are
alpinotype ophiolites and abyssal peridotites, repre-
sent a global reservoir existing from the Precambrian,



Table 1.Model compositions of the lower crust (1, 2), the lithospheric mantle (3), and the asthenosphere (3, 4, 5)
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Ta6anuma 1. MoaeabHBbIi cocTaB HIKHel Kopbl (1, 2), muTocdepHoit ManTHH (3) U acteHocPepsl (3, 4, 5)

Oxides Quartz tholeiite poor Alkaline olivine Abyssal peridotite Spinel lherzolite Primitive mantle

in alkaline basalt A3 A2 Al

1 2 3 4 5
SiO2 49.88 45.39 43.60 44.80 44.80
TiO2 2.14 2.52 0.02 0.12 0.21
Alz03 13.89 14.69 1.18 3.34 445
Fe203 2.84 1.87 0.00 0.00 0.00
FeO 9.65 12.42 8.22 8.72 8.40
MgO 8.48 10.37 45.20 39.24 37.20
Ca0 10.82 9.14 1.13 3.14 3.60
Na20 1.84 2.62 0.02 0.27 0.34
K20 0.08 0.78 0.00 0.03 0.03
P20s 0.22 0.02 0.00 0.01 0.02
MnO 0.16 0.18 0.14 0.00 0.14
Cr203 00.00 0.00 0.22 0.46 0.43
NiO 0.00 0.00 0.00 0.26 0.27
CymMa 100.00 100.00 99.73 100.07 99.89

N o t e. 1-2 - data from [Ringwood, Green, 1969], 3 - [Boyd, 1989], 4 - [Basaltic volcanism..., 1981], 5 - [McDonough, 1990].
[Ipumeduatue. 1-2 - [Ringwood, Green, 1969], 3 - [Boyd, 1989], 4 - [Basaltic volcanism..., 1981], 5 - [McDonough, 1990].

of which the asthenosphere forms a part [Menzies,
1989].

The Selector software complex [Karpov et al., 1997]
was used for calculations of equilibrated mineral as-
semblages from the accepted bulk compositions (Table
1) and P-T parameters corresponding to the geotherm
characteristic for the tectonically thickened lithosphere
(Fig. 2). One of the starting conditions for modeling is
that thickening proceeds under isothermal conditions
at the constant temperature of the lowermost litho-
sphere (1300 °C) followed only by the decrease of the
temperature gradient in the lithospheric column. In
this model, the temperature of the asthenosphere at a
depth of 200 km is 1400 °C, according to the adiabatic
gradient about 0.5 °C/km. Thus, the lithospheric sec-
tion, including the lower crust and the lithospheric
mantle, and the upper asthenosphere represent three
thermodynamically closed systems building on each
other with the given bulk composition and relevant P-T
parameters. Our model aimed at determination of
equilibrated mineral assemblages and their densities
within the range of pressure and temperature values
according to the accepted geotherm (Fig. 2) and the list
of probable mineral phases (separately for every
system), and, finally, elucidation of probable density
inversion in zones of transition from the crust to the
lithospheric mantle and from the latter to the astheno-
sphere.

According to the modeling conditions, the chemical
compositions/systems representing the lower crust,
the lithospheric mantle and the asthenosphere do not
contain any fluid phase and can be described by ten

independent components (Al, Ca, Fe, Mg, Mn, K, Na, Sj,
Ti, and O). A ‘neutral’ fluid (C-0-H-N) was added to the
asthenosphere composition at the final stages of mo-
deling in order to estimate its effect on the density. In-
tercoordinated data of thermodynamic properties of
minerals [Holland, Powell, 1998] were used in the sys-
tems for choosing probable dependent components /
mineral phases. The chosen phases / minerals are re-
presented by solid solutions in their ideal miscibility
and separate components. Below is the list of such so-
lutions (solid solution names are given in italics): Ol
(olivine) - forsterite + fayalite + tephroite; Opx (ortho-
pyroxene) - enstatite + ferrosilite; Cpx (clinopyroxene)
- diopside + hedenbergite + Ca-tschermakite + Mg-
tschermakite + acmite + leucite; Gr (garnet) — almandine
+ andradite + grossular + pyrope + spessartine; Sp (spi-
nel) - hercynite + Mg-spinel; Pl (plagioclase) - albite +
anortite; Mt (magnetite) - magnetite + magnesioferrite
+ ulvospinel; llm (ilmenite) - ilmenite + geikielite + py-
rophanite; And (andalusite); Ky (kyanite); Sil (sillima-
nite); Cor (corundum); Q (quartz); Crb (cristobalite);
Td (tridimite); Co (coesite); St (stishovite); Hm (hema-
tite); Fe (metallic iron); Per (periclase); Ru (rutile).
Volumes of solid solutions components were calcu-
lated by the method described in [Holland, Powell,
1998]. The total components volume is equal to the
phase volume; therefore, the weight/volume value is
the pure rock density. Changes of density with pressure
and temperature are related both to phase transitions
(spinel-garnet or quartz-coesite type) and redistribu-
tion of elements between phases with changes of P-T
parameters. Equilibrated assemblages of mineral pha-
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Fig. 2. Geotherms before (1) and after (2) tectonic thicke-
ning of the lithosphere.

1 - continental geotherm (50 mWm-2), from [Pollack, Chapman,
1977]. 2 - calculated geotherm provided that the temperature
was constant at the lithospheric base (1300 °C) before and after
thickening. Dotted line show initial positions of the lower crust
base (a) and the lithospheric mantle (b).

Puc. 2. l'eotepMmbl n0 (1) u mocse (2) TEKTOHHYECKOTO
YTOJILIEHUS JTUTOCHEPHI.

1 - KoHTUHeHTa/lbHas reotepMa (50 MBT/M2), o gaHHbIM [Pol-
lack, Chapman, 1977]. 2 - paccyuTaHHasi reoTepMa IpH yCJIOBUU
¢ukcupoBaHHoi Temnepatypbl (1300 °C) B OCHOBaHHUH JIUTO-
cdepsnl 10 ¥ nocse yrouieHUs. [lyHKTUPHBIMM JIMHUAMH N1OKa-
3aHbl Hava/bHble MOJIOXKEHHS OCHOBAHHUs HIKHeH Kopel (a) U
autochepHor MmaHTHUH (b).

ses, their quantitative composition and density values
(Fig. 3) are determined from calculations of equilibri-
um in the multisystem composed of three systems in
the range of T=400-1300 and 1400 °C and P=6-20, 20-
70, 70-75 kbar. As the thickness of the lower crust in-
creases, the eclogitic paragenesis replaces the granuli-
tic one, and the density increases considerably. A dif-
ference between contents of the major elements in the
model composition of the lower crust (Table 1) does
not significantly impact the density variability of the
newly formed eclogites.

Sharp density inversion occurs at the lower crust-
mantle boundary (P=20 kbar), where abyssal perido-
tite is about 6 % lighter than eclogites. A similar situa-
tion occurs in the Kwinling-Dubi orogenic belt where
the density of unalterated eclogites of the lower crust
amounts to 3.47+0.04g/sm3, i.e. 0.2 g/sm3 higher than
that of peridotitic xenoliths representing the upper
mantle of the Eastern China [Gao et al, 1999]. A diffe-

rence in the density values mentioned above drives
delamination of eclogites and is very important for the
evolution of the continental crust and the crust-mantle
interaction.

According to the model, the lower lithospheric
boundary corresponds to conditions of P=70 kbar and
T=1300 °C. The asthenospheric temperature is 100 °C
higher. This temperature change is conventionally re-
lated to ‘instantaneous’ foundering of the lowermost
thickened lithosphere into the hot asthenosphere
(T=1400 °C). The given assumption follows from the
relation of the time interval of tectonic, metamorphic
and magmatic events in the collisional orogen evolu-
tion and the time interval (that is longer) of thermal
relaxation of the thickened lithosphere during conduc-
tive heat transfer from depth. The calculated astheno-
spheric density at the boundary zone is higher than
that of the lithosphere (Fig. 3, B). This is related to the
fact that compositional differences between the model
compositions for the lithosphere (A3 - abyssal perido-
tite) and the asthenosphere (Al - primitive mantle, A2
- KH lherzolite) are too significant to be compensated
by the accepted temperature differences (100 °C) be-
tween them. These differences are expressed in diffe-
rent quantities of olivine, garnet, clino- and orthopy-
roxene contained in the lithospheric mantle and the
asthenosphere (Fig. 3, A). Under dry conditions, density
inversion due to the temperature difference between
the lithosphere and the asthenosphere occurs only if
their compositions are similar to each other and com-
prises 0.0022 wt. %. In this case, density inversion be-
tween the asthenosphere represented by Al and A2
compositions and the lithosphere occurs only if they
contain no less than 1.4 and 0.83 wt. % of the conven-
tionally neutral fluid, respectively (Fig. 4). These values
exceed the estimated fluid content in the primitive
mantle (0.83 wt. %, from [Zotov, 1989]). In case when
the 30-km eclogitic crust is added to the 170-km peri-
dotitic mantle, density inversion occurs because the
lithospheric mantle becomes denser by about 1 %.

The available estimates of the fluid content for the
entire mantle are uncertain and range between rela-
tively low values from 0.04 % [Dreibus et al, 1997] to
0.1 % for H20 [Ringwood, 1966] and 0.83 % for the
complex fluid in the primitive mantle [Zotov, 1989].
This suggests that only the fluid (melt)-bearing as the-
nosphere compatible with the DMM composition is the
most appropriate medium for delamination of the tec-
tonically thickened lithosphere. In the proposed model,
abyssal peridotite is most closely corresponding to the
DMM reservoir. More fertile asthenospheric composi-
tions (lherzolite KH, primitive mantle) can support de-
lamination of the overlying lithosphere only at higher
fluid content.

The numerical modeling results suggest, in general,
a probability of gravitational instability both at the
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of the asthenosphere (Table 1, A1, A2, A3).

(Ta6n. 1, A1, A2, A3).

lower crust-mantle boundary under dry conditions
resulted from eclogitization of the mafic lower crust
and the lithosphere-asthenosphere boundary. At the
lithospheric-asthenospheric level, delamination under
dry condition is possible only if their compositions are
almost the same. In other cases, it is necessary to as-
sume the presence of a certain amount of the fluid-
phase or melt in the asthenosphere, which decreases
not only its density, but its viscosity as well.

Fig. 3. A - results of calculations of equilibrium mineral assemblages for the lower crust, the lithospheric mantle (A3) and
the asthenosphere (A1) after tectonic thickening in accordance with geotherm 2. B - calculated density and its variations at
the boundaries (lower crust - lithospheric mantle - asthenosphere) under dry conditions with different model compositions

Puc. 3. A - pe3ysbTaThl pacieTOB PaBHOBECHBIX MHUHEPAJTbHBIX ACCOLMALUM AJs1 HIPKHEH KOpBbl, TUTOCPEPHOH MaHTHUH
(A3) u acteHocdeps! (Al) mocsie TEKTOHUYECKOT'O YTOJIIEHHS B COOTBETCTBUU C re0TepMOH 2. B - pacCYMTaHHbIE IIJIOTHO-
CTH KOpBI, JIUTOCHEPHON MAHTUU U acTeHOCPEephl B CYXUX YCIOBUSAX C PA3JUYHBIM MOJEJbHBIM COCTABOM acTeHOCHEPHI

4. TECTONIC CONDITIONS FOR DELAMINATION MAGMATISM

Favorable conditions for delamination occurred
within collisional orogens that appeared at regular in-
tervals. Delamination was preceded by lateral shor-
tening and thickening of the crust and the lithosphere.
The tectonic increase of the lithospheric thickness after
the main stage of deformation was followed by sub-
mergence of the lithospheric basement, foundering of
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Fig. 4. Density of the model asthenospheric compositions versus their fluid contents (C-0-H-N) at the lithospheric basement
(T=1400 °C, Prwta=70 kbar). A1l - abyssal peridotite, A2 - spinel-lherzolite KH, A3 - primitive mantle.

I Puc. 4. 3aBUCUMOCTH MJIOTHOCTH MOJIEJIbHOI'O aCTeHOCHEepHOro cocTaBa OT KoHIeHTpanuu ¢Juonzaa (C-0-H-N) B ocHoBa-

Huu utocohepsl (T=1600 °C, Poyun=70 k6ap).

geotherms, and the decrease of the geothermal gradi-
ent relative as compared to the initial state. About 130
Ma [Houseman et al, 1981] are required in case of con-
ductive heating for the return of the isotherms to their
original positions after the double thickening of the
lithosphere at starting lithospheric thickness of 100
km. In reality, however, the double thickening of the
lithosphere in zones of continental convergence may
occur during 30-50 Ma, which is consistent with the
temporal relationship between deformation, metamor-
phism and magmatism in the intercontinental mobile
folded belts. It follows that conductive heating of the
thickened lithosphere cannot provide thermal condi-
tions for regional metamorphism and granitic magma-
tism during 30-50 Ma.

A significant decrease of the lithospheric thickness
resulting from delamination furnishes conditions for
quick heating of the remaining part of the lithospheric
mantle and the lower crust as regards to the thickened
lithosphere, which, in its turn, provides for regional
metamorphism and melting of the crust. The hot as-
thenospheric substance is not only a source of heating;
it also produces basaltic melts which propagate to the
crustal levels heating the crust. Delamination provides
conditions for postorogenic extension and uplifting on
sites of its manifestation. In collisional orogens, the
thickening of the crust prior to delamination (thus in-
crease of pressure of crustal rocks) was followed by
metamorphism of the crustal rocks with eclogitic facies
in the lowermost crust. Delamination invoked the in-
crease of heat flow, magmatism and postorogenic ex-
tension, formation of gently pitching structures of ex-
tension with pure shear at deep levels of the crust and

simple displacement with detachment at levels of the
upper crust. Postdelamination collapse due to exfolia-
tion of the lithospheric root is characterized by exten-
sion in the form of transtension and isothermal uplift of
the territory. Vertical shortening of the crust thickness
during this stage is exemplified by development of
subhorizontal gneiss structures with plates of granites
intruded in the zone of shearing below of the upper
crust extending detachment. Formation of the large
volume of granites is synchronous with rapid litho-
spheric thinning involving weakness of the crust and
its extension. Within metamorphic rocks of amphibo-
lite facies, the subhorizontal structures of extension
comprise numerous lens-shaped boudins, i.e. remains
of the eclogitic facies formations with structures of ear-
ly subvertical compression indicating the presence of
the eclogitic basement of the crust at the stage of its
thickening [Dewey, 1995].

Evidence of delamination under the areas that re-
cently underwent tectonic thickening are rapid uplif-
ting and changes in tension field, tangible changes in
crustal and mantle magmatism, which reflect changes
in thermal and compositional structures of the litho-
sphere. Criteria that indicate delamination tectonics
and magmatism in the Cenozoic are discovered, for
example, in the southern Puna Plateau in Central Andes
[Kay, Kay, 1993] and the northern Tibetan plateau
[Beghoul et al., 1993].

P. Bird [1979] introduced the term ‘delamination’ to
describe the mechanism explaining the formation of
the Colorado plateau. The Puna Plateau in Argentina is
the most significant example of delamination in the re-
cent past. The presence of a seismic ‘window’, i.e. the



lack of earthquakes under this plateau, geochemical
peculiarities of mafic lavas within its boundaries (OIB-
type) are due to delamination of the continental litho-
sphere part. The delaminated block comprising the
crustal and mantle parts of the lithosphere was in-
volved in the circulating asthenospheric system below
the submerging slab. Examples of structural and com-
positional evidences of delamination in other young
orogens are also numerous [Girbacea, Frisch, 1998].

It is likely that delamination was more common
process during supercontinental accretion. It could be
an important element in the mechanism of generation
of the sialic crust in the Archean [Rudnik, 1995] as well
as shortening of the thick cratonal lithosphere in peri-
ods of upwelling of the low-dense hot mantle material
to the cratonic basement [O’Reilly et al., 1998; Gao et al.,
2009]. Together with subduction, delamination is an
important factor contributing to lithospheric recycling
[Anderson, 2005]. Recognition of delamination-related
magmas may be a unique way to recognize past delam-
ination events, because the magmas when compared
with other signatures are the most indelible indicators.

5. CONCLUSION

The available geological and geophysical data sug-
gest that in collisional orogens, the lithosphere be-
comes gravitationally instable and can be delaminated
both by removal of the thickened eclogitic portion of
the lower crust and by removal of the mantle litho-
spheric root, in general, resulting from generated den-
sity inversion upon tectonic thickening. Generally, the
standard delamination models neglect density changes
within the crust and the lithospheric mantle which take
place due to phase and composition changes while P-T
parameters change. These effects may be very im-
portant and they are probably dominant when com-
pared with the effect of a simple change of the thermal
structure of the mantle.

Conditions of changes of the lithospheric density
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C 20 mo 25 anpess 2015 roga B UHCTUTYTE 3eMHOHU
kopbl Cubupckoro otaenenuss PAH (M3K CO PAH,
r. UpkyTck) coctossack TpaguiuoHHass XXVI Becepoc-
cviickas MoJofiexkHasi KoHpepeHuus «CTpoeHue Jd-
Tocdepbl U reoJHMHaMHKa», MOCBslleHHasA 85-J1eTHI0
Co JHA pOoXJeHUs akajeMuKa Hukosasa AnekceeBrh4a
JloraueBa, KpyMmHOTO CIleliMajucTa B 06JIaCTU BYJIKa-
HU3Ma, HEOTEKTOHUKH, reoMopdoJioruy, CTpaTUrpa-
buu 1 JIUTOJIOTUM KAaHO30MCKUX U ME3030MCKUX OT-
JioxkeHUM BoctoyHoi CubGupw, MoHrosmu U BocTou-
Hoil Adppuku. KondepeHnus 6bl1a opraHu3oBaHa CU-
jsamu CoBeTa MoJiofibiX yueHbix U3K npu ¢puHaHCcOBOMI
noanaep:xke PODU (mpoexT N2 15-35-10075_moJ-r) u
aupekuuu U3K CO PAH.

Bcepoccuiickas MoJiofiexxHasi KoHdepeHIus «CTpo-
eHue JuTochepsl U reoiMHaMHKa» mpoBoauTcs B 3K
CO PAH ¢ 1959 roza (c HEKOTOPBIM NepPepPbIBOM), Iep-
BOHA4Ya/bHO 3ace/laHUsl KOHPepeHIMU MPOBOAUIHCH
€Xero/IHO, B HacTosilllee BpeMsl MPOXOJdT pa3 B JABa
roja.

B coctaB OprkomuteTra XXVI Bcepoccuiickoir MmoJio-
JIeXXHOU KOHepeHIIMY o/, [Ipe/iceAaTENbCTBOM UyieHa-
koppecnoHZienTa PAH E.B. CkisipoBa Bouiu Benyiue
y4yeHble UHcTUTyTa 3eMHO# Kopbl CO PAH, UHcTUTyTa
reoxumuu CO PAH (MI'X CO PAH, UpkyTck), UpKyTcko-
ro rocyaapcrBeHHoro yHuBepcuteta (MI'Y) u Hanpuo-
HaJIbHOTO MCCJIe/IoBaTeJbCKOro MpKyTcKoro rocynap-
CTBEHHOTO TexHHUYecKoro yHuBepcuteTa (HU UpI'TY).

[To ganHbiM OprKkOMUTETA, B KOHPEPEHIIUN TPUHS-
JIM OYHOe U 3ao4yHoe y4yacTue 197 ydyeHnbix u3 33 ropo-
noB Poccun, Benopyccuy, Ykpaunsl, KasaxcraHa, Ku-
Tasi, BbeTHama u ®paHuuy, npeacrasiadgwiie 51 op-
raHusanumo (U3 KOTOPBIX 25 — HAyYHO-KCC/Ie/[0BaTE /b-
CKHe UHCTUTYTHI, 18 - BbIciiMe yueGHble 3aBe/leHUs U
8 - HedTaHbIE, reopU3UYECKHE U TE0JIOTOPA3BEI0Y-
Hble KoMNaHuu) (puc. 1).

K Havany pa6oTbl KoHpepeHIUH H3JaH COOPHUK
MaTtepuajoB 06beMOM 245 CTpaHHI, BKJIHYAIOIIUNA
Te3uchl 114 nok/JaZ0B MOJIOJbIX YYEHBIX U 7 TJeHap-
HbIX J0KJIan0B (CTpoeHue sutTochepbl U reoJUHAMMU-
ka: Martepuanbl XXVI Bcepoccuiickoil MoOJI0J€KHOU
koHpepenuuu (r. Upkyrck, 20-25 ampesns 2015 r.).
UpxkyTtck: UHCTUTYT 3eMHOM Kopbl CO PAH, 2015. 245
c.). COOpHUK MOXKHO 3arpy3uThb ¢ web-caiita UHCTHTY-
Ta 3eMHOU kKopbl CO PAH (http://www.crustirk.ru/
images/upload/newsfond155/594.pdf).

XpoHosorusa koHgepeHuu. Pa6ota XXVI Bcepoc-
CUMCKON MOJIOZeXHON KoHpepeHIIMH «CTpoeHHUE JIH-
Tochepbl U reoJMHaMHUKa» Hadasacb 20 ampens ¢
reoJIOTUYECKONW 3KCKYPCMU Ha Kapbep MO J00blue
Mpamopa «IlepeBas», r. CJI0AsIHKA, 1101 PyKOBOACTBOM
wi.-kopp. PAH E.B. CkasdgpoBa. B pamkax 3KCKypcuH
YYaCTHUKH KOHQEpPEeHIMH MOCEeTUJIM MPaMOpPHBIM Ka-
pbep U MPOsIBJIeHUS alaTUTOBBIX Py,

21 anpens B koHdepeH1-3aie U3K CO PAH cocTos-
JIOCh TOPXKeCTBEHHOE OTKPbITHE KOHPEPEHLUH, Y4acT-

50
3K CO PAH
45
40

35

30

I Puc. 1. PacnipesiesieHre KoJiMyeCcTBa NPUCAaHHbBIX JOK/I3L0B 10 OpraHU3aLUsIM.

I Fig. 1. Reports and organizations chart.


http://www.crust.irk.ru/images/upload/newsfond155/594.pdf
http://www.crust.irk.ru/images/upload/newsfond155/594.pdf
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| Puc. 2. YuacTHnkn koHdepeHIuK Bo BpeMst reo/1I0rYeckoil 3KCKypCrH Ha Kapbep «IlepeBan».

I Fig. 2. The group of the conference participants who took to the geological excursion to the Pereval Quarry near Slyudyanka,

Irkutsk region.

HUKOB COBelLlaHUsI NPUBETCTBOBAJIU MpejceaaTesb
Oprkomurteta E.B. Ckinapos u gupexktop U3K CO PAH
A.r.-Mm.H. JL.IL. Tnagkouy6. C 21 no 23 anpesiss npoBoAu-
JIMCh pabo4due 3acefaHus MATH HAYYHBIX CEKIUH, Op-
raHW30BaHHbIX B COOTBETCTBUH C TEMAaTUKOW 3asiB-
JIEHHBIX JIOKJaZi0B. Kaxk/jas cekiusi OTKpbIBaJach ILie-
HapHBIMU JIOKJAZaMU BeAYyLUUX HAy4YHbIX COTPY/HU-
koB 3K CO PAH. Ilo 3aBepuieHMH mporpamMmMhbl 3ace-
JIAaHUHM KaKJ0M CeKIIMU MPOXOUI0 06CyXKaeH e pe/-
CTaBJEHHbIX JOKJ3JIOB W JUCKYyCcCHS IO BOMpOCaM,
CBSI3aHHBIM C UX TEMAaTHUKOM. TeMaTHKa CeKLUM:
Ceknusa 1. O6mag reoJiorus, TeKTOHWKA, oOca-
JloyHasi TeoJIoTUs MW TnajseoHTosoTus (21 ampess,
yTpeHHee 3ace/laHWe, KOHBHHepbl: 4Jj.-Kopp. PAH,
a.r.-Mm.H. E.B. Ckagpos, U3K CO PAH, a.r.-m.H. A.M. Ma-
3yka630B, 3K CO PAH, 3.J1. MoToBa, U3K CO PAH).
Ceknusa 2. 'eoxuMus, IETPOJIOTUS], MUHEPAJIOTUS U

pynoo6pa3oBaHue (21 ampesisi, BeuepHee 3ace/laHUeE,
KOHBUHephL: A.r.-M.H. B.A. Makpeiruna, UI'X CO PAH,
a.r.-Mm.H. A.B. UBanoB, U3K CO PAH, A.B. Jlesun, U3K CO
PAH).

Cekuusa 3. TekToHOOU3MKA, COBpeMeHHasl reo/Iu-
HaMUKa, HEOTeKTOHUKA U reoMopdoJiorus (22 anpeis,
yTpeHHee 3acelaHue, KOHBUHephI: A.r.-M.H. C.U. lllep-
maH, U3K CO PAH, a.r.-m.H. KJK. Cemunckuii, U3K CO
PAH, A.A. Tnagkos, U3K CO PAH).

Ceknusa 4. l'eodusuka, reopusnueckrue METOAbI UC-
C/IeloBaHWM U reowHpopMaTHuka (22 ampesisi, Bedep-
Hee 3ace/laHue, KOHBUHepHI: A.I.-M.H. B.C. UmaeB, U3K
CO PAH, a.r.-m.H. B.W. MenbnukoBa, U3K CO PAH, k..-
M.H. A.A. Jlo6pbiauHa, U3K CO PAH).

Cekuusa 5. F'uaporeosiorusi, MHXKeHepHas reoJIorus
u HadTujoreHes (23 ampesis, yTpeHHee 3ace/laHHe,
KoHBUHepbl: A.r.-M.H. T.I. Pamenko, U3K CO PAH,
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Puc. 3. Paboyre MOMEHTHI: reoJioruueckasi 3KCKypcust Ha
kapbep «IlepeBan», r. CitofsHKa (4JeH-KOPPECIOHAEHT
PAH E.B. CksisipoB).

Fig. 3. During the geological excursion to the Pereval Quar-
ry near Slyudyanka, Irkutsk region (E.V. Sklyarov, Corre-
sponding Member of RAS).

k.r.-M.H. E.A. Ko3sipeBa, U3K CO PAH, B.A. IlennvHen;
BeuepHee 3acelaHue, KOHBUHepHI: A.I'.-M.H. B.A. CKBOp-
noB, U3K CO PAH, a.r.-m.H. AI. BaxpomeeB, U3K CO
PAH, k.r.-m.H. A.M. Kononog, U3K CO PAH).

BeuepoM 23 anpeJis coCTOS1/1aCh CTEHA0BAsA CEKLUS,
BKJIIOYaBIlIag 27 J0KJaf0B. B 3aBepiiieHre KoHbepeH-
MU ObLI 3aciyllaH JOKJaJ YJeHa-KOppecloHJAeHTa
PAH E.B. CxaspoBa «I[IpakTuyeckue COBETHI 1O MO/T0-
TOBKe MyOJIMKAI[Ui U Mpe3eHTalui JOKJIa10B», 3a KO-
TOPBIM MOCJEA0BaIM 00Lasi JUCKYCCUSI U 3aKPBITHE
KOHpepeHUNHU. 24-25 ampessi y4aCTHUKU KOH$epeH-
UM Bble3kalu B TYHKUMHCKYI0 BHNaJUHY, TAe ObLIU
MpPOBe/IEHDI C/IeIVIONNE IKCKYPCHUU:

- rUjiporeojioruyeckas 3KcKypcus «Apmas-TyH-
KWHCKOE MEeCTOPOXJEeHHEe YTJIeKHUCIbIX MHHepPaJbHO-
Jieue6HbIX BoJ» (K.r.-M.H. H0.M. KycToB),

- UHXXeHEepHO-TreoJiornyeckas skckypcus «CesieBble
MOTOKM B OKPECTHOCTAX Noceska ApmaH 28 HWIOHA
2014 roma: UPUYMHBI M TOCAEACTBUA» (K.I.-M.H.
A.B. KazgeTtoga).

TemaTudyeckuii 0630p KoHepeHUuum. Cekuus
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koHbepeHUH «O61Lasi reoJiorus, TEKTOHHKA, 0Ca104-
Hasl reoJIOrHs U NaJIeOHTOJIOTUSI» OTKpBLIACh IJIeHap-
HbIM JokaagoM paupektopa U3K CO PAH, pa.r.-m.H.
JIl.Tnaakouyb6a o posu CUOGUPCKOTO KpaToHA B
CTPYKType CyNepKOHTUHEHTOB JokeMOpus. Ilocie
NJIeHapHOTO0 JIOKJIa/a MocJe[0Balld BbICTYIIJIEHUSA MO-
JIO/IbIX YYEHBIX, B KOTOPbIX pACCMATPUBAIHCh BOMPOCHI
Pa3BUTUSA OTAEJNbHbIX TEKTOHUYECKUX CTPYKTYD,
YacTb /OKJIa/IoB OblLja IOCBSIEHA WCCJAeJ0BaHUI0
BYJIKAHOTE€HHBIX U BYJIKAHOT€HHO-0CaJl0YHBIX MOPOJ,
cTpaTturpaduu U BOIpPOCaM BO3pacTa TEPPUTEHHBIX
OTJIO’KeHUHU. BeuIM mpejcTaBJsieHbl pe3yJbTaThl MPU-
MeHeHHs MarHUTHOU rpaiIueHTOMETPHUM NPHU MOUCKaAX
30JIOTOPYAHBIX MECTOPOXJEHUM, paccMaTpUBaIHCh
BOINPOCHI paljMOHA/JLHOU pa3paboTKHU MECTOPOXKAeHUM
HedTH.

Ceknuio KoHpepeHIMU «['e0XHMHs, METPOJIOTHS,
MUHepaJorus U pyAoob6pasoBaHUe» OTKpPbLI IJIeHap-
Hbld JAo0kJaj A.r.-M.H. A.B. UBanoBa «/laTupoBaHue
nupkoHoB U-Pb meromom: TIMS, SIMS, LA-ICPMS wu
Apyrve (He)NOHATHBIE BellW». Ha cekuuu o6Cyx/ja-
JIUCh BOMPOCHI JJATUPOBAHUSA MOPOJ pPa3JU4YHbIMU Me-
TOZIAMH, paCCMAaTPUBAIHCh FreOXUMUYECKHE 0COHOEHHO-
CTU OYPBIX CYTJIMHKOB U MOrpe6eHHbIX no4YB [Ipumop-
CKOT0 Kpasi U 0COGEHHOCTH COCTaBa MUHepaJioB KaTy-
TMHCKOTO peJikoMeTa/uibHOro u lllepsioBoropckoro
0JIOBO-NIOJIMMETAJJIMYECKOTO MeCTOpoXKAeHuu. Ilpo-
3ByYaJsIv JOKJIa/ibl O pe3yJibTaTaxX UCCIeJ0BaHUs BJIU-
sIHUSL QJIFOMJTHOTO peXruMa Ha MOOHJIM3ALUI0 3JIEMEeH-
TOB B TPAaHUTHON CHUCTEME U TEPMOJUHAMUYECKOTO
MOJIeJIMPOBAaHUSI B3aUMOJIEHCTBUS TOJIEUT-6a3aJ]bTO-
BOM MarMbl ¢ KapOGOHATHO-3BAlOPUTOBBIMHU OTJIOXKE-
HUssMU 4yexsia Cubupckoil maatdopmbl. Bbuiu npej-
CTaBJIEHBI UCCJIE/IOBAHUS MUHepaJioro-neTporpadpuye-
ckux oco6eHHocted UHP rpanatutoB KokueTaBcKoro

I Puc. 4. PerucTtpanus y4acTHUKOB KOH)epeHLIUH.

I Fig. 4. Registration of the conference participants.



Puc. 5. OTKpbITUE KOHPEPEHIMU: TPUBETCTBEHHOE CJI0BO
npesacepatenss OprkoMUTeTa - 4YJeHA-KOPPECIOHZJEHTA
PAH E.B. CkssipoBa.

Fig. 5. The conference opening meeting. Welcome speech
by E.V. Sklyarov, Corresponding Member of RAS, Organi-
zing Committee Chairman.

MaccuBa (KazaxcTaH) U 1mes104HbIX rpaHuTOM/0B Llep-
0axTUHCKOTO MaccuBa (3amagHoe 3abaiikasibe). YacTb
JI0KJIa/IOB MMeJla 3KOJIOTUYECKYI0 HallpaBJeHHOCTb U
Kacaslacb BOIIPOCOB MCCJIe/JOBAaHUsI 3arpsi3HEHUs PTY-
TbI0 CHEXXHOT'O IOKpPOBAa U ONpeJie/IeHUs] KOppessiu-
OHHBIX B3aMMOOTHOLUIEHHUH 3/IeMEHTOB B NOTOKe pac-
CesIHUS XBOCTOXPAHW/IMILA, & TaKXKe OLleHKHU BJIMSHUSA
BEPXOBBIX M0XKAapOB Ha U3MEHEHHE TeOXHMHYECKOTro
¢$oHa B MOYBEHHO-PACTUTENbHOM [TOKPOBE U BJIUSHUA
bopM Haxok/JAeHUsl XMMUYECKHUX 3JIeMEHTOB B IOYBaX
Ha UX GMOHAKOIJIEHHeE.

B pamkax ceknuu «TekToHOPHU3KKA, COBpeMeHHast
reo/lMHaMHKa, HEOTEKTOHHKAa U TreoMopQoIOorusa»
Npo3ByYaJo TPHU IJIEHApHBIX JokJjaja: «O mpupoje
MepBUYHON pa3HoMacUITabHOU JeauMocTu GpopMUpy-
tollelics ¥ coBpeMeHHOU iuTochepbl 3eMau» (A.I.-M.H.
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I Puc. 6. Ha 3acepanum.

| Fig. 6. Meeting during the conference.

C.W. lllepman), «[laneoceiicMoreosiorusi Cubupu: me-
TOZBI, ONIBIT NPAKTUYECKOT0 NPUMEHEHUs], IepCIeKTH-
Bbl M peasibHOCTb» (A.r.-M.H. B.C. UMaeB) u «Ilo3aHe-
nJeiicToneHoBoe oJsefeHeHHe BocrtoyHoro CasiHa»
(k.r.--m.H. C.I. Ap>kaHHUKOB). B JokJafilax MOJIOJBIX
yUYeHbIX OblJI Ipe/icTaBJIeH MUPOKUH CIEKTP NpobsieM
COBpeMEeHHOW reoJiMHaMUKHU U TEKTOHOQU3UKU — OT
BONPOCOB (M3UYECKOTO U ONTHUYECKOr0 MOJe/NpoBa-
HHA U IIOCTPOEHHUA pacyeTHBIX MoJiesleld JIOKaJIn3aluu
OTIAaCHBIX Te0JIOTUYeCKUX MpPOLEecCOB IPHU CHUIBHBIX
3eMJIETPACEHUSIX A0 PEKOHCTPYKLMU M0Jiell TEKTOHU-
YeCKHUX HaNpshKeHWM CTPYKTYpPHBIMM MeTOoJaMH, [ie-
IHPPUPOBAHUA KOCMUYECKUX CHUMKOB M BO3MOKHO-
cTed celcMoiepOPMALMOHHOTO MOHUTOPHHIA. bpuiu
03By4YeHbl pe3yJibTaThl pa3paboTKU 6a3bl JAaHHBIX

I Puc. 7. O61ieHue KoJiier B HepopMaIbHOW 06CTaHOBKE.

| Fig. 7. Informal communication of colleagues.

271



E.V. Sklyarov et al.: XXVI All-Russia youth conference “Lithosphere structure and Geodynamics”...

Puc. 8, a, 6. Paourie MOMeHTBbI KOHEPEHI[UU: THIPOTEO-
JIOTUYEeCKasi 3KCKypcusi «ApliaH-TYHKHHCKOEe MeCTOPOX-
JIeHUe YTJIEKUC/IbIX MUHEPaJbHOJeuYe6HbIX BOJ» (K.I.-M.H.
10.U. KycToB).

Fig. 8, a, 6. The hydrogeological excursion to the Arshan-
Tunka carbonate mineral water deposit (Yul. Kustov,
PhD).

celiCMOreHHbIX UCTOYHUKOB 1ora BocTouno#t Cubupu u
naketa 'MC-mporpamMM 1 OLleHKH NPOCTPAaHCTBEH-
HO-BpPEMEHHbIX 3aKOHOMEPHOCTEW MNPOSBJEHUSI CEU-
CMHUYHOCTH.

Cexknus «leodusuka, reoprusnyeckrie MeTO/bl UC-
c/eloBaHUN M TreoMHPOpPMATHKa» OTKpbLIACh IJe-
HapHbIM JO0KJaJoM A.r.-M.H. B.M. MenbHUKOBOH, mo-
CBSAIIIEHHBIM MPo6JieMaM 04aroBou ceicmoJioruu. Jlo-
KJIaJibl MOJIOJIbIX Y4YeHbIX KacajJUCh BOIMPOCOB Ma-
JIOTJIyOUHHOM reopU3UKH, CEICMUYECKOr0 PalioOHUPO-
BaHMS, a TaKXKe «OYUCTKH» KaTaJjiora perdoHaJbHbIX
3eMmsieTpsiceHud [lpubalikasbsa oT poeB W adTepiuo-
KOB. B psjie coobieHui Npo3By4daau pe3yabTaThbl HUC-
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CIeJOBAaHUM 3aTyXaHUsI CEHCMUYECKHUX BOJIH WU TJy-
O6UHHOrO cTpoeHus balikasibckoro pudTa U LleHTpasb-
HOH A3uHU.

Cexkuus «['ujporeosiorusi, UHXeHepHasi TeoJIOTUs U
HadTHaOTreHe3» Oblja pa3sjie/leHa Ha JIBa 3ace/laHusl.
YTpeHHee 3aceZjaHue, MOCBAIIEHHOE BOMIPOCAM T'UJIPO-
reoJIOTUU U UHXEHEPHOU reoJsIoTUH, OTKPhLIOCH Ijie-
HapHbIM A0Kaa/loM K.r.-M.H. E.A. Ko3bipeBoit «TpaHc-
dopmanus reosiorudeckoi cpebl CUOUPCKOro peruo-
Ha (MHXKEHEePHO-Te0JIOTUYEeCKUH acreKT)». CooOIeHUs
MOJIO/IbIX YUYEHbIX ObLJIU MOCBSIIEHbI MOJIEJTUPOBAHUIO
GU3HUKO-XUMUUECKUX MPOLIECCOB B TepMaJibHBIX HC-
TOYHHUKAX, OIlEHKE POJIM Ie0JIOTO-CTPYKTYPHBIX yCJIO0-
BUH B (GOPMHPOBAHHUU MECTOPOXKAEHHH IOJ3€MHBIX
BOJI, MCC/JE/IOBAHUI0 COJIeHbIX 03ep 3abalikajibs, a
TaKKe BapuUallUsIM KOHIIEHTpAIU¥ pajJioHa B MOJA3EM-
HBIX BOJIaX U UX CBSI3U C MOJATOTOBKOW M peasiu3aluen

Puc. 9. Pabouyne MoMeHTbl KOHbepeHLIUH: WHXKEHEepPHO-
reoJsioruyeckasi 3kcKkypcusi «CesieBble IOTOKH B OKPECTHO-
cTsx nocesika Apuad 28 uwoHsa 2014 roaa: npu4YyHbI U 10-
caenctBus» (K.r.-M.H. A.B. Kagertosa).

Fig. 9. The engineering geological excursion. Subject: Mud-
flows of 28 June 2014 in the vicinity of the Arshan settle-
ment. Causes and consequences (A.V. Kadetova, PhD).



3emJsieTpsiceHud. Kpome TOro, 4actb [JOKJIafOB Ka-
cajjacb MOHUTOpPHWHIrA TEPMOJMHAMHUYECKOTO COCTOS-
HUSI TPYHTOB, HUCCJEJOBaHUSA (U3UKO-MeXaHUUECKUX
CBOMCTB NMPOTEPO30UCKUX MECUAHUKOB U XUMHYECKOTO
COCTaBa CHEXHOTO MOKPOBAa U €ro CBA3U C JIECHBIMHU
noXkKapamH.

BeuepHee 3aceiaHue CEKIUH, MOCBALIEHHOE BOIPO-
caM THUJPOTEO0JIOTHM W HAPTHUAOTEeHe3a, HAyaloChb C
IJIEeHapHOI0 JoKJaa/Jia A.r.-M.H. A.l'. BaxpomeeBa o reo-
JIOTUYECKOM CTPOEHUHU NPUPOJHOIr0 pe3epByapa Kap-
6oHaTHoro pudes Ha lOpy6yeHo-Toxomckom HI'KM. B
CEKI[MOHHBIX COOGUIEHUSAX OOCYXAAJMUCh BOIPOCHI
YTOYHEHHS T'e0JIOTUYEeCKOTO CTPOeHUsI HePTAHBIX Me-
CTOPOX/AEHUH, OIEeHKH QUIbTPALMOHHO-EMKOCTHBIX
CBOUCTB HePTSHBIX MJIACTOB, A TAKXKEe METO/Ibl YBeJH-
yeHHUs1 HePTeoT/[a4d HAa MeCcTOpoxAeHUusAx. YacTp go-
KJIa/I0B Kacasiacb Npo6JsieM ruJporeosoruy, B HUX pac-
CMaTpHBaJiach CUCTEMATU3AIMs] UCTOYHUKOB MOJ3EM-
HBIX BO/JI IO COJIEPXKaHUI0 PaJIoHa, 0CO6EHHOCTU B3au-
MO/IeMCTBUSI TEXHOTEHHBIX BOJI M PACCOJIOB Ha MECTO-
poxaeHUsX HePTH U rasa, a TakKe NMPUBOJUINCH pe-
3yJIbTaThl aHAJIM3A paclpe/ie/IeHUs1 U30TOMOB XJI0pa B
COJIEHBIX BOJIaX U paccoJiax 3anagHou dxyTuu.

Bcero mo ganHbiM OprkoMuTeTa B paMKax KoHe-
pPEHIIMK MOJIO/IBIMHU yYeHbIMH OBLIO MpeJCTaBJeHOo 55
YCTHBIX U 27 CTeHJ0BBIX JOKIa/I0B.

Ha o6uieii 3akiwouuTtenbHon guckyccuu XXVI Bce-
POCCHUCKON MoJioexxHOH KoHbepeHIUH «CTpoeHue
JUTOChEephl U reoJJMHAMUKa» MPO3ByYaJd BBICTYILIE-
HUA npejcesaTtens OprkoMUTETa, YIeHa-KOppecnoH-
nenta PAH E.B. CkasipoBa (M3K CO PAH), nupekTopa
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13K CO PAH pa.r.-m.H. I.I1. Tytagkody6a, 3aM. JUPEKTO-
pa U3K CO PAH pa.r.-m.H. K.I'. JleBy, k.r.-Mm.H. E.A. Ko3bI-
pesoii (M3K CO PAH), k.r.-m.H. A.M. Kononoga (MU3K CO
PAH), C.B. MexenoBckoit (MI'PU-PITPY, r. Mockga),
10.C. Bocesib (MI'M CO PAH, r. HoBocu6upck), J.I.-M.H.
A.B. UBanoBa (M3K CO PAH) u a.r.-m.H. A.l'. Baxpomee-
Ba (U3K CO PAH). B BbICTyIJIEHUSIX CTApIIUX KOJLJIET
OTMeyYaJicsl BICOKUM Hay4YHbIA YPOBEHb J0K/I3/I0B MO-
JIOABIX y4Y€HBbIX, UX XOpollasg MNOJOTOBJEHHOCTb M
3HaHMe Bompoca. [logyepkuBasach M0Ja€3HOCTH KOH-
depennuu «CtpoeHue JuToCchepbl U TeoJUHAMHUKa»
JUISI MOJIOZIBIX YYEeHBIX B IJIaHEe MpeJCTaB/AeHUs MOJy-
YeHHBbIX pe3yJIbTATOB, OOMEeHa MHEHHUSMHU U 3aB3bl-
BaHUS HAayYHBIX KOHTAKTOB, a TaKXKe TpeHUHTa. O611ein
pekoMeHJalnuel 3aceflaHUs ObLIO MNPOJOKATH B
JajbHeHIeM coOpaHUs TpPaJUIMOHHOW Bcepoccuii-
CKOM MoJiofleXXHOM KoHepeHuUu «CTpoeHHe JIUTO-
chephl U reoJUHAMUKAY.

B zakustouenue OprkomuteT XXVI Bcepoccuiickoi
MOJIOJIeXKHOU KoHbepeHIUU «CTpoeHue JUTOCHEPHI U
reo/JMHaMUKa» BbIpaKaeT 6J1aroJapHOCTb BCEM ee
y4acTHHUKaM 3a aKTHBHYI paboty, aupekuuu U3K CO
PAH u Poccuiickomy ¢oHay dyHJamMeHTaJbHbIX HC-
CeJOBAaHUM - 32 OKa3aHHYI0 QUHAHCOBYIO HOAJEPKKY
(mpoekT Ne 15-35-10075_moui-r), a Takke M.M. Katica-
poBy, 3aB. otzesioM no gesam 'O u UC CarogsgHcKoro
paiioHa, 3a MOMOlb B OpTraHU3allUUd e0JIOTUYECKOHN
3KcKypcuu Ha Kapbep «IlepeBas» u B.M. CoHrososny,
PYKOBOJMTEJIIO KYpoOpTa «ApIllaH», 32 TIOMOIIb B Opra-
HU3aLUHU 3KCKYpcUHX B TYHKUHCKYIO OJTUHY.
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