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PREFACE

The Finnish National committee of
organises every second year t he LI
forum for | ithosphere researchers |
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circumstances prhe adcegenpoesi sienl ect i on
geophysical The¢eceoeepepnanhDé ke MHOSPHERE
comprdifsresssent ations. The extended a
overview on current research on st

The -daw sy mpaoksdasunpl ace compt edaelUal v
during Ji&rdbuarZy@ell9 artici pants will
poster sessions. Posters prepared
eval uat ed anldl thhee Rwesseta mochhe Pwiof ens s dD
University, USA, will give the invi

i's spedlilaTHOSPHEBRBONt ains the pro
tracts of the symposium in al phe:

Hel sinki, X2&rRdary 13

| | mo Kuk&kminewWei kol aHerenpnen, Hann.

Karel |, Elena Kozlovskaya, Arto Lu
Pout anen, Pi et ar iarBkk yntot aT,i i Eiaj

Lithospergan2@2hg Committ e
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Frost quakes i n northern F
Possi bl e source mechani sms andc

N. At orDml oVakdOkak oln € n

Qul u Mining3660600MORIINIPORING fv e®@sli U
Geol ogi cal Survey o®2Fb5h)] aBspo®. O. Box 96,
u. f

E-mai | : ni kita.afonin@oul i
l our wsttudlessesiubes of i nvest i gaantd ofno ronfia tsioounr cper onteecshsa noif
upper soils. We consider records of frost quake that
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(Figure 1)
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5Conclusi ons
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of two |l arge tectonic elements of the East E
Russian Plate, this region is constantly exrg
uplift oscahdi &enBhiel d. l'ts original <crust e
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Technol ogy for studying thet&er ucd
Voronezh Cr ysbtyaldleitnae | Mads sdiefnsi t vy

S.1. Berezneva OM. Muraving and T.A. Voronova

Voronezh State University, Voronezh, Russia
E-mail: tkogsveta@mail.ru

The article presents the technology for constructing detailed-dimensional density models of the upper crust

of the Voronezh Crystalline Massif (VCM). Such technology is based on the inversion of the gravity field and
comple interpretation of geological, petrophysical and geophysical informafibe. use of the proposed
technology makes it possible to obtain a 3D density model that reflects the structural features of the site.

Keywogdavity field, demsity modelli ng, petro
Voronezh Crystalline Massif (Figure 1) is located in the central part of the East European
platform(Gorbatscheand Bogdanova, 1993; Chernyshov et al. 1997; Mints et al. 2010; Mints,
2011;Mints et al 2014; Savko et al. 2017)he massif stretches in the northwest direction, in

the southwest and southeast it borders to the Neoprotef®haiterozoic depressions, in the

west, northwest and northeast, the massif is framed by the Paleoproterozoidaleprédmts

et al. 2014; Savko et al. 2017he Voronezh Crystalline Massif has a linear size of about 450

by 300 km and an asymmetric elongated shape.

25 ' » o & #

Latvia

Romania

Black Sea V /_’-\ L,
200 km | E 2 |

s O &N Xe
Figure 1. The main tectonic elements of the EEP (the area of density modeling of the

lithosphere is shown): 1 Scythian platform; 2 Black Sea depression;-3Neoproterozoie
Phanerozoic structures;-4Paleoproterozoic structures;-#rchean structures; 6\Voronezh

Crystalline Massif; 7 boundaries of large tectonic elements;Bate borders
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Due to the fact that the consolidated foundation is covered by a platform cover, the thickness
of which varies from several meters to hundreds of meters, and on th@tsutak reach
several kilometers. The study of the deep structure of the region is based on geophysical data.
The geological significance of the interpretation of geophysical fields is provided by
petrophysical information. About 9000 wells were drillethm the V&M, more than half of
which penetrated the crystalline basement and provided coring. The total number of core
samples from sedimentary and crystalline rocks reaches 150,000. Based on the results of
petrophysical determinations, a digital spapetrophysical database was formed and a petro
density map of the Precambrian foundation was construGliedrievet al. 2020). Information
on the density distribution of Precambrian sediments, as well as seismic and thermal models of
the Earth's crust, bame the initial data for calculating a 3D regional density mddetgvina
et al. 2018).

The next stage in the study of the structure of the region was a detailed density modeling
of the upper crust based on the inversion of the gravity field and a ebemmive interpretation
of geological, petrophysical and geophysical information, presented in this éfiglee 2).
One of the important aspectshafilding threedimensional density models is the formation of
a starting model, which plays an importante in ensuring the geological content of the
solution. This model is built on the basis of prior information, and summarizes the petrophysical
and geological data related to the study area. The initial data for modelirgMrc¥/nditions
are: geologicahnd topographic base; the values of the thickness of the «gravitational» layer
obtained from the results of the statistical analysis of the anomalousGiakthé\et al., 2014);
a regional density model of the lithosphere covering the territory of #id {Glaznevet al.
2016;Muraving 2016; Mints et al. 2017) and the regional gravitational field corresponding to
this model; petralensity model of sedimentary cover and crystalline robksrévinaet al.
2013, 2019).

Apriory information
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FiguBéo2k diadreamdemhsdetyaimodel i ng technol ogy

When constructing detailed density models of the upper part of the crystalline crust, it is also
necessary to take into account the gravitational effect of the sedimentary cover, which is
calculated based on theetrodensitymodel of sedimentary rockdM(ravina et al. 2013;
Glaznevet al. 2013).
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A threedimensional model of the regional density of the central part of the East European
Platform establishes the density distribution on the roof and bottom of tlee, upidle and
lower layers of the Earth's crust, in the transition layer and the upper mantle to a depth of 80
km. The solution of the direct problem of gravimetry for the model makes it possible to establish
the regional component of the field for anyritery within the region.

When creating a starting model, the features of the structure and location of each specific
site are taken into accourithe position of the upper edge corresponds to the depth of the
crystalline surface foundation, and the loweege corresponds to the position of the bottom of
the «activegravitationab layer for the given territoryl'he structure of the model is set by a set
of layers, at the boundaries of which, in accordance with the petrophysical data of the region,
the abslute values of the density are sEhe transition to excess density values is carried out
by subtracting the density values of the regional maklsb, at each point of the detailed 3D
model, the minimum and maximum density restrictions and the vafites aveight function
are set.

The solution of the inverse problem of gravimetry is a railige iterative process of
inverting the field residuals at each point of the surface into the density values of the equivalent
horizontal layer of a given thickes, and redistributing the obtained density values to the lower
layers of the medium in accordance with the weight function. The inversion of the gravitational
field into density is carried out on the basis of an algorithm fogtizsinormasolution of he
inverse problem in a thresimensional formulation in Cartesian coordinates. An approximation
representation of the inverse operator is used in the form of a sum of transformations:
calculating the vertical derivative and analytic continuation to theeupaltspace to some
optimal height Glaznewet al. 2002). The effectiveness of this approach was shown on a number
of simple theoretical and real examples of detailed density modeling of the structure of the
upper crustGlaznevet al. 2008, 2015; Mintet al. 2018). The results of solving the inverse
problem should minimize the discrepancy between the model field and the observed field, and
also satisfy the specified criteria of all the initial geological information. It is obvious that the
guality of nodeling based on gravity inversion depends on the quantity and quality of a priori
data, which, as a rule, are probabilistic in nature with varying degrees of uncertainty.
Consequently, in conditions of a complex geological structure, it is possible tovienthe
qguality of modeling due to multistage field inversion, with the implementation of a point
correction of the original model at each stage in a given range of changes in model parameters.

The proposed detailed modeling technology was tested imhenof areas located within
the Voronezh Crystalline Massif (Glaznev et al. 2015; Muravina et al. 2017; Voronova et al.
2019).

The research was supported by the RFBR, grants 620190 and 195-00336.
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I n papesr, we present briefly a tectonic model for the
how we believe itheofibdmhaé¢iiomt efranedriosctont during th
show some results on the metamorphic gradient affecti

Keywo$dscofennVaas @& rmiggegma,oir oicd¢ iHiWe npelt @&xmor phi s
pseudosection

lintroducti on

The Vaasa migmatitic compsteal (Fomilaomdf)alofs$ec
molten crust, f or med b ycrtuhset aa c crroectkiso nwiotfh iwa
wedge during the growthoebithersB8geaof &pni aw
of geophysical, structural, geochronological
coherent tectonic scenario for this | arge ma
of-T$gpe granitoiadteypiatss, ngpi gmatites, gneiss a

2Tectonic scenario

The model has been recently published by Cho
scenario: accretion followed by ahgamabhék Tbo
exhumation by mechanical instabilities withi

in pasticul &r(rFd fRIEe c3taij)mangndt aewl ( MPEcC ap-do MiTl e
B2) are compared to geologitcwgl béi weidm dtaleeal e
sei smic pcroonfdiulcetsharg n ¢yt atne Itl hubriitch od roagfyi laend f i e
permit to propose t hat oenaimleymopsrti nmoafr yt hset rcuocn pul

west wards D1 usptraackiisrug aof rtohcek sunt i | anataxi s
gradient along these structures i s -siemtteerdpr e
partially molten rockKHTogreaditdret mica schists

D2 structures-Eaarirka smmgo nfdosl dtso vWsi bl e at al
compl ex, whereas only faint orientatiS®n of
shortening developing a regional orocline <c
struct urteos ,whsaitmihlaavre been proposed by Lahtine
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Vertical shear zones, in particular within ;
crustal scale vertical mass transferof otfhe he
oocl (i) .

B3Quantification of the metamorphism

Our work is now focused on the precise quan
supracrust al rocks together wiTthle detsai it sd wir

confronted to t heaer iad.ovAe sdets cafi be dmiscceenschi st
used to develop pseudosect i olnTs ment aomodreprhitco gh

i n t he Vaasa mi gmatitic compl ex. Prelimina
met amor phi smni & her sdearuved i te mica schists (f
600 AC, 550 to 600 AC) whereas small grains

stacking up tadh&skanrssand s7hoAiG.d be ictoenspar e
obtained from the same metamorphic gradient
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The Vaasa migmatitic compl ex -u(pSvoeftidaf eboPFmieam uo i o ge M,
assemMecyonics, 39(3), ee2019T7TC005583, doi : 10. 1029/

Lahtinen, R., Johnston, S. T., & NirengswnecM erfri0Odd) Or
A Pal aeopreatrearncez onirce ¢c k .3 3r3@3 & tat pNso:v/a/, d ®i6.(ddr)g/ 10. 1111/
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Biotite as a petr-migegmattiitce tamoe a

O.Ek | banndd NKk ki | 2
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Parti al mel ting of rocks that -hbhuredepar taifdlecmebt by
peritectic mineral sydommooni melrespgns®ehpdda&thi on mel
granulite facies wusually produce peritectic minerals
wel | as in the | eucosome from bifbuked mhehting pfotolb
protolith, the most common mineral in the | eucosome i
formed -byuwatdemel ting, the biotite chemistryomay con
of the protolith and the evolution of | eucosomes and
Keywordshompgmaeite, biotite, Svecofennian o
Gener al

The southernmost part of Finland extending f

a migmatite ar ea c efnepl rdisspganrg nnpetrcisct ceixp adlel ywia hK
| eucosomes and ar eqrsa méttidce @ x o fgaratoidanlelayl Ameslpt e
defoxmedbit vari ous compositions (igneous, Vo
t he chemi calglrya niettmadgexiotues may have formed fr
This heterogenoud eap mpea r8dn2dodd &) aeda sr eap ofrel si c |
felsic MASH zone is an area in the middle
temperature for a |l ong period resulting in a
that i nteract amMitrhusshhesh aond errg s tcirtyess and si g
mehst an inducingragehteafpapactdElislfSchwi AL R
Alt hough partgmraammetiladt iexg tef ishe ecogni sed
mi nerealfsouanrd i n response to the melting proc
rocks are biotite, i ndicating water induced
To gain information about possible protol
t he migmat i z @tsi dgm eenmviesttnidd, e biitoe st | eucosomes a

anal ysed.

Geochemi cal «fl atstse fstcadii®d r ocks

The rocks on focus here are geochemically p
granites (the gr@eandlicminmmectuast elxe da ®ggraanndi t e (
| eucogranites). See Saukko et al. (2021) (th
Analytical met hods

Biotites from granitic metatexites and | euco
a Phenom XL | ow v@atuatm tSkEM Gechowsne in Tur ku
100 wt % oxides) were calculated to 95% assur
or other fluids not determined with the inst
formul aguridt ©. udsiom cl assi fiOcat 6ows % waby ubid
104 of 272 spot analyses were used in this
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chloriwWwe sate omtivar quahtitative | iHOwedaemmones of
we analysed hundreds of spots from different
i mportant trends without 100% quantitatively

Resul ts

The general chointpossniit®en iof tald FHa/a@Fe+#rMg )( FV g
lal)n the diagram it is seen that biotite frol
Fd ndex compared to granitic metatexites (fil
di fferent areas ()crhoasvsee sd iasntdi ntcitl tceodmpcorsoi stsieosn :
(tilted crosses) comprise of biotites with nh
|l ower tot al al umindiexm Hd-n0 xt AleOOFeat © aFger a m, sep:

primary bpoi maeaypu iffleidmat ed anhle smajoordiatry dfi ott
plot in the field of prdierharcy emitcasn éexceamtd tpl
recrystallized biotites (Figure 1bé&aqr aManged it
granite.

" | annite siderophyllite

TiO2*10

na

b3 %
| B

06

Fej (Fe+hyg)

phlogopite eastonite

0o

2 3 < 5 6 Secondary biotite
APy (TIPS VAN VAN VAR i
FeOt e MgO

Figuag. 1. (BRiedtti)tes classified as primary anni
Al b) (Right) di agram separating primary bi
secondary biotite.

Alvi+ Aliv

It is knowhanhham tbetent and Mg# are indicat
biotite. The higher Ti content and hiByher Mg
usingiihhededteher mometa&ll 295 Henhhyg etejdorbiitoy id fe
gave tempet wi#@iI esnd 700 AC closeer yt 9t a6l510i zAd
deficient in Ti)

Sever al aut hors have developed diagr ams
biotites to indicate from what kind of rock
1985 ; -RAahdmln , 1994, Nat chet2®it8 8uUc RABD20051e8t)B u c
constructed a diagram based owmnitthet caseé parsat’
for -ad &lad i ne, al kal i ne aurd)Tpheer adg ruam intoiucs rbe toa't
|l eucosome biotites fromeddeokkleal i(Sd e(hm&ttal) u
suites while the rest of biotites plot in th
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Mg/, — A\ M8

o
Calc-alkaline \
(metaluminous) \

T,

o ’%/
%,
Perlauminous SUtEs ™’ i %
AV AV4 AV AV AV AV AV AVi

Alvi+Aliv Fe
FigubDe agram separating different rock suites
from the study ar eal lpdaloitne n( metealf umil deu ®)f @&
Di scussion
Biotites are sensitive to adapt their compo
physiochemical environment references. For e
bitbéi i nclusions i n zircons from Bl ack Hi | |
supracrust al belt on Greenland (areas with
protoarchean zircons from differentuarmalkt we
and an oxidised peraluminous melt, respecti v
diagram takifntgndneabumcoosnty (Figure 3).

The r &pbmft itvlee environment biotite are gr o
rati o The higher ratio the more reduced i s
3.5 to distinguish between reduced, nde. t h
oxidised, i . e. t hebymalgsnteith darea s(exX9 &%) g Ring u re:
aluminosity Bel OiJe(tFead+ Mg(®)0 1li7n)d euxs.e dT hfely wused
peraluminous rocks and < 0.45 for metal umino

Biotiteseqpfaiomed granites in southernmost
t he diagr am. Biotites from Morgonlandet has
close to 0.55. This indicate that the granit
magma in a reduced environment. Biotites fro
i ndex, but high l uminosity index indicatin

a
high®ronditions. The strong peralwume nasatyse

rock.

The biotites from | eucosomes withifr®@ t wo n
and increasing aluminosity. This reflect acc
t febwas di fferent i n t hetefsoramadt iloenu coofs ommeet abtieoxi

The two metatexites are separated at a Fe
from Klovask2r metatexit (filled triangel s)
met atexite micas fromagSt gmekw®ri n( ap eno rter ioaxn |l
out side the il menite series.

Concl usi ons
OQur st udtyh atn afiaigoattgietvee addi t bah &l giemfchhrematciad n c
protsahdt partpradécenegd é¢és nign mi gmat it es.
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} TN , FigubDeagram i
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o _*f+ Y aluminosity varil a | m I N
o 4 al umi nosiitnydi @
' L/ {3 increasing f02 Ieucogaramd)r\'tyvsas
+

= 894 7 ° trends from m
s ° | eucosomes. S
2 further xpl a
= Crosses = | eu

3 Bengtskar
Tilted crosse
8 fromgdorandet
Filled triang
from Klovak?ar
< Filled circle
o T T T T T T a
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FeO/MgO p

from Stensk?ar

We have recogni sed -alwkoalprnoet oslo uirlgchet | fpbn@diegdh eikr

compared to a peraluminous source formed in
|l eucosomes indicate a hifdhempad edni h@ sti heg we tt .
crystallization temper &8t50AE, gifves el T-i winhb
Il ived MASMetz osnoel iadtus t emperature for the prot

Our study also indicate that the term per
process related, since tharewweisr drhmerdteuicm s ot

more reduced and more peraluminous melts <co
serious misinterpretations for geol ogi sts t

granites, si nc-a&l| knad daki st mhany upsr ccdadcce per al umi n
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